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ABSTRACT

We present MilliMobile: a first of its kind battery-free au-
tonomous robot capable of operating on harvested solar
and RF power. We challenge the conventional assumption
that motion and actuation are beyond the capabilities of
battery-free devices and demonstrate completely untethered
autonomous operation in realistic indoor and outdoor light-
ing as well as RF power delivery scenarios. We show first
that through miniaturizing a robot to gram scale, we can sig-
nificantly reduce the energy required to move it. Second, we
develop methods to produce intermittent motion by discharg-
ing a small capacitor (47-150 pF) to move a motor in discrete
steps, enabling motion from as little as 50 uyW of power or
less. We further develop software defined techniques for
maximizing power harvesting. MilliMobile operates in the
optimal part of the charging curve by varying the charging
time to achieve maximum speeds of up to 5.5 mm/s.

The MilliMobile prototype has a 10x10 mm chassis and
weighs less than 1.1 g. Our robot can carry payloads 3 times
its own weight, and only experiences a 25% reduction in
speed when carrying a 1 g payload. We demonstrate opera-
tion on 10 different surfaces ranging from wood and concrete
to compact soil. We further show the ability to cold-start and
move in light conditions as low as 20 W/m? and -10 dBm of
RF power. In addition to operating on harvested power, our
robot demonstrates sensor and control autonomy by seeking
light using onboard photodiodes, and can transmit sensor
data wirelessly to a base station over 200 m away.
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Figure 1: MilliMobile- an autonomous battery-free, wireless
robot shown next to a US penny for scale. Video:
https://homes.cs.washington.edu/~vsiyer/millimobile.html
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1 INTRODUCTION

Robotic sensor networks have transformative potential for
numerous applications. Unlike fixed IoT nodes, the ability
for a sensor to move enables a single robot to sample larger
areas and dynamic spatial reconfiguration of networks. Such
robots could perform infrastructure inspection on roadways,
bridges, and railroads, track inventory on warehouse shelves,
measure environmental conditions for indoor farms, or take
measurements in industrial scenarios with toxic chemicals
or strong electromagnetic fields. Mobility also enables seek-
ing out signal sources such as fires or gas leaks [15, 17, 61].
Autonomous robotic sensor nodes could even automatically
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HAMR-F - v/ 4 802.15.4, (5 m) 2.79 45 423,000

RoACH - v - IRDA Infrared, (1 m) 24 30 440,000
Soft Milirobot v o - NFC (0.09 m) >0.05* 30 203
Alice - v - RF 433 MHz, (10 m) 5 21 4,000
Bipedal eBiobot v - - NFC (0.09 m) >5% 35 -
Laser-powered v v - - 0.1 18 2,500
Microrobot '
MilliMobile v v 4 BLE (200 m) 1.09 11 50

Figure 2: Comparison of millimeter-scale robots Kilobot [59], HAMR-F [21], RoACH [24], Soft Millirobot Carried-on [45],
Alice [8], Bipedal eBiobot [41], Laser-powered Microrobot [6], and MilliMobile (this work). *Untethered power autonomy
denotes onboard power harvesting operational at >1 m, excluding magnetic and near field designs [41, 45]. These designs do
not specify power and mass, estimates were extrapolated based on available data and related works.

disperse themselves to avoid manual deployment, a major
barrier in domains such as precision agriculture.

Robots however require significantly more energy for their
mechanical propulsion than a fixed IoT node [19]. Combined
with the energy density of current batteries [64], this re-
sults in lifetimes of minutes to hours compared to years for
fixed sensors. Further, this restricts the area a robot can tra-
verse and imposes significant maintenance costs to change
or recharge batteries. Batteries also have significant envi-
ronmental costs. Lithium batteries, which are ubiquitous in
mobile devices pose significant ecotoxicity and human health
concerns at end of life disposal due to high levels of lead,
cobalt, chromium, and thallium [37]. Additionally, battery
manufacturing also has significant environmental impacts
and requires for critical minerals [3, 65].

In this work we ask a seemingly radical question, is it pos-
sible to design an autonomous, battery-free robot? We chal-
lenge the conventional assumption that motion is inherently
energy-expensive, and explore co-optimizing size, weight
and power to create MilliMobile: a first of its kind battery-
free autonomous robot that can operate on harvested solar
and RF power (see Fig 1). Our programmable, gram scale,
wheeled robot measures ~1 cm? and can cold-start and move
with 50 pW of power or less (see Fig 2). This enables many
practical power harvesting scenarios with both indoor and
outdoor lighting as low as 20 W/m?, and RF power as low
as -10 dBm to operate within safety limits. MilliMobile sup-
ports a variety of sensor payloads up to three times its own
weight, and demonstrates autonomous operation by seek-
ing out light sources. We compare the MilliMobile to other
millimeter-scale robots in Fig 2, highlighting the novelty of
battery-free power and control autonomy at the ~1 cm? size.

Achieving this goal requires addressing a number of chal-
lenges. First and foremost, power harvesting sources produce
tens of microwatts to a maximum of a few milliwatts of power
in realistic scenarios. High efficiency solar cells produce a
maximum of 6 mW/cm? in bright outdoor light and RF trans-
mit powers are limited to 1 mW/cm? for safety. Moreover, a
truly autonomous robot must be able to carry its harvester
onboard (untethered power autonomy) and move indepen-
dently in a variety of situations (sensing and control auton-
omy) [62]. This eliminates kinetic and thermal energy har-
vesting used in wearables [12], and prevents the use of power
expensive actuators used in prior robots [32, 41, 49, 54].
Energy and Scaling analysis. To understand how these
challenges relate to the energy required to move a robot of
mass m to a target velocity v we analyze its kinetic energy
KE = %mvz. The linear scaling of energy with mass suggests
a ~1 g, robot should require <1 mJ. This demonstrates the
potential for using miniaturization to develop a robotic sys-
tem compatible with the microwatts to milliwatts available
in practical power harvesting scenarios. We therefore target
a robot design weighing ~1 g.

Further, we observe that energy harvesting for robots fun-
damentally favors small scale. A cubic robot with character-
istic length ¢ has surface area SA = 62, volume V = £3, and
mass m = pV where p is density. We observe that SA o« 2,
V o £3, and m o ¢°. Battery-free designs favor high SA-
to-V ratios that maximize their harvester area which scales
with £2, versus the power required to move their mass which
scales with £2 [18]. This analysis supports miniaturization
for developing battery-free robots and we therefore explore
the design space of small robots with ¢ of ~1 cm.



