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B I O M I M E T I C S

An 88-milligram insect-scale autonomous crawling 
robot driven by a catalytic artificial muscle
Xiufeng Yang*, Longlong Chang, Néstor O. Pérez-Arancibia*

The creation of autonomous subgram microrobots capable of complex behaviors remains a grand challenge in 
robotics largely due to the lack of microactuators with high work densities and capable of using power sources 
with specific energies comparable to that of animal fat (38 megajoules per kilogram). Presently, the vast majority of 
microrobots are driven by electrically powered actuators; consequently, because of the low specific energies of 
batteries at small scales (below 1.8 megajoules per kilogram), almost all the subgram mobile robots capable of 
sustained operation remain tethered to external power sources through cables or electromagnetic fields. Here, we 
present RoBeetle, an 88-milligram insect-sized autonomous crawling robot powered by the catalytic combustion of 
methanol, a fuel with high specific energy (20 megajoules per kilogram). The design and physical realization of 
RoBeetle is the result of combining the notion of controllable NiTi-Pt–based catalytic artificial micromuscle with 
that of integrated millimeter-scale mechanical control mechanism (MCM). Through tethered experiments on 
several robotic prototypes and system characterization of the thermomechanical properties of their driving 
artificial muscles, we obtained the design parameters for the MCM that enabled RoBeetle to achieve autonomous 
crawling. To evaluate the functionality and performance of the robot, we conducted a series of locomotion tests: 
crawling under two different atmospheric conditions and on surfaces with different levels of roughness, climbing 
of inclines with different slopes, transportation of payloads, and outdoor locomotion.

INTRODUCTION
Biological machines still surpass their robotic counterparts in almost 
every aspect, including power conversion, actuation, sensing, and 
control. The most advanced insect-scale microrobots, for instance, 
have yet to achieve the capabilities observed in honeybees and 
beetles. No subgram robot has been reported to autonomously 
complete tasks that are challenging or useful for humans, and the 
vision of creating truly autonomous artificial insects will become 
a reality only once several of the long-standing grand challenges 
in robotics are overcome (1). Namely, new methods for micro-
fabrication, actuation, and control must be developed along with 
the introduction of new sources of power, mechanisms, structural 
microcomponents, and actuation materials (1, 2). Here, we under-
stand autonomy as the capability of a robot to perform sustained 
and periodic operations without being tethered to external power 
sources or controllers through cables or wireless fields. From this 
perspective, despite impressive recent results (3–5), progress toward 
full autonomy at the subgram scale has been hindered by the lack of 
actuation methods capable of using sources of power with high energy 
densities (HEDs). This issue arises because electricity is the most 
common type of power used to drive microrobots (6–14) and, 
therefore, for which the only path to autonomy is the use of 
batteries. The limitations of state-of-the-art batteries become 
evident when their specific energies and/or sustainable power 
outputs are compared to those of the fat metabolized by insects 
(~38 MJ/kg; ~5.2 mW) (15). For example, the best centimeter-scale 
Li-ion batteries exhibit specific energies in the order 1.8 MJ/kg 
(16).

Most insects have strong muscles for intense activity (17) and 
stout bodies for energy storage in the form of fat and glycogen (18); 
inspired by the metabolism of these animals, we developed reliable 

and mechanically robust artificial micromuscles with both high 
work densities (HWDs) and the capability of using HED sources of 
power (2H). To demonstrate this approach, we developed RoBeetle, 
an autonomous crawling robot that weighs only 88 mg excluding 
fuel; during operation, the weight of the robot can vary from 88 mg 
(empty tank) to 183 mg (full tank). The principal innovation that 
enabled this development is the use of controlled catalytic com-
bustion to thermally excite, according to a periodic pattern, a wire 
composite with a NiTi shape-memory alloy (SMA) core and a 
surface made of platinum (Pt) that acts as a catalyst. This technique 
can be implemented using different fuels, including hydrogen (H2), 
methanol (CH3OH), propane (C3H8), and butane (C4H10). In this case, 
we use methanol, which has a specific energy of about 20 MJ/kg and 
can be stored as a liquid at the atmospheric pressure. A key element 
that makes the proposed approach possible is feedback control of 
the catalytic combustion process, according to a scheme in which 
the periodic deformation of the SMA material is used to indirectly 
sense temperature by using an identified model of the hysteretic 
dynamics of the wire and, also, to synchronously open and close the 
microvalves that modulate the flow of fuel. Thus, the controller is 
implemented onboard using only mechanical components embedded 
in the artificial muscle mechanism. This control strategy enables the 
autonomous operation of RoBeetle in a sustained manner, which is 
the most distinct characteristic of this system with respect to other 
mechanisms powered by HED sources.

In the context of energy conversion, the notion of harnessing the 
heat released by catalytic reactions to drive thermally excitable 
materials has been discussed in the past. For example, the work in 
(19), using a commercial dynamic mechanical analyzer, demon-
strated that the catalytic combustion of H2 can be used to excite the 
strain response of a catalyst-coated SMA wire at low frequency 
(~0.003 Hz) in open loop, and a perspective regarding the potentials 
of this method is presented in (20). Furthermore, the idea of inte-
grating power, actuation, sensing, and control into self-contained 
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mechanical systems is centuries old, and this approach was used in 
numerous cases before the advent of the electronics era—the most 
notable example being the centrifugal governor (21). Contemporary 
examples of this approach are the electronics-free localized controllers 
presented in (22) and the SMA-based mechanisms that are activated 
by direct atmospheric temperature variations to open and close 
greenhouse windows in (23). The main innovations that made the 
development of RoBeetle possible are a novel design and the associated 
microfabrication method that enabled us to embed an entire 
electronics-free mechanical control mechanism (MCM) into the 
microrobot, thus satisfying stringent size, weight, and energy 
constraints that are not achievable using microbatteries (16, 24) or 
other mechanical-based techniques such as those in (25) and (26). 
As in the cases of other recently developed microrobots (3, 5, 27), 
RoBeetle is entirely fabricated using the smart composite micro-
structure (SCM) method in (28).