MilliMobile: An Autonomous Battery-free Wireless Microrobot

Intermittent motion. Reducing the robot’s mass lowers the
energy required to move, however we also need a mechanism
to produce motion in a small form factor. This raises a sec-
ond challenge as even small, sub-gram motors require tens
to hundreds of milliwatts to spin continuously [1]. While
continuous motion is common in wheeled robots and drones,
this is not the case in most natural systems. Legged locomo-
tion in animals for example occurs in discrete steps. Inspired
by this, we explore a new paradigm of intermittent motion
for moving battery free robots.

Developing this physical analog of intermittent computing
requires producing discrete “atomic” motions. This necessi-
tates buffering energy in our small form factor from variable
power sources, and a transducer to convert that energy into
mechanical motion. The energy stored in a capacitor is given
by %CVZ. Charging a ~100 pF capacitor to 5 V is therefore
sufficient to store over 1 mJ of energy.

Based on this intuition, we perform a simple experiment
and observe a surprising result: discharging a 100 pF ca-
pacitor directly into a small eccentric rotating mass (ERM)
vibration motor is sufficient to overcome inertia and resistive
losses and produce discrete revolutions of a 450 mg mass.
Contributions. Building on this primitive, we design a fully
functional gram-scale battery-free wireless robot measur-
ing ~1 cm?. Unlike prior robots that use magnetic fields
limited to centimeter ranges [50, 55, 66], or high powered
lasers [2, 33] and RF transmitters [54], we demonstrate the
first autonomous, completely untethered robot that requires
orders of magnitude less harvested power. Using <100 pW of
harvested ambient power MilliMobile can traverse distances
of 10.8 meters within 60 minutes. We summarize the key
contributions of our work below.

o MilliMobile platform. We develop a first of its kind gram
scale, autonomous, programmable robotic sensing platform
that can move with <100 pW of harvested power. Our robot
is complete with power harvesting, wireless connectivity,
and sensors for light, temperature and humidity.

e Battery-free motion. We demonstrate robust battery-
free operation of our robot using solar power in both outdoor
and indoor lighting as well as with RF power. Our robot can
move at a maximum speed of 5 mm/s, carry payloads up to 3
times its weight, and move on a variety of surfaces ranging
from concrete to carpet.

e Optimizing intermittent motion. We introduce the
concept of intermittent motion develop optimized sub-gram
power harvesting and actuation hardware. Additionally, we
develop a software defined maximum power point tracking
strategy using variable length capacitor charge times to co-
optimize power harvesting with robot speed.

e Autonomous operation. In addition to power autonomy;,
our robot is the first at this scale to demonstrate sensing and
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control autonomy as well. We show one demonstration of
this by using the onboard microcontroller to sample a series
of photodiodes and an onboard control algorithm allowing
the robot to steer itself toward light sources.

e Wireless connectivity. We develop solutions for wire-
less connectivity between robots and to remote base station
at distances over 200 m. We develop a novel battery-free
synchronization strategy that leverages the robot’s ability to
move as a foundation for wireless robotic networking.

Link to the MilliMobile webpage and video:
https://homes.cs.washington.edu/~vsiyer/millimobile. html

2 RELATED WORK

Power harvesting robots. Achieving power autonomy for
small robots has been a longstanding challenge for two
decades [62]. Among the first works in this space were MEMS
based structures that could be activated by light or solar
power [23], however these robots were not programmable,
had no sensors, no communication, highly limited payload
capacity, and were not controllable. More recent chip scale
robots have demonstrated potential for programmability [58]
but lack radio communication and sensing. Moreover, these
microscopic robots are on a dramatically different scale more
than an order of magnitude smaller than our design. This
makes it difficult for such robots to interact with the world,
carry sensing payloads, or traverse longer distances. At-
tempts to create larger solar powered robots such as drones
demonstrate duty cycled recharging, but cannot operate bat-
tery free [18]. These designs require hours to recharge a
large battery whereas by significantly reducing the energy
required for motion, our robot can repeatedly move using
harvested energy in discrete steps.

Multiple works have also explored magnetic actuation for
robots. These works manipulate large external magnets to
directly move parts of a robot including walking robots walk-
ing robots [55, 66] driven by rotating magnetic fields and
ingestible origami robots that use magnetic fields to actu-
ate folding [46, 50, 51, 68]. These designs are fundamentally
limited by distance over which magnetic fields can prop-
agate and cannot operate at distances greater than a few
centimeters. This similarly limits the feasibility of near field
power harvesting [38]. Additionally many of these designs
lack onboard control for truly autonomous operation.

Researchers have also explored solutions for far field wire-
less power with fixed high power transmitters. Optical power
delivery using lasers has been explored for powering robots
both large drones and insect-scale robots [2, 6, 33, 53]. While
lasers can direct high power density to a small area, they
are point to point links and cannot scale. Laser power de-
livery also requires precise positioning to deliver maximum
power [26] and poses significant safety concerns of using
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Figure 3: Solar power harvesting in various light conditions.
Measurements reflect power harvested by the full robot cir-
cuit described in §3 with successful cold-start and operation.

lasers of 10s [33] to 100s of watts. High power RF power has
been demonstrated for a robot [54], however this required a
30 W transmitter at 5 GHz which exceeds both the maximum
power level allowable for transmission in the band as well as
safety regulations. Recent works on solar power have also
required unrealistically high light levels of 3 suns [31].
Insect-borne sensors. Leveraging living organisms to en-
able locotmotion for sensor systems is another means to
overcome the challenges of mm-scale energy storage and
actuation [30]. Researchers have attached sensors and track-
ing devices to a variety of small animals such as butterflies
[42], moths [27], hornets [39, 44], and snails [7] to enable
dispersal and data collection over kilometer distances. To
enhance the control autonomy of these systems, insect-scale
sensors have been coupled with actuators to enable steerable
beetle-mounted camera modules [29]. Attempts at more pre-
cise control of insect locomotion through neural stimulation
have shown some success [35] however these approaches are
plagued by issues such as the eventual habituation of insect
subjects to repeated stimulation. These approaches are also
difficult to scale due to the limitation of raising live animals,
attaching sensors manually, and reliably and consistently
replicating insect behavior between tests.

In contrast to this prior work we seek to develop robots
that are battery-free and can operate completely untethered
and with onboard autonomous control in settings with prac-
tical power harvesting conditions (sunlight, indoor lighting,
RF power within legal limits).

Automated sensor deployment. Recent works have begun
exploring technologies for automated deployment of sensor
networks and IoT devices. These include sensors that can
be dropped from small drones and insects [28, 56, 57] and
devices that can disperse in the wind [11, 40]. While some
of these systems can operate battery free, this complemen-
tary research direction is focused on one time deployment
and none of these systems are designed to move from their
deployment locations. In contrast, we seek to develop truly
robotic nodes that can actively move to different locations.

Millimeter scale robots. A recent review of gram-scale
robots notes that despite significant work in this area there
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Capacitor Mass | Capacitance Max ESR | Leakage | Max Travel
(part number) (mg) (uF) Voltage | (ohms) (uA) Distance
v) (mm)
F980J476MSAAH1 | 13.3 47 6.3 1.0 3.0 2.0
F980G107MSA 13.7 100 6.3 4.0 4.0 6.0
F950J157#BAAQ2 | 18.0 150 6.3 0.4 9.5 15.0

Figure 4: Capacitor comparison. Travel distance measured
using a 1.2 g MilliMobile and 1 7 charge time.

are no systems that demonstrate power autonomy (ability
to carry a power source) as well as sensor and control au-
tonomy (ability to carry sensors and process their data for
robot control onboard) [62]. Many works in this space have
focused on building robots that operate with wire tethers to
demonstrate new actuators and mechanisms [5, 9, 25, 69, 70].
A small number of works have integrated onboard batteries,
but they often lack control autonomy, sensing, and wire-
less connectivity as well [8, 24, 34, 43]. While the HAMR-F
and Kilobot do incorporate these more advanced capabilities,
their onboard battery capacity limits them to at best a few
hours of continuous operation. [21, 60]. We are not aware
of any battery-free robots to date that achieve MilliMobile’s
unique combination of power and control autonomy, sensing,
and wireless connectivity.

Battery-free wireless sensors Battery-free devices have
been explored extensively in the mobile systems community,
however these works often focus on fixed sensor nodes [13,
14, 20]. We focus on robots, which introduce challenges of
mechanical motion and control, as well as greater power
harvesting variability as they move. For example, Capybara
[10] develops software frameworks for managing tasks on
battery-free systems with heterogeneous capacity and tem-
poral constraints enabling allocation of energy bursts for
radio transmissions. In this work we take these concepts a
step further by developing hardware to create actuated sens-
ing systems enabling higher energy pulses for battery-free
mechanical motion, alongside algorithms that use onboard
sensors to enable fully autonomous robot control operations
such as source seeking.

3 SYSTEM DESIGN

3.1 Real-world power availability

We seek to design a small, battery-free robot that can op-
erate in practical power harvesting scenarios without the
dedicated high power transmitters used in prior works [2, 31,
33, 54]. Below we evaluate the power available from small,
lightweight harvester prototypes in real world scenarios such
as indoor and outdoor light or ceiling mounted RF transmit-
ters as well as the voltage and current constraints of our
physical robot design.
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Figure 5: Left, power from 1-stage and 2-stage RF harvesting
circuit. Right, receiver power versus distance from RF output.

Light-weight solar harvesting. To determine the amount
of solar power available for intermittent motion, we design
a testing setup with an array of four thin film solar cells
(Microlink Devices) weighing 6 mg each. To replicate on-
robot harvesting scenarios, we connect the solar cell array to
two parallel 47 pF capacitors (AVX F980J476 MSA) which we
observe can provide enough energy to rotate a small motor.
Performing this test with a real capacitor is important as the
amount of power the solar cell outputs is dependent on the
impedance of the load connected to it.

To measure the power we place the solar cells next to
a solar power meter (TES 132) and measure the charging
curve of the capacitor using a digital oscilloscope (Tektronix
MDO4034) in a variety of light conditions. Specifically, we
perform measurements in three scenarios to model practical
power harvesting data. We perform the first test in outdoor
sunlight for use in outdoor environments. Next, we perform
measurements under a variable intensity grow light (Barrina
BU 2000) designed for indoor farming where our robot could
be used to sense microclimates around plants. Third, we mea-
sure the power available from an undercabinet light (Good
Earth Lighting UC1272-WHG-24LF0) that would enable our
robot to operate continuously on a desk or table.

Fig 3 shows the resulting light levels versus power avail-

able (N=3 measurements +0). The data demonstrates that
even in the lowest light conditions from the undercabinet
light, we are able to harvest sufficient energy to overcome
the capacitor’s leakage current and charge (see in Fig 4).
These results show the potential for our robot to operate
using intermittent motion in indoor light conditions by ex-
tending the capacitor’s charging time, trading-of speed for
robustness.
RF power harvesting. The ability to charge capacitors at
10s of microwatts of power above opens up the possibility
for RF power as well. We explore practical RF power for
robots within FCC limits below including specific voltage and
current constraints. We transmit a single tone at 908 MHz at
36 dBm EIRP using a USRP E310 and variable attenuator (JFW
50BR-017) connected to a power amplifier (RFMD 5110G)
and an 8.2 dBi 900 MHz patch antenna (Cushcraft). We verify
the output on a spectrum analyzer (MDO4034).
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M5 = Micron Wings 820 mg

We design a miniaturized, modified Dickinson charge
pump using SMS7630 diodes based on [63] and [30]. We
first test a two stage rectifier and observe outputs of 15V at
high power which exceeds the maximum our storage capaci-
tor can tolerate. We add an 8 V Zener diode for protection up
to an RF power of 6 dBm. The results are similar to indoor
lighting. Next we perform the same experiment with a single
stage rectifier which does not require a Zener diode. This
circuit has higher efficiency but a more limited range. Fig 5
shows the results for a one and two stage rectifier over a
range of power levels.

Next we investigate power availability in realistic settings
such as ceiling mounted transmitters similar to commercial
RFID systems. A transmitter mounted above or around a
desk could power robots across the work surface. To evalu-
ate this, we mount the antenna described above on a variable
height tripod and raise it to different heights above a wood
platform. We create a millimeter scale 900 MHz wire antenna
based on designs from [11, 30] and connect it to a spectrum
analyzer to perform precise power measurements. To ac-
count for multipath we perform measurements at 3 locations
across our ~1 m square surface. The right hand plot in Fig 5
shows these results. These results show that, even when the
transmitting antenna is placed at a ceiling height of 2.4 m,
the MilliMobile can harvest tens of microwatts of power,
sufficient for charging the onboard capacitors while staying
within RF power safety limits.