RESULTS
Catalytic artificial muscles for microrobotic actuation
To create 2H microactuators capable of driving insect-scale robots, we 
combined the HEDs of fuels (Fig. 1A) with the HWDs of SMAs (Fig. 1B). 
The main component of the actuation mechanism is the artificial muscle 
depicted in Fig. 2A, which is composed of a NiTi core and an outer cata-
lytic layer of agglutinated Pt powder. During operation, the SMA core of 
the composite wire is excited by the heat produced by the controlled 
catalytic combustion of fuel on the catalytic surface; for example, in 
Fig. 2A, the reaction ​​CH​ 3​​ OH(g ) + 3 / 2 ​O​ 2​​(g )  ​  Pt   ⟶ ​ 2 ​H​ 2​​ O(g ) + ​CO​ 2​​(g)​ 
(catalytic combustion of methanol) is facilitated by the Pt catalyst 
to produce the heat required to excite the SMA material according 
to the shape-memory effect (SME) depicted in Fig. 2B (see text S1 
for details). Namely, the catalytic combustion of CH3OH raises the 
temperature of the NiTi material beyond the point required to tran-
sition from a martensite to an austenite phase when fuel is delivered to 
the catalytic surface of the NiTi-Pt composite wire, and contrac-
tion occurs. Conversely, when the flow of fuel is stopped and the 

chemical reaction is suspended, the SMA material cools down and 
the wire extends, thus transitioning from an austenite to a marten-
site phase. In this way, by regulating the flow of fuel according to 
a periodic pattern and simultaneously maintaining an appropri-
ate tension, the composite wire produces a periodic actuation 
output.

A scanning electron microscope (SEM) image of the surface of a 
NiTi-Pt composite wire, fabricated using the method described in 
Materials and Methods and fig. S1, is shown in Fig. 2 (C to E). The 
catalytic surface at the microscopic level is not homogeneous because 
the fabrication method creates three-dimensional (3D) structures 
composed of particles of Pt-black randomly agglomerated together. 
This surface pattern creates a catalytically active area about 2200 
times larger than that of the bare NiTi wire, which is essential to 
achieving sustained and controllable catalytic combustion. Using 
the information provided by the manufacturer of the Pt-black, we 
estimate that the resulting catalytic specific surface area is ~27 m2/g. 
Consistent with our own experimental observations, earlier work 
indicates that Pt coating based on the agglutination of particles pro-
duces highly active catalytic surfaces (29, 30).

To characterize the thermomechanical behavior of the NiTi-Pt–
based artificial muscle for the purpose of controller synthesis, we 
constructed an experimental setup capable of precisely controlling 
the flow and delivery of gases to the catalytic surface, whereas sensing 
the temperature of the outer layer of the composite wire, precisely mea-
suring the strain output, and regulating the total load applied to the 
SMA material (further details are presented in text S2). Obtaining an 
accurate model of the complex nonlinear strain-temperature-stress 
dynamical behavior of an artificial muscle, including the relationship 
between superelasticity and the SME (31), is difficult. Therefore, 
using the methods in (32, 33), we identify the temperature-strain 
hysteretic behavior of the NiTi-Pt composite wires under the constant 
stress of 164 MPa, a value close to the average stress experienced by 
the actuator that drives the RoBeetle prototype during operation. 
This process of system identification is an essential component of 
the robotic design procedure as the transition temperatures of the 
SMA material are among the most important parameters that 
determine the dynamics of the system; details are provided in the 
next section.

Figure 2F shows the identified major loop and two eccentric mi-
nor loops, for a stress of 164 MPa, associated with the 9.8-mm-long 
NiTi-Pt wire used to drive the RoBeetle prototype. A major loop 
refers to the heating-cooling cycle during which the SMA material 
undergoes a complete phase transition from a martensitic state to 
an austenitic state and, then, completely back to a martensitic state. 
Consistently, in this particular case, a minor loop refers to the heating-
cooling cycle during which the SMA material undergoes a partial 
phase transition from a martensitic state to an austenitic state 
and, then, back to the initial martensitic state. From the hysteretic 
temperature-strain curve of the major loop, it can be deduced that the 
artificial muscle is capable of producing a maximum strain of about 
3% when heated up to 154.5°C and, then, it recovers its original length 
when cooled down to the room temperature (~25°C). According to 
widely used constitutive models (34, 35), constant-stress major loops 
can be characterized by four critical transition temperatures (see 
text S1 for detailed definitions)—namely, from low to high: Tmf = 
58°C, Tms = 70°C, Tas = 87°C, and Taf = 99°C, as indicated in Fig. 2F.

The sequential completion of major loops generates a periodic 
output strain with the maximum amplitude achievable by the wire 
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Fig. 1. Energy sources and actuation methods for microactuation. (A) Energy 
densities and specific energies of various power sources (see table S1 for detailed 
data). The red circles indicate potential energy sources to power the proposed 
NiTi-Pt–based artificial muscles as these fuels can be used in exothermic reactions 
catalyzed by Pt. Fat, the type of energy used by animals, is represented with a 
yellow diamond. Batteries are indicated with green squares. (B) Work and power 
densities of different actuation methods (see table S2 for detailed data). The blue 
circles indicate the actuators that have been used in microrobotic applications, 
and the purple squares represent those that have not been used in microrobotics. 
The yellow diamond indicates the properties of animal muscle.
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at a given constant stress. Note, however, that to operate following 
the trajectory of a major hysteretic cycle is not necessarily optimal 
from the perspectives of speed and/or energy. For example, as shown 
in Fig. 2F, comparatively large output strains can be obtained, with 
the same reaction rates as those used to induce a major loop, by 
exciting the SMA material with temperatures within a relatively 
narrow range. Accordingly, we can make the actuation of a RoBeetle 
prototype efficient by controlling the catalytic reactions on the sur-
face of the NiTi-Pt wire such that the corresponding temperature 
oscillates between Tmf and Taf, which corresponds to a minor loop. In 
static experiments, using this control strategy and a similar catalytic 
artificial muscle, we obtained actuation frequencies in the order of 
1 to 2 Hz (see text S3). Consistently, in this case, a main control 
objective is to design a tunable MCM that enables a stable oscilla-
tion of the surface temperature and, therefore, of the output strain 
produced by the artificial muscle.

Design of RoBeetle
To demonstrate the capabilities of the proposed 2H NiTi-Pt–based 
actuators, we built the autonomous RoBeetle prototype in Fig. 3A 
and Movie 1. This robot crawls by using a variable friction–based 
mode of locomotion. The proposed actuation approach, however, 
can be used to power a wide gamut of microrobotic platforms that 
locomote by walking (13), jumping (36), swimming (37), and flying 
(38). The combined mechanism for actuation, sensing, and feedback 
control is depicted in Fig. 3B; the integration of all the components 
of the robot required for autonomous operation—including the 
NiTi-Pt composite wire, MCM, fuel tank, and structural elements—
is shown in the exploded view of Fig. 3 (C to H).