3.2 Actuating a battery free robot

The data above demonstrates the ability to harvest 10s of
microwatts of power and successfully charge a capacitor but
also highlight the need to minimize our system’s total mass.
To create a functional robot, we need to go beyond just power
harvesting and couple this energy to an actuator that can
produce mechanical motion. We analyze different actuator
technologies to determine the optimal choice for our inter-
mittent motion system. Many microrobot systems have used
piezo actuators due to their light weight (10s of milligrams)
and high efficiency [22, 48, 69]. While piezos are an attractive
solution, they also require high voltages of over 200 V to op-
erate [69]. Because the maximum voltage available from our
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Component Mass (mg) Size: L, W, H (mm)
Chassis (folded) 295 10, 10, 0.35
PCB (folded) 141.5 12,10, 6

Power Harvesting 20, 11,10, 0.4
(solar cells, RF circuit) 10 3,31
Wheels (x4) 14.0 6,6,0.15
Drive Motors (x2) 791.5 12,4.7,4.7
Bearing + Other Parts 95.5 -
Total (solar cells): 1092.0 12,12,6

Figure 7: Minimized mass and volume of MilliMobile com-
ponents after off-the-shelf modifications.

harvesters and capacitor is 6.3 V, these actuators would re-
quire a boost converter to increase their voltage which adds
significant weight and efficiency losses [33]. Additionally,
piezos operate most efficiently when driven at their reso-
nant frequency to produce repeated motion such as wing
flapping; in contrast we seek to move in discrete steps. Simi-
larly we eliminate dielectric elastomer and other electrostatic
actuators that require even higher voltages [34].

We therefore focus on low voltage (<10V) solutions such
as electromagnetic or heat based actuators. Heat based ac-
tuators such as SMAs are slow and inefficient, we therfore
focus on electromagnetic actuators such as motors. Small
ERM vibration motors produce vibrations by rotating an
off-center mass at a high rotational velocity. We note that
these masses are often 0.5 to 1 g depending on the motor size
and application. This shows that the motors have the ability
to move 1 g and we set this as our target robot mass. Next
we analyze the power requirements of these motors in Fig 6.
The data shows two surprising results: first, there is high
variance of over 10x between these motors. This is likely
due to the application they are optimized for (higher torque
vs speed) as well manufacturing tolerances such as air gaps
between the magnet and motor coils. Second, at the low end
there are motors that can run at 4 mA, which is even lower
than the current required by many common microcontrollers
and Bluetooth chips while transmitting [29].

These power requirements are similar to those of chips
used in prior battery-free systems and demonstrate the fea-
sibility of designing a battery free robot within these con-
straints. We choose motor M4 for our design due to its opti-
mal power to weight ratio. This small commercially available
vibration motor is designed to rotate a mass of 450 mg and
the motor itself weighs 506 mg. We combine two motors and
target an approximately 1 g total mass for our robot.

3.3 Intermittent motion.

The currents required by these lightweight motors are still
below what is available from all but the brightest outdoor
solar harvesting scenarios shown in Fig 3. Enabling battery
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Figure 8: Exploded view of the MilliMobile robot showing
the major components in relation to one another.

free operation therefore requires a strategy for bridging this
gap. We take inspiration from legged locomotion in natural
systems and intermittent computing and propose closing this
gap by moving our robot in discrete steps. Doing so however
requires a component capable of storing sufficient energy to
rotate a motor while supporting the robot’s weight.

We evaluate a variety of capacitors as potential storage
elements for intermittent motion shown in Fig 4. The key
requirements for a capacitor are the ability to store suffi-
cient energy to produce discrete motions, but also to be able
to discharge this energy into a motor effectively. The force
produced by a motor is proportional to its current. An im-
portant parameter for our capacitor is the equivalent series
resistance (ESR) which determines the maximum current
the capacitor can discharge. This parameter depends on the
properties of the dielectric material used; however we note
that many capacitors optimized for the lowest ESR also suffer
from higher leakage currents which limits power harvesting
efficiency. Similarly, optimizing for higher maximum voltage
and capacitance while maintaining low ESR can also increase
size. To minimize weight we select and test three capacitors
with promising characteristics.

To evaluate whether these capacitors can actually move
a robot we create a simple wired prototype of the chassis
and motor components weighing ~1.1 g, as shown in Fig 7
and Fig 8. We place our solar cell array under the grow
light setup described above and use it to charge two of each
capacitor under test in parallel. We wire the motors to small,
1 mg NMOS transistors connected to ground and use this to
trigger a release of current through the motors after charging
the capacitors for one time constant 7 (see 3.5). We use thin
43 AWG wires to connect to the robot to minimize external
forces. We measure the distance traveled by the robot chassis
using a ruler. Fig 4 shows that all of the capacitors are able to
move the robot, including one up to 1.5x the chassis length
demonstrating the feasibility of intermittent battery-free
motion.
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Figure 9: Left, labeled top view of foldable PCB. Right, circuit
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3.4 Robot mechanical design

Based on the feasibility experiments above we design a cm-
scale 4-wheeled robot with a target mass of ~1 g. A break-
down of component weights are shown in Fig 7. We note
that because the motors weigh approximately 500 mg each,
we seek to minimize any additional weight for the rest of the
system through careful selection of materials and component
placement.

We designed the chassis to measure 1 cm? when folded
up as shown in Fig 8. To minimize weight we manufacture
the chassis from a single flat folded laminate consisting of
carbon fiber (Toray M46]J) and polyimide (Dupont Kapton).
To fabricate the robot we use using laser micromachining
(LPKF U4) to cut the outline and pattern the carbon fiber lay-
ers. Next we align the layers with a sheet adhesive (Pyralux
FR1500) in a heat press to laminate them together and cut
out the final shape (see [9] for details). We designed the front
and back of the chassis with a curvature and shorter sides to
allow for a larger approach angle on uneven terrains.

Our wheels feature a 3-spoke configuration and are ma-
chined from 150 um thick FR4. We press fit the wheels onto
the motor and bearing shafts to minimize the use of glue
which could affect the motor shaft. Maximizing the wheel
size for the motor spacing allowed by our chassis to provide
up to 3 mm of clearance under the device, which is essential
for navigating uneven terrain.

To design a robot with minimal size and actuators, we use
only two of the low power vibration motors described above.
To create a stable four wheel vehicle, we place ball bearings
with 3 mm rods parallel to each motor. We orient the motors
so that each side of the chassis has one motor-powered wheel
and one free-spinning bearing wheel as seen in Fig 8. This
arrangement allows us to power both motors simultaneously
for straight movement or to power each motor individually
for turning left or right, resulting in a highly maneuverable
robot that can easily navigate in tight spaces. We manually
assemble the components using cyanoacrylate adhesive.

3.5 Electronics and firmware

Next we design a power management and programmable
control circuit to drive the robot. To minimize weight we
create the circuit using a flexible 25 pm polyimide substrate
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clad on both sides with 12 um copper (AG122512EM). To
minimize the robot’s footprint, we designed the circuit to
fold compactly for mounting onto the MilliMobile chassis.
To fabricate the circuit, we coat both sides of the substrate
in an etch resist and pattern traces with a laser (LPKF U4)
before etching with ferric chloride to expose circuit features.
High conductivity silver paint is applied to the board vias to
ensure conductivity between board layers. After soldering
the board components, we fold the circuit board to fit inside
the robot chassis as shown in Fig 8.

The robot circuit is built around a programmable nRF52-
series Bluetooth system-on-chip (SOC), which provides both
low-power processing and Bluetooth communication. This
is paired with a chip antenna (2450AT14A0100) with an addi-
tional 8 mm segment of 41 AWG wire to improve resonance
at 2.4 GHz BLE bands. The PCB includes four photodiodes
(SD019-141-411-R) to sample light intensity as well as a tem-
perature and humidity sensor (HDC2010) to perform envi-
ronmental monitoring tasks.

To operate with limited power harvesting sources, we
design a power management circuit to distribute energy
between the MCU and motors shown in Fig 9. To control the
robot and perform sensing tasks, the circuit must first start
its microcontroller. To perform cold-start from zero charge,
we use the startup circuit from [11], but make additional
modifications to manage the challenges of multiplexing a
single solar/RF power harvester and balance the competing
voltage requirements of our microcontroller and motors.

First, to minimize size and weight our robot only has a
single RF or solar power harvester. We therefore add a switch
to be able to toggle it between providing power to each com-
ponent. When the circuit is powered off, the switch routes
current from the harvester through the voltage regulator
which acts as a voltage limiter and cold start circuitry to
charge a small 7.5 mF supercapacitor. The startup circuit
provides 1.9V power to the SOC once the capacitor voltage
has risen to the supercapacitor’s maximum voltage of 2.5V.
Increasing the size of the storage capacitor Cycy from [11]
is critical to allow the MCU to remain ON while the switch
charges the motor capacitors. This capacitor can run the
MCU for 40 s to for operation in ultra-low light scenarios.

Second, this switch isolates the two voltage domains on
our circuit. To keep our microcontroller ON while charging
the motor capacitors, we seek to run our microcontroller at
the lowest possible voltage to prevent a system brownout as
Cumcu discharges. In contrast, our motor capacitors should be
charged to a higher voltage to store more energy and enable
greater motion per charging cycle. After powering on, the
MCU triggers the switch to divert incoming power directly
to the motor capacitors. Separating the power storage for the
motors and the also allows us to select optimal capacitors
to provide high peak current to the motors while selecting
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Figure 10: 150 pF capacitor charge curve versus time, with
labeled Tau values and charge percentages.

a supercapacitor for the MCU with higher energy density
for long-term operation. Additionally, powering the motors
from a separate power source via transistors eliminates the
risk of a system brownout from drawing high current from
the high series resistance supercapacitor.

When configured to run off of harvested light energy, so-
lar panels are connected directly to the input diode. When
powered by harvested radio frequency (RF) power, a small
wire antenna is connected to a rectifier with a voltage multi-
plier to generate a DC voltage. The rectifier breakout circuit
occupies a similar footprint to the solar cell array, and the rec-
tifier outputs are connected to the robot PCB input in place
of the solar cells. This means that no additional changes to
the main robot PCB are required when configuring for each
of these power harvesting modes.

3.6 Optimizing Intermittent motion

The power output of harvesting sources often depends on
the load connected to them. For example, a solar cell has a
relatively flat I-V curve where it maintains a roughly constant
open circuit voltage and then experiences a sharp drop off at
the short circuit current. The cell therefore outputs maximum
power P = IV at the corner of this curve. The conventional
approach to designing battery free systems is to use a power
harvesting chip such as the TIBQ25570 to manage issues
such as cold start described above and provide maximum
power point tacking (MPPT) to operate the solar cells as
close to this point as possible.

Dedicated power harvesting chips are however large and
heavy and often require an off chip inductor to run their
internal DC-DC converters. To minimize weight we instead
connect our harvesting sources directly to the capacitors.
This results in a changing charging rate over time.

The equation for a charging capacitor is: V, = V;,(1 —
et/ T)), where V. is the voltage across the capacitor, V;, is
the harvester output, and 7 is the time constant. The charge
time is an exponential function and Fig 10 (measured data
from our 47 pF capacitor with solar cells shown in Fig 4).
The time constant 7 depends on both the capacitance C of
a capacitor of and resistance R of the circuit; it is the time
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Figure 11: Indoor speed test under growlight set to 500 W/m?
using a 1.2 g MilliMobile prototype.

it takes to reach 63.2% [16] of a final value, and we use 7 as
the point of comparison between capacitors in Fig 11.

For example, with a final voltage of 1V and capacitor values
of 100 pF and 200 pF and a resistance of 50 Q, the 7 values
are 5 ms and 10 ms, respectively. It would take the 100 pF
capacitor 5 ms to reach 63.5% of 1V and the 200 pF capacitor
10 ms to reach 63.5% of 1V. A capacitor is considered fully
charged after 5 7 values Fig 10 shows the percentage of
charge at different tau values for a final charge of 5V.

If we seek to optimize our intermittent motion for speed,
Fig 10 raises an important question: is there an optimal point
of the curve in which to operate? For example the charging
rate of the capacitor at 3 V is significantly faster than the
charging rate at 5 V. Is it better to charge the capacitor for
longer to move the MilliMobile further with each discharge,
or to discharge the capacitor more frequently but travel a
smaller distance each time? We perform a series of experi-
ments below to determine an optimal charging time and use
this to enable a novel software defined MPPT.