As seen in Fig. 3B, during the assembly process, one end of the 
NiTi-Pt composite wire is anchored to the fuel tank, and the other 
end, corresponding to the actuator output, is attached to a bias leaf 
spring required to maintain the SMA material under tension. Both 
a transmission and a sliding shutter are connected to this spring to 
be driven by the deformation of the NiTi-Pt wire. The locomotion 
pattern consists of a sequence of transitions between state 1 (upper 
illustration of Fig. 3B) and state 2 (bottom illustration of Fig. 3B). 
We used methanol as the fuel because it can be stored in liquid form 

and evaporates at an approximately constant rate at the atmospheric 
pressure. Accordingly, during state 1, the orifices of the sliding shutter 
remain aligned with those of the fuel tank, thus allowing methanol 
vapor to flow out from the container and reach the surface of the 
NiTi-Pt wire. As the catalytic surface is exposed to both fuel and 
oxygen, the SMA material contracts as illustrated in Fig. 2A, and the 
system transitions to state 2 as predicted by the plot in Fig. 2F, a 
period during which the tank valves remain closed. Sequentially, as the 
flow of fuel ceases, the SMA material expands, the shutter slides back 
to state 1, and the tank valves open to initiate a new actuation cycle.

Inspired by the control mechanism of the centrifugal governor 
(21), during the transitions from state 1 to state 2 and from state 2 
to state 1, the slider shutter mechanism functions as a stabilizing 
controller for the catalytic reaction in a negative feedback loop. 
Namely, the supply of fuel decreases as the catalytic reaction accel-
erates because the tank valves steadily close as the shutter slides to 
state 2; conversely, the supply of fuel increases as the catalytic reaction 
decelerates because the tank valves steadily open as the shutter slides 
back to state 1. Note that from the control perspective, the areas of 
the tank and shutter orifices, the preset tension on the NiTi-Pt wire, 
and the stiffness of the leaf spring correspond to the parameters of 
the feedback controller that determines the performance and stability 
of the closed-loop system.

Although a rigorous mathematical analysis of the closed-loop 
dynamics of the system is beyond the scope of this paper, it is 
important to explain how the mechanical controller parameters must 
be selected to ensure functionality and stability. In this case, insta-
bility is equivalent to thermal runaway (39), a phenomenon charac-
terized by a rapid increase of the surface temperature until the 
NiTi-Pt wire melts. The literature and experimental observations 
indicate that the rate of temperature variation depends monotoni-
cally on the flow rate of fuel, which, in this case, depends on the total 
area of the orifices of the tank and, coincidently, of the shutter. Spe-
cifically, if the fuel flow surpasses a critical point due to an excessive 
interface area between the tank and the catalytic surface, the closed-
loop system becomes unstable. Furthermore, note that the preset 
tension of the wire and stiffness of the leaf spring also indirectly 
influence the flow rate of fuel and, therefore, the stability of the 

Fig. 2. Catalytic artificial muscle. (A) Diagram of a NiTi-Pt composite wire. As the wire is exposed to the reactants, CH3OH and O2, it heats up and contracts due to the 
exothermic reaction facilitated by the Pt catalyst; when the fuel supply is stopped, the wire cools down and extends to its original length. Periodic actuation is generated by 
repeating this process. (B) Generic strain-temperature-stress diagram of a NiTi SMA wire. The phase transitions between austenite and martensite states are character-
ized by hysteretic loops associated with the SME and superelasticity (34, 35). The relationship between a constant stress value and the parameters of a loop are de-
picted using four colored planes. For further details, see text S1. (C to E) SEM images of the surface of a NiTi-Pt wire with a diameter of 87 m. The rough and 
porous catalytic layer (Pt-black) has a thickness of ~18.1 m. The magnifications of the images are ×350, ×1200, and ×6500; the scale bars indicate distances of 
100, 30, and 5 m, respectively. (F) Experimental strain-temperature hysteretic relationship of a NiTi-Pt composite wire, obtained under constant stress. We show a 
major loop and two eccentric minor loops. The corresponding temperature and strain signals are shown in fig. S2.
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closed-loop dynamics. On the other hand, if the interface area 
between the tank and the catalytic surface is not sufficiently large 
for the flow of fuel to initiate and sustain catalytic combustion, the 
correct functionality of the actuation mechanism becomes infeasible. 
In this case, through an experimental tuning process, we enabled 
the actuation mechanism to self-oscillate stably and robustly while 
driving the locomotion of the RoBeetle prototype.

As seen in Fig. 3 (B and C), the actuation output is transformed 
into a rotational motion using a four-bar transmission inspired by 
the flight muscles of dipteran insects (6, 40, 41) and that can be 
modeled as a static mapping (41, 42). As illustrated in Fig. 3 (B, 
C, and E), the rotational motion produced by the transmission is 
transformed into locomotion through two joint active forelegs and 
two fixed hindlegs, which use anisotropic friction to sequentially 
slide forward and anchor to the ground. Specifically, during the 
transition from state 1 to state 2, the pair of hindlegs anchors the 
robot to the ground, whereas the pair of forelegs rotates clockwise 
and slides forward; similarly, during the transition from state 2 to 
state 1, the pair of forelegs rotates counterclockwise while anchored to 
the ground and the pair of hindlegs slides forward.

Now, we describe the components of the robot and the assembly 
process in Fig. 3 (C to H); the details regarding fabrication are pre-
sented in Materials and Methods. On the basis of their functionality, 
the components are grouped into four categories.

1) The first category includes the parts that compose the torso 
of the robot, which is also the fuel tank that stores the methanol 
(Fig. 3, C and D). The bottom and sides of the tank are built from 
seven pieces made of carbon fiber–polyimide composites that are 
assembled together using tab-and-slot features. Cyanoacrylate (CA) 
glue is applied on all the clearances to seal the tank and make it 
liquid tight.

2) The second category is formed by the components of the 
MCM: the tank lid and sliding shutter (Fig. 3E). These parts are 
assembled together with the transmission during a step executed 
before the final assembly. As shown in the detailed view of Fig. 3E, 
the mating fixture M1 on the lid is attached to the grounded link of 
the transmission using CA glue; then, the shutter is glued to the 
slider input link of the transmission at the mating fixture M2. To 
create the interface between the container and the NiTi-Pt wire, a 
row of six 0.1 mm–by–1.5 mm rectangular orifices, placed at regular 
intervals of 1 mm, is perforated on the tank lid; correspondingly, 
six 0.1 mm–by–0.5 mm rectangular apertures are perforated on the 
shutter according to the same pattern. These interacting matching 
perforations function as synchronized microvalves, which are used 
to control the flow of fuel that feeds the catalytic reaction on the 
surface of the NiTi-Pt wire. Because the flow rates depend mono-
tonically on the overlapped areas of the valve mechanism, the shape 
and configuration of the matching perforations determine the heat-
ing and cooling profiles of the SMA material. During the design 
process, by performing a series of tethered tests, using robotic pro-
totypes with a variety of sliding valve configurations, we identified 
the parameters for an MCM that enables the NiTi-Pt–based artifi-
cial muscle that drives the RoBeetle prototype to operate within 
desired temperature ranges. We performed an evaporation experi-
ment to measure the fuel flow rates for the robotic design (text S4 
and movie S1), and the experimental results were used to calibrate 
an analytical model that describes the diffusion process of the metha-
nol vapor (text S5). To prevent leakage, seal grease is applied to the 
groove carved on the bottom of the sliding shutter, as shown in 
Fig. 3F. Last, the complete MCM is used to cap the tank, thus form-
ing the torso of the microrobot as shown in Fig. 3C.