We evaluate the three capacitors from Fig 4 to observe the
impact of 7 charge times on robot speed. We first determined
the 7 values for each capacitor’s charge and discharge curves
and then incorporated these capacitors into the circuit for
each motor. The device was then placed under a grow light
with a light level 500 W/m? on top of black foam board mate-
rial. We program a microcontroller to vary the 7 values and
measure the distance traveled by the robot using a ruler for 3
trials per 7 value. Fig 11 shows the results and highlights in-
teresting differences between the different capacitors. While
longer charging times consistently decreases the speed for
the 47 pF and 150 pF capacitors, the 100 pF capacitor exhibits
an optimal value of 27. Based on this data we select the 150 pF
capacitor and 7 = 1 for our final robot design.

3.7 Autonomous operation

The sections above address the issues of power autonomy
by developing strategies to move our robot with harvested
power. Fully autonomous operation however also requires
sensing and control. Achieving all three pillars of autonomy
for gram-scale robots has been a longstanding challenge in
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the microrobotics community [62]. Next, we build on our
power harvesting results to augment our robot with sensing
and control to demonstrate autonomous light seeking. In
addition to serving as a demonstration of autonomy at this
scale, light seeking enables our robots to find power sources.

To achieve this we equip the MilliMobile with four pho-
todiodes in a reverse-bias configuration. The current across
the diode increases along with light intensity, which results
in a higher voltage measured by the ADC across a pulldown
resistor. This allows the robot to sample the light intensity
in each corner of the MilliMobile and identify the direction
(front, back, left, or right) with the highest light intensity.
Based on this information, the SOC triggers both motors to
move forward, the left motor to turn left, or the right motor
to turn right. In the case where the highest light intensity is
in the back of the device, the robot turns right since it is only
capable of driving the motors in the forward direction. In
the default configuration, the MilliMobile samples the ADC
channels once per second. However, in low power condi-
tions the motor capacitor voltage may not be high enough
to efficiently drive the motors. Because of this, the ADC also
samples the voltage on each of the motor capacitors and
executes a movement step if and only if the motor capacitors
are charged above the optimal threshold voltage.

Algorithm 1 outlines this autonomous light-seeking behav-
ior. Because the MilliMobile can harvest power from ambient
light, light seeking is a particularly useful form of autonomy.
By navigating towards locations with higher light intensity,
the MilliMobile can increase the amount of harvested power
and increase the available headroom for movement, data
acquisition, and wireless networking tasks.

3.8 Wireless robotic networking

We leverage the Bluetooth functionality of the onboard nRF52
SOC to utilize the MilliMobile as a networked sensor node
in addition to a robotics platform.

Transmitting data. Standard BLE devices consume several
mA of current when transmitting and receiving data [29].
By duty cycling BLE advertising packets, we can throttle
the data transmission rate based on available power and
achieve average SOC power consumption as low as 11 pA
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Algorithm 1 Light Seeking

if adc_motor_capacitors > Vipresnola then
front_intensity « adc_front_right+adc_front_left
left_intensity « adc_front_left + adc_back_left
right_intensity « adc_front_right + adc_back_right
back_intensity « adc_back_left + adc_back_right
if front_intensity == max_light_intensity then
motor_left.pulse()
motor_right.pulse()
else if left_intensity == max_light_intensity then
motor_left.pulse()
else
motor_right.pulse()
end if
end if
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Figure 13: Multiple-Robot Synchronization protocol.

with a 0.2 Hz packet rate. We demonstrate two encoding
schemes: standard BLE advertising using the 1M PHY, as
well as Bluetooth Long Range advertising using the coded
PHY on the nRF52840.

Receiving data. We also demonstrate the MilliMobile is
able to act as a receiver to parse the advertising packets
of other nearby MilliMobiles. However, operating the BLE
radios in scan mode to detect incoming packets results in
significantly higher power consumption than transmitting.
Fig 12 compares measurements of the amount of power re-
quired to transmit and receive. When continuously scanning
for incoming packets, the nRF52840 draws over 11 mA for
standard mode and over 10 mA for coded-PHY mode. By
implementing a short receive window as low as 2.5 ms, the
average system power consumption for receiving in both
PHY modes is approximately 650 pA.

Robot-to-robot communication. The highly asymmetric
power requirements for transmitting and receiving impose
significant challenges for communicating between robots
and establishing a network of devices. To address this we
propose a first of its kind battery-free robotic synchroniza-
tion scheme that leverages the MilliMobile’s photodiodes to
seek out power for inter-robot communication. We leverage
spatial variation in power to enable MilliMobiles harvest-
ing large amounts of power act primarily in receive mode
while devices with less available power operate primarily as
transmitters. We describe the different modes of operation
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Algorithm 2 Robot Synchronization

if Iipresh1 < Iin < Ithreshz then
fori < 0,i < N do
TX() {Send time to next RX window}
i—i+1
seek_light()
while ¢t < trxin: do
wait()
end while
end for
RX() {Listen for synchronization packet}
else if I;, >= L;p,esno then
while t < RX Window and !recieved do
received_idx «— RX()
end while
if recieved then
while t < (N — recieved_idx) * trxint + toffser dO
wait()
end while
TX () {Send synchronization packet}
else
TX() {Send time to next RX window}
end if
end if

for each robot in our synchronization method below which
co-optimizes motion and wireless transmissions. Fig 13 illus-
trates the sequence of transmissions required to synchronize.
This exploration of battery-free robot synchronization is a
first step towards developing more complex and robust wire-
less protocols for battery-free robots, building on the signifi-
cant prior works on battery-powered platforms [36, 67].

Mode 1: The MilliMobile begins in an ultra-low power state
at startup sending an advertising packet with temperature
data every 5 seconds. The device is programmed to move
towards light, maximizing its power budget for motion.

Mode 2: Upon reaching a harvested current of Ij,¢sp; the
robot enters Mode 2 and sends a series of N packets at a faster
fixed time interval as shown in Fig 13. Each packet encodes
a sequence number. After transmitting N packets, the robot
enters a brief RX window to receive a timing synchronization
packet. The robot continues seeking light but uses a larger
portion of its power budget for communication.

Mode 3: When a MilliMobile detects higher input current
above Iipresha, it enters Mode 3 operation. In Mode 3, the
robot stops moving and scans for advertising packets for a
time period greater the Mode 2 advertising frequency. This
ensures it is able to receive at least one packet from nearby
Mode 2 robots. The Mode 3 robot decodes the packet to
determine the amount of time remaining until the nearby
Mode 2 robot enters its RX window. The Mode 3 robot sets
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Figure 14: Speed versus payload test using a 1.2 g MilliMobile
and a 1 Tau charge time, performed indoors under 500 W/m?
light using various capacitors.

a timer and sends a short synchronization packet to align
with the detected robot’s RX window.