 3) The third category is composed of the parts that constitute the 
actuation mechanism, including the NiTi-Pt wire, the transmission 
(Fig. 3E), the leaf spring (Fig. 3, C and G), two horn-shaped static 

Fig. 3. Robotic design of the 
88-mg insect-scale auto
nomous robot powered 
by fuel. (A) Photograph 
of a RoBeetle prototype 
resting on a leaf (the scale 
bar indicates a distance 
of 10 mm). (B) Schematic 
diagram of RoBeetle’s actu-
ation mechanism. (C) Ex-
ploded view of the robotic 
assembly. (D) Exploded 
view of the fuel tank sub-
assembly. (E) Exploded 
view of the tank lid, trans-
mission and sliding shutter. 
(F) Bottom side of the slid-
ing shutter. (G) NiTi-Pt com-
posite wire and leaf spring. 
(H) Forelegs and hindlegs with bioinspired backward-oriented claws.

Movie 1.  RoBeetle, an 88-mg autonomous robotic insect powered by fuel. 
Summary of results and methods.
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arms that are used to mount the leaf spring, and the back anchor- 
block fixture that holds the composite wire (Fig. 3C). The three 
mounting pieces are connected to the tank lid using socket-lock 
mechanisms and permanently fixed using CA glue. The leaf spring 
is a stiff bar made from carbon fiber with an orifice through which 
the NiTi-Pt wire was threaded (Fig. 3G). The two ends of the wire 
are crimp-clamped to install it on the robot and set its tension. The 
piece composed by the spring and the crimp-clamped wire is 
attached to the torso of the robot by first inserting the rightmost 
end of the wire into the slot of the anchor block, as indicated by the 
red dashed line; then, the bottom locking protrusion M3 (see 
Fig. 3G) and both sides of the spring are inserted into the mating 
orifice carved on the shutter and the slots of the horns, respectively. 
This configuration enables the artificial muscle to simultaneously 
drive the sliding shutter and the transmission through the leaf 
spring. In agreement with the thermomechanical description in 
Fig. 2 (B and F), the SMA wire must be preloaded to function effec-
tively as an actuator; for this reason, the initial condition of the 
system is set with the leaf spring bent and the wire in tension. This 
initial state is enforced by simply using a NiTi-Pt wire with an 
unexcited length that is smaller than the distance between the slots 
of the horns and the anchor block, namely, 9.8 mm at 25°C in-
stead of 9.88 mm. For the robot used in the locomotion experi-
ments, the measured spring stiffness is ~4.26 N/mm (see text S6) 
with a corresponding loading stress of ~168 MPa. Note that the 
proposed robotic design allows us to freely set the loading stress 
acting on the NiTi-Pt wire by adjusting the location of the crimp 
clamps. Similarly, the entire artificial muscle can be easily replaced 
if different geometrical or catalytic characteristics for effective 
operation are required.

4) The last category is composed of the bioinspired microrobotic legs 
with claws that are capable of inducing anisotropic friction, thus em-
ulating the friction mechanism used by beetles of the subspecies 
Pachnoda marginata peregrina (43). As seen in Fig. 3 (C and H), the 
two forelegs are installed at the distal end of the transmission and 
the two hindlegs at the bottom of the tank, using tab-and-slot 
features. The overall design and limb configuration enable RoBeetle 
prototypes to locomote unidirectionally using the simple proposed 
two-anchor crawl gait, which is similar to the mode observed in 
some types of inchworms, for example, the patterns of caterpillars of 
the species Manduca sexta (44), which conceptually also resemble 

the locomotion method used by the soft robot in (45). All the 
fundamental parameters of the RoBeetle prototype used in the 
experiments are summarized in table S3.

Tethered stationary experiments
To obtain adequate parameters for the design of the MCM, we 
conducted a series of tethered experiments using several RoBeetle 
prototypes. Specifically, we measured the most relevant variables 
associated with the operation of the microrobot, including the sur-
face temperature of the NiTi-Pt wire and the resulting self-oscillatory 
actuation strain, as shown in Fig. 4 and movie S2. Because of limita-
tions in miniaturization, installation, and signal transmission, the 
use of onboard wireless sensors to accurately measure temperature 
and strain in a moving subgram robotic insect is still extremely 
challenging, which justifies the stationary experimental approach 
depicted in Fig. 4A. During these tests, one hindleg of the robot is 
held in place using a pair of cross-lock tweezers, whereas the other 
three legs are left to freely dangle in the air; the deformation of 
the NiTi-Pt wire is measured with a laser displacement sensor 
(Keyence LK-031) that is installed in front of the robot so that the 
emitted laser beam hit the target area of the leaf spring shown in 
Fig. 3G. To measure (to indirectly observe) the temperature of the 
catalytic reaction, a Pt-black–coated thermocouple (type K, Omega 
CHAL-002) is installed next to the NiTi-Pt wire. Note that this 
thermocouple measures the temperature close to a single point 
of the catalytic surface and that thermocouples exhibit dynamics 
that delay and filter the high-frequency content of the true sig-
nals. Therefore, the signal obtained as shown in Fig. 4A is a rea-
sonable estimation but not the true temperature of the SMA material. 
Further details regarding the experimental setup are presented 
in text S7.

Measured temperature and strain signals corresponding to a 
representative stationary experiment, obtained using the prototype 
in Fig. 3A, are shown in Fig. 4B. From this plot, it can be deduced that 
the temperature of the catalytic reaction was mechanically controlled 
to continually oscillate within the desired range; accordingly, the arti-
ficial muscle produced effective periodical strain outputs. These results, 
therefore, demonstrate that the robot is able to operate autonomously 
when controlled by the proposed MCM. In this case, the measured 
temperature is composed of a main oscillatory signal and a set of 
components with higher frequencies that resemble random patterns. 

Fig. 4. Tethered station-
ary experiments used to 
characterize the RoBeetle 
prototype. (A) Schematic 
diagram of the experi-
mental setup (not to scale). 
(B and C) Temperature and 
displacement responses 
generated by the NiTi-Pt 
composite artificial mus-
cle during operation and 
associated zoomed-in view. 
The top and bottom dashed 
lines indicate the closed 
and open positions of the 
sliding shutter mechanism, 
respectively. (D) State 2 (closed valves) and state 1 (open valves) of the actuation cycle (1.9 s, from state 2 to state 1). The insets show the closed and open states of the 
sliding shutter mechanism (the scale bar indicates a distance of 10 mm).
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Despite the disturbances affecting the system, the principal oscillatory 
component remains bounded within the range from 37° to 100°C 
and is sufficiently regular to enable locomotion. Disturbances appear 
because the diffusion process of methanol vapor from the orifices of 
the sliding shutter to the surface of the NiTi-Pt wire and the catalyt-
ic reaction can be easily affected by gusts of air. These issues can be 
solved by adding a protecting fixture to the design to make the arti-
ficial muscle windproof. As seen in Fig. 4C, the general trend of the 
strain output is to approximately follow the measured temperature 
signal; this behavior is consistent with the hysteretic model in Fig. 2 
(B and F).