Upon receiving the packet, the Mode 2 and Mode 3 robots
can both set timers to continue exchanging packets at a
longer time interval. To handle the case where both robots
are in Mode 3, if no Mode 2 packets are received the Mode 3
robot will also transmit a single advertisement containing the
equivalent cycles remaining until it enters the receive state
so it can capture a transmission sync from another Mode 3
robot. Pseudocode for this process is shown in Algorithm 2.

To verify this protocol is compatible with our battery-
free circuit, we perform power measurements to verify the
maximum time windows and thresholds required. We demon-
strate the stability of this protocol with Mode 3 receive win-
dows up to 50 ms every 2 seconds resulting in an Iiprespz =
1000 pA and corresponding Mode 2 transmissions every
45 ms resulting in an Lippesp1 = 250 pA. Once synchronized,
a receive window of 2.5 ms is required to reliably capture a
single transmitted advertising packet. The ability to perform
bi-directional communication can allow one robot to coordi-
nate transmissions in a TDMA scheme or allow a node with
higher power to serve as a relay to a base station.

We demonstrate a novel approach to device synchroniza-
tion that leverages the robot’s ability to move. We note that
this simple protocol is a demonstration of our platform’s ca-
pabilities could be further optimized and extended in future
work to enable networking among multiple robots.

4 RESULTS

4.1 Robot performance

We evaluate the end-to-end performance of our robot below
including the effects of payload, power harvested, and ter-
rain. We perform all tests with the same chassis and drive
circuit, but vary the capacitor size which we specify for each
experiment below. To test the payload capacity of our device,
we varied the weight from 0 to 3000 mg, which is almost a
3x increase in weight from the lightest version of our device.
Using the optimal 7 for each capacitor that produced the best



MilliMobile: An Autonomous Battery-free Wireless Microrobot

=% 0mg
4 =§— 500 mg
§ =§= 1,000 mg
£3 2,000 mg
=P & =¥ 3,000mg
[«5]
2
01

T T T T T
100 200 300 400 500

Solar Power (W/m?2)
Figure 15: Speed versus solar power test using a 1.2 g Mil-
liMobile, 150 pF capacitor, and a 1 Tau charge time, performed
indoors carrying various payloads.

=%~ 0mg

2.0 4 =#= 500 mg
Q =$= 1,000 mg
£1.5 - 2,000 mg
g == 3,000 mg
°
21.0
[=N
w

0.5

1 1 I 1 1 I 1
-6 -5 -4 -3 -2 -1 0
Power (dBm)
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liMobile, 150 pF capacitor, and 1 Tau charge time, performed
indoors carrying various payloads.

speeds and the same setup from Fig 11, we measured the
speed of our device for each weight, as shown in Fig 14. At a
solar power density of 500 W/m?, the device with the 150 pF
capacitor achieved the best speed for any given payload.

The ability for our robot to carry 3 times its own weight
also highlights the high torque generated by the pulsed ERM
motors. In some cases, adding weight assisted in translating
the motor torque to forward motion, increasing the friction
between the wheels and the ground and preventing excess
wheelspin. The MilliMobile can carry up to 1,000 mg of pay-
load while only suffering a 25% reduction in speed with the
150 pF capacitor, demonstrating that our device can carry
significant additional payloads by trading off overall speed.

We also test the effect of solar power on speed using the
same test setup with different payloads to show the ability
to carry additional devices and sensors. Fig 15 shows the
five curves that depict the device’s speed at a given solar
profile and weight. As weight increases, speed decreases
significantly, especially at lower light intensities.

Fig 16 demonstrates the effects of RF power on the speed
of the device with different payloads. The harvesting circuit
generally exhibited lower speed results than the solar setup,
due to lower power levels tested and corresponding lower
voltage outputs. In both cases, we found that increased power
increased our speed while adding weight decreased speed.
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Figure 17: Speed versus terrain test using a 1.2 g MilliMobile,
a 150 pF capacitor, and a 1 Tau charge time.

We note that even at -6 dBm when receiving less than
50 uW of power, our robot was able to move forward demon-
strating the ability of intermittent motion to scale to very
low input powers. Additionally, our robot can successfully
cold-start with as little as 7 uA enabling operation in a wide
variety of light conditions, including indoor lighting.

In addition to evaluating the effect of power harvesting on
speed, we also characterize the robot’s speed on 10 different
types of terrain in Fig 17. For each test, we used the 150 pF
capacitor at 7 = 1 for the charge and discharge cycles. We
conducted all trials under a grow light that provided a light
intensity of 500 W/m? to the MilliMobile’s solar cells. We
ran three trials per terrain.

The device was most effective on rough plastic material
and a leather material T1 and T2, respectively, in the table in
Fig 17. The device had reduced performance on surfaces such
as granite countertops and patterned carpets. We believe that
the device performed poorly on these surfaces due to the
low friction from the wheel and the low weight of its design
which does not perform well on very slippery or smooth sur-
faces. A solution to this would be to add additional weight or
increase the friction of the wheel by either adding a rubber
coating or increasing the contact area of the wheel. On cer-
tain types of carpet, the large fibers increased the probability
that the device would get lifted on one of those fibers, and
the motor did not make full contact with the ground. One
solution to this would be to increase the diameter of the
wheel to allow for more chassis ground clearance and avoid
being lifted by the fibers. Overall, the device’s performance
on different terrains was comparable to its performance on
hard foam board used for the results in Fig 11, Fig 14, Fig 15,
and Fig 16.

By characterizing the best capacitor, payload, solar/RF
condition, and operable terrains, we can tune the MilliMo-
bile to operate in a variety of environmental conditions. For
example, to quickly gather many sensor readings in a bright
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Figure 18: Autonomous operation with onboard solar har-
vesting circuit gathering 232 pA in 258 W/m?, while broad-
casting data via Bluetooth at 1 Hz.

outdoor environment we can take advantage of the payload
headroom to utilize larger capacitors as well as incorporate
additional sensors. In the case of indoor operation where
travel distance and speed are lower priority, we can attach
smaller capacitors for faster charge time in low-power con-
ditions while simultaneously saving weight by reducing the
number of onboard sensors.