We hypothesize that the observed discrepancies between the 
evolutions of the two signals in Fig. 4C and the identified relation-
ship in Fig. 2F reflect inaccuracies associated with the method used 
to measure temperature. This issue is explained because, as illustrated 
in Fig. 4A, a small (0.0508 mm in diameter) thermocouple’s bead is 
placed right next to the surface of the NiTi-Pt wire, and not wrapped 
around its cross section, to avoid mechanical interferences with the 
actuation cycle. In addition to obtaining measurements as shown in 
Fig. 4A, to heuristically evaluate the entire functionality of the system, 
we also took an infrared thermal video of a representative tethered 
experiment (movie S3). Using the thermodynamic model of 

the artificial muscle in text S8 and data obtained through the 
tethered experiments in Fig.  4, we estimate that the actual 
overall thermal efficiency of the NiTi-Pt–based actuator used by a 
RoBeetle prototype during operation has an average value of about 
16%. This value comprises both fuel utilization and the heat transfer 
efficiency associated with the NiTi-Pt composite wire. By considering 
an efficiency of 3% for the conversion of heat into mechanical work, 
performed by the NiTi material (31), we estimate that the overall 
energy efficiency of a RoBeetle prototype is approximately 0.48%. We 
believe that this heat transfer efficiency can be improved by reducing 
the thickness of the layer of Pt; the fuel utilization efficiency can be 
improved by installing multiple NiTi-Pt composite wires over the 
sliding shutter to capture more fuel vapor for combustion. Despite 
the seemingly low overall efficiency (0.48%) of the proposed cata-
lytic artificial muscle, this actuator exhibits a superior performance 
in providing energy for autonomy compared to battery-powered 
schemes due to the utilization of HED fuels (see text S9).

Autonomous locomotion
To validate the proposed actuation approach and study the un-
tethered locomotion performance of the RoBeetle prototype, we 
performed two types of experiments: autonomous crawling inside a 

Fig. 5. Autonomous locomotion under two atmospheric conditions. (A) Photographic sequence of autonomous crawling on a flat surface inside a stationary undis-
turbed atmosphere. (B) Photographic sequence of autonomous crawling inside a gently moving atmosphere. (C) Positions of the robot during the locomotion experiments 
in (A) and (B); both experimental signals are compared to simulation results obtained with the dynamic model in text S11. (D) Two states in a locomotion cycle. At state 1, the 
hindlegs of RoBeetle anchor and the forelegs start to slide forward as the artificial muscle contracts due to the opening of the sliding shutter. At state 2, the forelegs 
anchor to the ground using claws, and the hindlegs slide forward as the artificial muscle extends. The scale bar indicates a distance of 10 mm. (E) Locomotion velocities 
of various robots and arthropods in BL per second versus body weight in grams. The solid symbols correspond to robots that are autonomous, whereas robots relying on 
external power sources are represented with hollow symbols. See table S4 for detailed data. The robots are indicated using  their corresponding reference numbers. The 
location of RoBeetle is marked with a blue star.
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stationary atmosphere and autonomous crawling inside a gently 
moving atmosphere. These two experiments are intended to highlight 
the worst-case and best-case conditions of operation based on the 
average crawling velocity. An instance of the first type of loco-
motion test is shown in Fig. 5A; an instance of the second type of 
locomotion test is shown in Fig. 5B. The complete set of experiments 
is shown in movie S4. From this movie, relevant locomotion data 
were extracted and processed using object tracking software (see 
Materials and Methods). The positions of the robot as functions of 
time, corresponding to both tests in Fig. 5 (A and B), are shown in 
Fig. 5C. The resulting experimental gait resembles the two-anchor 
crawl locomotion mode used by inchworms (46); during operation, 
the distance from the claws of the hindlegs to the claws of the forelegs 
cyclically increases, as the artificial muscle contracts, and decreases, 
as the artificial muscle extends (see Fig. 5D).

A distinguishing characteristic of the locomotion mechanism used 
by RoBeetle, with respect to that used by inchworms, is the utilization 
of anisotropic friction. Specifically, as shown in Fig. 3H, the backward-
oriented claws of the four legs generate frictions with different mag-
nitudes depending on the direction of the sliding motion. Here, 
to explain this notion, we use an extremely simplified quasi-static 
model given by

	​​ f ​f​ 
+​  = ​ ​f​ 

+​ ​N​ l​​  ≪ ​ ​f​ 
−​ ​N​ l​​  = ​ f ​f​ 

−​​	

	​​ f ​h​ +​  = ​ ​h​ +​ ​N​ l​​  ≪ ​ ​h​ −​ ​N​ l​​  = ​ f ​h​ −​​	 (1)

	​​ ​f​ 
+​  = ​ ​h​ +​​	

	​​ ​f​ 
−​  = ​ ​h​ −​​	

where, assuming a perfectly balanced distribution of the robot’s weight, 
Nl represents the normal force exerted on each leg; ​​f ​f​ 

+​​ is the magnitude 
of the friction force that opposes the forward sliding motion of each 
of the two forelegs when the system is transitioning from state 1 to state 
2 (Fig. 5D); ​​f ​f​ 

−​​ is the magnitude of the friction force that opposes the 
backward sliding motion of each of the two forelegs when the system 
is transitioning from state 2 to state 1; correspondingly, ​​​f​ 

+​​ and ​​​f​ 
−​​ are 

positive friction coefficients satisfying ​​​f​ 
+​  ≪ ​ ​f​ 

−​​; ​​f ​h​ +​​ is the magnitude 
of the friction force that opposes the forward sliding motion of each 
of the two hindlegs when the system is transitioning from state 2 to 
state 1; ​​f ​h​ −​​ is the magnitude of the friction force that opposes the 
backward sliding motion of each of the two hindlegs when the sys-
tem is transitioning from state 1 to state 2; and, correspondingly, ​​​h​ +​​ 
and ​​​h​ −​​ are positive friction coefficients satisfying ​​μ​h​ +​  ≪ ​ μ​h​ −​​. In 
agreement with experimental observations and the model speci-
fied by Eq. 1, the body of the robot remains immobile during the 
transition from state 1 to state 2 because ​​​f​ 

+​  ≪ ​ ​h​ −​​. On the other 
hand, the body moves forward during the transition from state 2 to 
state 1 because ​​​h​ +​  ≪ ​ ​f​ 

−​​. Considering that obtaining kinetic de-
scriptions of friction for the tiny legs of the prototype is a nontrivial 
experimental task, in texts S10 and S11 (Part II), we present a method 
to indirectly measure coefficients for quasi-static friction models. 
These measurements validate the anisotropic characteristic of the 
friction forces induced by the interaction of the legs of the robot 
with the ground, as intended by design; however, they also show that 
the model in Eq. 1 lacks the sophistication required to make quantita-
tive predictions. To remedy this issue, in text S11, we present an 

input-output dynamic model of the locomotion gait that can be used 
to implement high-fidelity numerical simulations.

The experiments in Fig. 5 (A and B) were recorded while the 
RoBeetle prototype crawled on a perfectly horizontal flat plane 
covered with smooth paper tissue. This surface is homogenous with 
a moderate roughness Ra = 7.528 m, which makes it suitable for 
studying the crawling of the robot under two different conditions of 
operation. In the first test, the robot crawls autonomously inside a 
static atmosphere so that the surface of the NiTi-Pt wire passively 
cools down during the actuation cycle, mostly due to heat conduc-
tion; the performance achieved under this condition is the expected 
worst case. In the second test, the robot crawls autonomously inside 
a gently moving atmosphere so that the surface of the NiTi-Pt wire 
passively cools down during the actuation cycle, due to both con-
duction and convection; however, experimental observations suggest 
that the most relevant effect of airflow on the catalytic surface of the 
NiTi-Pt composite wire is the removal of residual methanol when 
the sliding shutter is closed (state 2 in Fig. 3B), which completely stops 
the surface chemical reactions. Overall, the performance achieved 
under the second atmospheric condition is expected to be better than 
that achieved in the first case due to the combined effects of convec-
tion and the periodic removal of residual fuel vapor and heat from the 
surface of the composite wire. In the particular case shown in Fig. 5 (B 
and C), we accelerate the airflow field surrounding the robot by simply 
waving a paper card with dimensions 7.62 cm by 12.7 cm at a dis-
tance of ~10 cm over the prototype.

As seen Fig. 5C, in the test in Fig. 5A, the robot crawls in small 
steps with a corresponding mean stride of ~1.2 mm. The irregular-
ities observed in the crawling pattern are caused by disturbances 
affecting the diffusion process of methanol vapor, which is consistent 
with the results obtained through the tethered stationary experiments 
described in Fig. 4. In contrast, in the test in Fig. 5B, the robot ex-
hibits a regular crawling pattern with a corresponding mean stride 
of ~2.83 mm. This improved operational regularity is expected to be 
produced, at least in part, by the faster cooling rate during each 
actuation cycle. Notably, however, the measured average actuation 
period of the second experiment is longer than that of the first—namely, 
3.7 and 3.3 s, respectively. This observation indicates that during the 
performance of the second experiment, the SMA wire operates ac-
cording to wider hysteretic minor loops than those corresponding 
to the first experiment. Consequently, the better performance achieved 
by the robot during the second experiment is the result of a larger 
actuation amplitude and not a faster frequency. We hypothesize that 
this phenomenon is the result of not only faster cooling, but also of 
faster heating. This conclusion follows from noticing that if the 
forelegs fully return to state 1, the sliding shutter opens entirely and, 
therefore, the condition of maximum fuel supply is reached. Directly 
from the data in Fig. 5C, we estimate that the robot’s average loco-
motion velocity during the experiment in Fig. 5A is ~0.37 mm/s 
and that the robot’s average locomotion velocity during the experi-
ment in Fig. 5B is ~0.76 mm/s.

Simulation results obtained using the dynamical description of 
the friction-based crawling mechanism presented in text S11 are also 
plotted in Fig. 5C. Specifically, we model locomotion as a mapping 
for which the input is the displacement output generated by the 
artificial muscle (equivalent to the angle θ defined in text S11 and 
fig. S7) and the output is the position of the robot along a straight 
line (see Fig. 5, A and B). Consistently, considering the hysteretic 
dynamics of SMA actuators (see Fig. 2B), the input to the crawling 
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mechanism is modeled as a sequence of identical one-period bell-
shaped signals, as defined in text S11 and depicted in fig. S7; the 
signal parameters (shown in table S7) were identified from the data 
obtained through the tethered and untethered experiments already 
described above. From the comparisons in Fig. 5C, we deduce 
that the model captures the main features of the crawling process; 
namely, the mean locomotion speeds match almost perfectly and 
the distinct staircase increments in position produced by the two-anchor 
crawling are approximately replicated. The observed slight discrep-
ancies between the simulated and experimental signals are explained 
by inhomogeneities in the locomotion path and disturbances affect-
ing the diffusion of fuel vapor from the valves to the catalytic sur-
face of the wire. Note that because of the regularity of actuation 

created by the enhancing effect of the removal of residual fuel from 
the surface of the NiTi-Pt composite wire, for the test in Fig. 5B, the 
simulated model generates a position signal that matches even some 
of the smallest features of the measurement. For example, the simu-
lation replicates the slight backward motion of the robot that is 
produced by micrometric sliding displacements of the hindlegs 
during the transition from state 1 to state 2; a phenomenon that, 
as seen in movie S4 and Fig. 5C, is most evident during crawling 
between times 50 and 80 s.

The performance of RoBeetle, compared to those of various 
arthropods and the set of most advanced terrestrial locomoting ro-
bots, is shown in Fig. 5E. Here, the horizontal axis indicates weight in 
a log10 scale and the vertical axis indicates the normalized velocities 
of the compared systems. The velocities are normalized to be ex-
pressed in the same units; namely, body lengths per second (BL/s). 
We considered five classes of systems: arthropods  (yellow triangles); 
soft robots (blue diamonds); normal-sized legged robots (purple 
triangles), characterized by lengths equal or larger than 100 mm; small 
wheeled robots (green squares), characterized by lengths smaller than 
100 mm; and small legged robots (red circles), characterized by lengths 
smaller than 100 mm. In this classification, autonomous robots are 
indicated with solid symbols and tethered robots using hollow sym-
bols; the performance of the RoBeetle prototype is indicated with a 
blue star. Note that RoBeetle is one of the lightest subgram insect-
sized autonomous robots created to date; also, RoBeetle is the fastest 
autonomous crawling robot relative to its size (BL < 20 mm) that is 
capable of operating for more than a few seconds.