4.2 Evaluating autonomous operation

We evaluate our autonomous light seeking described above.
Fig 18 shows the robot moving toward the region with maxi-
mum light on a foam board. In maximum light, the onboard
solar cells brightly reflect the light from a grow light placed
approximately 40 cm above the foam board.

We further evaluated the MilliMobile’s light seeking per-
formance at a hydroponic farm. Fig 19 shows the MilliMobile
reorienting itself toward the direction of maximum light on
a rough plastic surface. Within 13 s the MilliMobile is able to
spin approximately 180°, before continuing forward toward
the location of maximum detected light.

4.3 Wireless evaluation

We evaluate the wireless range of our MilliMobile in outdoor
environments using our small form factor onboard antenna
in Fig 20. We first evaluate sending long-range coded pack-
ets to a base station equipped with a 8 dBi, 2.4 GHz patch
antenna (L-COM RE09P-SM). We program the onboard BLE
chip to transmit 300 advertising packets from the MilliMobile
antenna and count the number received by the base station.
With this setup, we observe a packet delivery rate of 81%
at 100 m and a packet delivery rate of 9% at 700 m. This
demonstrates the ability of the MilliMobile to successfully
transmit packets over a range of several hundred meters,
enabling practical real-world deployments over large areas.

We also evaluated the RF performance of peer-to-peer
packet transmission by using the MilliMobile antenna on
both the transmitting and receiving end of the test setup.
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Figure 19: Battery-free and wireless MilliMobile operation
at the bottom of a hydroponic farm. The solar cells onboard
harvest power from nearby grow lights.

In this configuration, the MilliMobile is able to send and
receive long-range coded packets at a range of 140 m and
standard BLE advertising packets at up to 40 m. Although
limited by losses of the small form-factor antenna, this range
still allows for robust inter-device communication in dense
deployment.

5 DISCUSSION AND CONCLUSION

This paper presents MilliMobile, a first of its kind battery free
autonomous robot. We challenge the conventional assump-
tion that motion and actuation are beyond the capabilities of
battery free devices and demonstrate completely untethered
autonomous operation in realistic lighting and RF power de-
livery scenarios using intermittent motion to move with as
little as 57 uW of power. Our gram-scale robot demonstrates
power, sensor, and control autonomy as well as wireless con-
nectivity. We discuss potential applications, limitations, and
future directions below.

Sensor payloads. Our robot can carry 3 times its own
weight and support a wide variety of sensor payloads. Fig 21
shows commercially available sensors compatible with our
robot. We note that many of these weigh less than 100 mg
demonstrating potential for integrating sensor payloads with
minimal impact on speed. Fig 14 however demonstrates that
our robot can carry heavier payloads such as a CO2 sensor.
Robot application scenarios. The ability to carry a wide
variety of sensor payloads enables numerous application
scenarios. In comparison to a static sensor node, MilliMo-
bile can actively seek out and localize sensory signals. For
example, MilliMobile could seek out gas or chemical leaks
using gas sensors, metal objects with a magnetometer, RF
sources using an antenna and receiver or envelope detec-
tor, temperature for detecting fires or sources of heat, and
much more. The ability to move also enables sampling of
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Figure 20: BLE packet delivery rate versus distance. Experi-
ments conducted using radios with sensitivities of -95 dBm
(-103 dBm coded PHY), with -0.5 dBi antennas on MilliMobile
and 8 dBi antennas at base station.

spatial gradients which is important for many of these ap-
plications. When combined with sensors like cameras, our
robots could be used to automate a wide variety of inspection
tasks, especially in scenarios dangerous to humans.
Industrial equipment and infrastructure such as high pow-
ered radio transmitters and other devices that generate strong
electromagnetic fields are harmful to human health, but pro-
vides the perfect scenario for power harvesting robots to
automate dangerous tasks. Our robots are not constrained
by battery life and could in theory operate for infinite life-
times outdoors for inspection tasks on roads, railroad tracks,
etc. Similarly our robots could be used for space or inter-
planetary exploration due to their small size and ability to
operate on harvested energy. The ability to move in such a
small form factor could also be combined with recent devel-
opments in airborne sensor release [11, 28, 47, 57] to enable
precise large scale deployment of sensor networks.
Battery free actuation. The ability to perform battery-free
actuation opens up a variety of new research directions for
low power wireless systems. For example, the ability to move
a whole sensor node or parts of it permits incorporating
remote feedback from an edge device to create a dynamically
controllable sensor network. For example, a base station
could coordinate the network to steer directional sensors
such as cameras to focus on a sensing target of interest, or
nodes could use this ability to move themselves or their
antenna to optimize connectivity. These same principles
could also be extended to other domains as well such as
HCI to enable battery-free haptic interfaces. Our robot uses
vibration motors which are designed for haptic interfaces.
Additionally these techniques could be extended to use other
actuators such as solenoids or piezos and combined with
alternative energy harvesting modalities such as harvesting
power from button presses or user motion for wearables.
Improving power harvesting. Improving the power har-
vesting of our robot could further improve performance. A
custom circuit with maximum power point tracking (MPPT)
and boost converter could be used to increase efficiency in
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Sensor Part Number Mass (mg) | Power (UW)
Photoresistor ALS-PT19-315C_L177_TR8 1.35 0.6
Magnetometer MMC5633NJL 0.8 33.18
Pressure + Temperature BMP384 7.0 6.12
Humidity + Temperature HDC2010YPAT 2.65 111.4
sri;stlﬂt{ ;:r:,gf;iﬁ; BMP688 16.0 162.0
CO2 sensor SCD41 600 400
Camera HMO01B0 24.0 2,000.0

Figure 21: Mass and power measurements for additional
sensors compatible with the power and weight constraints
of our MilliMobile robot.

high payload scenarios, and combining RF and solar harvest-
ing could further increase power delivery. Multi-band power
harvesting, beamforming to specific nodes, and improved
antennas could further improve RF harvesting.

Robot autonomy and networking. While our robot is
capable of moving towards a target like a light source, it
currently lacks navigation and feedback control. Integrating
an accelerometer or employing some of the many wireless
localization techniques developed by the mobile systems
community could enable the robots to travel to precise loca-
tions [4, 52]. Additionally there are significant opportunities
to improve networking capabilities that establish connectiv-
ity between nodes to enable large scale swarms of robotic
sensor nodes [36, 67].
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