Functional capabilities and locomotion performance
From the most basic navigational standpoint, an autonomous ter-
restrial robot must be capable of climbing inclines, carrying payloads, 
and locomoting on various different surfaces. Thus, to assess the 
functionality of RoBeetle, we performed several further experiments. 
The first is ramp climbing, shown in Fig. 6 (A to C). In this case, 
we used a tilted glass slide with a surface area of 5.08 cm by 7.62 cm 
covered with a smooth piece of paper tissue as the inclined plane to 
be climbed by the robot. Figure 6 (A to C) shows the robot crawling 
on inclines with slopes of 5°, 10° and 15°, respectively. The proto-
type can easily climb the ramps with slopes of 5° and 10° and stalls 
while climbing the ramp with a slope of 15°; the corresponding 
measured velocities, compared to that of the horizontal case, are 
shown in Fig. 6D. The complete set of experiments is shown in 

Fig. 6. Locomotion under different conditions and achieved mean velocities. 
(A to C) The RoBeetle prototype climbs on inclined planes with slopes of 5°, 10° 
and 15°, respectively. The red lines indicate the displacements from the initial to 
the final positions reached in 45, 85 and 45 s, respectively. The scale bars indicate 
a distance of 10 mm. (D) Mean locomotion velocities versus angle of inclination. 
(E to G) The robot crawls on surfaces with different levels of roughness, namely, 
glass, pacopad (Pacothane Technologies, Winchester, MA), and polyurethane charcoal 
foam. The red line is the displacement from the initial to the final positions. The dura-
tion is 60 s, and the scale bars indicate a distance of 10 mm. (H) Mean locomotion 
velocities on four surfaces with different levels of roughness, numbered from 1 to 4, 
corresponding to glass, smooth paper tissue, pacopad and polyurethane charcoal 
foam. (I) Time-lapse image of the robot while crawling at 0.22 mm/s and carrying a 
71-mg plastic stick on its horns. The duration is 80 s, and the scale bar indicates a distance 
of 10 mm. (J) Time lapse of the robot autonomously crawling outdoors on a con-
crete sideway. The mean velocity is 0.23 mm/s. The duration is 200 s and the scale bar 
indicates a distance of 10 mm.

Fig. 7. Robot-environment interaction enabled by onboard RFID chip. (A) Diagram 
of the experimental setup. The scale bar inside the inset indicates a distance of 2 mm. 
(B) Photographic sequence of the experiment. The scale bars indicate a distance of 20 mm.
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movie S5. In these tests, the crawling velocity decreases monotoni-
cally as the value of the slope increases. This phenomenon is ex-
plained by a decrease of the normal forces exerted by the inclined 
plane under the legs of the robot; as a result, the corresponding total 
friction acting on the robot is reduced and there exists a critical 
slope for which crawling becomes infeasible. The effects of the in-
clined path on the volume distribution of the liquid methanol are 
negligible because the viscosity and surface tension can hold the 
thin layer of fuel (~0.2 mm) approximately parallel to the tank lid 
(see movie S5).

In a second set of experiments, we tested the crawling capabili-
ties of the robot on surfaces with different levels of roughness Ra—
specifically, smooth glass with Ra = 0.009 m (Fig. 6E), the already 
described piece of paper tissue with Ra = 7.528 m (Fig. 5A), paco-
pad with Ra = 10.419 m (Fig. 6F) and polyurethane charcoal foam 
with Ra = 17.922 m (Fig. 6G). The resulting velocities for these cases 
are shown in Fig. 6H, correspondingly labeled as #1, #2, #3, and #4; 
with the current claw design, the robot achieved the fastest velocity 
on surface #2. Details are presented in text S12 and movie S6. In a 
third set of experiments (Fig. 6I), the robot carried on its horns a 
71-mg cylindrical weight while crawling at a speed of 0.22 mm/s. 
Similar tests demonstrated that the robot can carry a maximum 
payload of 230 mg (~2.61× the prototype’s weight). These experiments 
are shown in movie S7. Last, as shown in Fig. 6J, to demonstrate 
RoBeetle’s ability to locomote outdoors and its potential for real-
world applications, we placed a prototype on a concrete sideway. 
Under this condition, the robot was able to operate autonomously 
as it carried onboard both its own power source (fuel) and MCM 
(see movie S8). This experimental demonstration provides evidence 
of the feasibility of creating fully autonomous subgram insect-scale 
robots capable of operating in nonlaboratory environments.

Demonstration of RoBeetle carrying payloads
In previous sections, we demonstrated the basic capabilities of 
RoBeetle and discussed the observed performance during locomotion. 
In this section, we demonstrate how the capacity of RoBeetle to car-
ry payloads enables environment-robot interactions that are usable 
to perform simple automated tasks. Specifically, we installed a writ-
able 6-mg radio-frequency identification (RFID) chip and a booster 
antenna on the robot, as shown in Fig. 7A, to enable simple interac-
tions with the environment. Generally speaking, an RFID chip is a 
sensor that works independently to collect, store and transmit 
data—its own position, for example (47). In the experimental example 
in Fig. 7 and movie S9, a RoBeetle prototype crawls along a straight 
path toward a dummy gate driven by a servomotor, while the on-
board RFID chip stores the opening code. Thus, when the robot enters 
the range of the RFID reader, located 50 mm behind the gate, the 
code broadcasted by the onboard transmitter is detected (at time 20 s 
in Fig. 7B); then, a microcontroller identifies the code and switches 
the state of a light-emitting diode (LED) indicator from red to green 
(at time 22 s in Fig. 7B). Last, the microcontroller sends a command 
to the servomotor to lift the gate, thus allowing the robot to pass 
through (23 to 60 s in Fig. 7B). Further details are discussed in text S13.

DISCUSSION
We presented RoBeetle, a subgram insect-scale robot capable of 
crawling autonomously and performing simple tasks. This accom-
plishment was made possible by the physical realization and combina-

tion of two technological concepts: a controllable artificial muscle 
driven by flameless catalytic combustion and an integrated prepro-
grammable millimeter-scale MCM. Accordingly, the robot is built 
as an integrated system in which the actuator, sensor used for feed-
back, and MCM constitute a compact functional unit. Our approach 
enabled the development of artificial muscles that have both the 
HWDs of SMA actuators and the ability to use HED fuels (2H).

Presently, the speed of actuation is mainly limited by the diffu-
sion rate of fuel and bandwidths of the SMA wires. Therefore, to 
amplify the frequencies of the actuator outputs, we can simply in-
crease the speed of fuel delivery by using liquefied fuels, stored in 
pressurized containers, such as butane or propane. Furthermore, as 
suggested in a recent study (48), the bandwidth of SMA-based actu-
ators can be substantially widen (up to 35 Hz) by adopting uncon-
ventional mechanical configurations of thin SMA wires (38.1 m in 
diameter). In particular, the magnitude of the mechanical output 
and efficiency of the proposed actuation method can be significantly 
improved by arranging multiple fiber-like thin artificial muscles in 
hierarchical configurations similar to those observed in sarcomere-
based animal muscle. In addition, the integrated mechanical controller 
that uses the strain actuator output as feedback was validated and 
demonstrated to enable the autonomous electronics-free operation 
of the tested RoBeetle prototype.

In summary, RoBeetle is a biologically inspired system whose 
fuel-powered design may serve as a model for the creation of a new 
diverse generation of autonomous microrobots capable of terrestrial, 
aquatic, and aerial locomotion.

MATERIALS AND METHODS
Fabrication of NiTi-Pt composite wires
A NiTi-Pt composite wire is fabricated by coating a thin rough layer 
of Pt, which acts as a catalyst for the flameless combustion of fuel, on 
the surface of an SMA wire with a diameter of 50.8 m. In this case, 
the thermally excitable SMA material is Nitinol, a Ni50%Ti50% com-
pound produced by Dynalloy with a nominal transition tempera-
ture of 90°C. The obtained homogeneity of thickness and structural 
integrity of the resulting catalyst layers, which are of critical importance 
to achieve reliable, repeatable, and controllable catalytic reactions, 
are one of the key elements that made possible the fabrication of a 
high-quality and mechanically robust NiTi-Pt composite wire and 
its integration into the chassis of a RoBeetle prototype. As depicted 
in fig. S1 (A to K), the first step in the fabrication process is to crimp 
the NiTi wire at two locations with compressible tubes (McMaster-
Carr 89875K85 with an outer diameter of 0.635 mm and a wall thick-
ness of 0.152 mm) using a 10-ton handheld hydraulic crimping tool. 
Then, the tubes are cut to have a length of 2 mm using a flush 
cutter. The resulting interior length of the crimped NiTi wire is exactly 
9.8 mm, a length that is precisely ensured by using a fixture tool 
(fig. S1, D and E).

As shown in fig. S1H, the second step in the fabrication proce-
dure is the application of a uniform layer of thermally conductive 
paste (Omega OT-201), which acts as a permanently wet adhesive 
on the surface of the NiTi wire. To ensure micrometric precision, 
the paste is applied using a microbrush under an optical microscope; 
the resulting layer of conductive paste has an average thickness 
of 0.6 m and remains uncured at room temperature (see fig. S1H). 
Last, the outer layer of Pt catalyst is added to the piece of SMA 
material to finalize the fabrication of the NiTi-Pt composite wire, 
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by simply immersing it into a heap of Pt powder (Pt-black HiSPEC 
1000, Alfa Aesar), as shown in fig. S1I. This process is repeated 
until the desired shapes and configurations of the 3D structures that 
composed the catalyst layer are achieved (see fig. S1K); during fab-
rication, the quality of the coating is controlled by continually monitor-
ing its condition under a microscope. The finished NiTi-Pt composite 
wires have outer diameters of 87 m. All the micrometer-scale images in 
the paper were captured using the same SEM (JEOL JSM-7001f-SEM).

The fixture tool used to enforce the precise length of the wire 
(fig. S1, D and E) has dimensions of 9.8 mm by 2 mm by 2.36 mm 
and simply consists of three pieces made from a 185-m-thick 
carbon fiber–polyimide composite sheet, assembled in a 3D con-
figuration. A diode-pumped solid-state (DPSS) laser (DCH-355-3, 
Photonics Industries) with a focused beam diameter of 10 m was 
used to cut out, from the composite sheet, the pieces composing the 
centimeter-scale structure; then, these parts were joint together 
manually by matching premachined tab-and-slot assembly features.

Note that the microfabrication procedure presented in this sec-
tion is the result of an intense and exhaustive research process and, 
once perfected, has exhibited an experimental yield close to 100%. 
The resulting NiTi-Pt composite wires are mechanically robust and 
can function reliably for hours without the issues reported in (49, 50).

Fabrication of the robotic prototypes
With the exception of the artificial muscles, all the mechanisms and 
structural components of the RoBeetle prototypes were designed and 
are fabricated using the SCM method, especially some of the tech-
niques described in (51). In specific, the fuel tank, lid, legs, sliding 
shutter and horns of the prototype shown Fig. 3A were made from 
185-m-thick composite laminates composed of two 80-m-thick 
carbon fiber layers (top and bottom) and one central 7.5-m-thick 
polyimide film layer (Kapton HN 30 gauge, DuPont); the trans-
mission and anchor block were made from 380-m-thick laminates 
fabricated by bonding two 185-m-thick layers together using a 
12.5-m-thick adhesive film (Pyralux FR1500, DuPont); and the 
leaf spring was made from a 190-m-thick carbon fiber laminate. 
In this case, following the SCM method, all the 3D microparts were 
created by assembling and folding featured two-dimensional (2D) 
components that were cut from the composite sheets using the DPSS 
laser. In general, during 3D assembly, the 2D parts are connected to 
each other by matching tab-and-slot features; then, the connections 
and corners are rigidized and strengthen using CA glue (Loctite 
416, Henkel). To gas-tight seal the interface between the tank lid 
and sliding shutter, a thin layer of grease (Parker O-ring lubricant) 
is applied to the 80-m-deep seal groove described in Fig. 3F.

Locomotion experiments
Several crawling experiments were performed on different surfaces 
as described in Results. The primary locomotion path, which was 
used in the experiments of Fig. 5, was built by tightly wrapping a 
3-mm-thick acrylic sheet with laboratory tissue (Kimtech 34155CT 
Kimwipes). The acrylic platform serves as a rigid and even base, and 
the smooth paper tissue provides a surface with the adequate rough-
ness for sustained locomotion. In the performance of each crawling 
experiment, 20 l (15.8 mg) of methanol were injected into the tank 
of the robot; then, the prototype in the configuration corresponding 
to state 1 (Fig. 5D) was placed on the locomotion path using a pair 
of tweezers. As seen in Fig. 5 (A and B), a metric ruler was used to 
indicate the scale of the robot in relation to the path. All the indoor 

tests were carried out at about 25°C and 48% relative humidity. All 
the movies were recorded with a digital single-lens reflex camera 
(Nikon D7200) at 30 frames per second. Basic postprocessing of 
the videos, such as clipping from the raw footages and exportation, 
was done using the iMovie Apple application. To extract locomo-
tion data for analysis, the exported videos were processed using 
Open Source Computer Vision (OpenCV). The estimated positions 
over time corresponding to the two main experiments discussed in 
this paper are shown in Fig. 5C.

SUPPLEMENTARY MATERIALS
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Fig. S9. Antenna design for the RFID chip.
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Table S2. Work densities and power densities of widely used actuation methods.
Table S3. Physical parameters of the tested RoBeetle prototype.
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simulations (Fig. 5C).
Table S6. Parameters of the RoBeetle prototype used in the numerical dynamic simulations 
(Fig. 5C). 
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Movie S2. Tethered stationary experiment.
Movie S3. Thermal camera video.
Movie S4. Autonomous crawling experiments under two atmospheric conditions.
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