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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.

Permission to make digital or hard copies of part or all of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. Copyrights for third-
party components of this work must be honored. For all other uses, contact
the owner/author(s).

ACM MobiCom ’23, October 2—6, 2023, Madrid, Spain

© 2023 Copyright held by the owner/author(s).

ACM ISBN 978-1-4503-9990-6/23/10.
https://doi.org/10.1145/3570361.3613304

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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Figure 2: Comparison of millimeter-scale robots Kilobot |

59], HAMR-F [ 21], RoACH [ 24], Soft Millirobot Carried-on [

Johnson et al.

45],

Alice [ 8], Bipedal eBiobot [ 41], Laser-powered Microrobot [ 6], and MilliMobile (this work). *Untethered power autonomy

denotes onboard power harvesting operational at

i 1 m, excluding magnetic and near eld 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 signi cantly more energy for their
mechanical propulsion than a xed IoT nodd §. Combined
with the energy density of current batteries6, this re-
sults in lifetimes of minutes to hours compared to years for
xed sensors. Further, this restricts the area a robot can tra-
verse and imposes signi cant maintenance costs to change
or recharge batteries. Batteries also have signi cant envi-
ronmental costs. Lithium batteries, which are ubiquitous in
mobile devices pose signi cant ecotoxicity and human health
concerns at end of life disposal due to high levels of lead,
cobalt, chromium, and thallium37]. Additionally, battery
manufacturing also has signi cant environmental impacts
and requires for critical minerals [3, 65].

In this work we ask a seemingly radical question, is it pos-
sible to design arautonomous, battery-free roBdtve chal-
lenge the conventional assumption that motion is inherently
energy-expensive, and explore co-optimizing size, weight
and power to create MilliMobile: a rst of its kind battery-
free autonomous robot that can operate on harvested solar

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 e ciency solar cells produce a
maximum of 6 mW/cr in bright outdoor light and RF trans-
mit powers are limited to 1 mW/crhfor 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 wearable4 ], 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< to a target velocityEwe analyze its kinetic energy

= %<E2. The linear scaling of energy with mass suggests
a 1 g, robot should requir&l 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.

and RF power (see Fig 1). Our programmable, gram scale, Further, we observe that energy harvesting for robots fun-

wheeled robot measuresl cn? 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/ 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 thel cn¥ size.

damentally favors small scale. A cubic robot with character-
istic length has surface ared =6 2, volume+ = 2, and
mass< = d+ whered is density. We observe thgt / 2,

+ / 3 and< / 3. Battery-free designs favor high -
to-+ 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 withof 1 cm.
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Intermittent motion.  Reducing the robot's mass lowers the

ACM MobiCom '23, October 2 6, 2023, Madrid, Spain

control autonomy as well. We show one demonstration of

energy required to move, however we also need a mechanism this by using the onboard microcontroller to sample a series

to produce motion in a small form factor. This raises a sec-

of photodiodes and an onboard control algorithm allowing

ond challenge as even small, sub-gram motors require tens the robot to steer itself toward light sources.

to hundreds of milliwatts to spin continuouslyl]. While
continuous motion is common in wheeled robots and drones,

Wireless connectivity. We develop solutions for wire-
less connectivity between robots and to remote base station

this is not the case in most natural systems. Legged locomo- gt gistances over 200 m. We develop a novel battery-free

tion in animals for example occurs in discrete steps. Inspired
by this, we explore a new paradigm @ftermittent motion
for moving battery free robots.

Developing this physical analog of intermittent computing
requires producing discrete atomic motions. This necessi-
tates bu ering 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 % + 2, Charging a 100pF capacitor to 5 V is therefore
su cient to store over 1 mJ of energy.

Based on this intuition, we perform a simple experiment
and observe a surprising result: discharging a 30 ca-
pacitor directly into a small eccentric rotating mass (ERM)
vibration motor is su cient 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 cn?. Unlike prior robots that use magnetic elds
limited to centimeter rangesH0 55 66, or high powered
lasers R, 33 and RF transmitters§4], we demonstrate the
rst autonomous, completely untethered robot that requires
orders of magnitude less harvested power. Us¥tpOpW of
harvested ambient power MilliMobile can traverse distances
of 10.8 meters within 60 minutes. We summarize the key
contributions of our work below.

MilliMobile platform.  We develop a rstof its kind gram
scale, autonomous, programmable robotic sensing platform
that can move withY100uW of harvested power. Our robot
is complete with power harvesting, wireless connectivity,
and sensors for light, temperature and humidity.

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.

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

Autonomous operation. In addition to power autonomy,
our robot is the rst at this scale to demonstrate sensing and

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§2. Among the rstworks 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, ho communication, highly limited payload
capacity, and were not controllable. More recent chip scale
robots have demonstrated potential for programmabilig

but lack radio communication and sensing. Moreover, these
microscopic robots are on a dramatically di erent scale more
than an order of magnitude smaller than our design. This
makes it di cult 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 [1§. These designs require hours to recharge a
large battery whereas by signi cantly 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 b5 66 driven by rotating magnetic elds and
ingestible origami robots that use magnetic elds to actu-
ate folding 46 50 51, 68. These designs are fundamentally
limited by distance over which magnetic elds can prop-
agate and cannot operate at distances greater than a few
centimeters. This similarly limits the feasibility of near eld
power harvesting 8§. Additionally many of these designs
lack onboard control for truly autonomous operation.

Researchers have also explored solutions for far eld wire-
less power with xed high power transmitters. Optical power
delivery using lasers has been explored for powering robots
both large drones and insect-scale roba2sg, 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 signi cant safety concerns of using
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Figure 4: Capacitor comparison. Travel distance measured
using a 1.2 g MilliMobile and 1g charge time.

Figure 3: Solar power harvesting in various light conditions. are no systems that demonstrate power autonomy (ability
Measurements re ect power harvested by the full robot cir- to carry a power source) as well as sensor and control au-
cuit described in Y3 with successful cold-start and operation. tonomy (ability to carry sensors and process their data for

| £10 100s of High RF h robot control onboard) 2. Many works in this space have
asers of 1039 to 100s of watts. High power RF power has ¢, s on building robots that operate with wire tethers to

been demon;trated fora ronS{l], however this requireq a8  demonstrate new actuators and mechanisrisd, 25 69 70.
30 W transmitter at 5 GHz which exceeds both the maximum A small number of works have integrated onboard batteries,

power level allowable for transmission in the band as well as but they often lack control autonomy, sensing, and wire-
safety regulations. Recent works on solar power have also less connectivity as welld, 24 34 43 While the IL|AMR-F

Irequwegl unreal|st|caIIth|gh I'ght Iel\_/e_ls of 3 suns [31]. and Kilobot do incorporate these more advanced capabilities,
nsect-borne sensors. Leveraging living organisms o en- - yneir onpoard battery capacity limits them to at best a few

able locotmotion for sensor systems is another means to hours of continuous operation 2L 60]. We are not aware
overcome the challenges of mm-scale energy storage and of any battery-free robots to date that achieve MilliMobile's

gctudathn [3(]{ Resegri:he:cs ha\/ﬁ: att'achled seﬂsorsbag{d tr'ack- unigue combination of power and control autonomy, sensing,
ing devices to a variety of small animals such as butteries '\ /. class connectivity.

[42, moths [27), hornets [39 44, and snalls 7] to enable Battery-free wireless sensors Battery-free devices have

dispersal and data collection over kilometer distances. To been explored extensively in the mobile systems community,
enhance the control autonomy of these systems, insect-scale however these works often focus on xed sensor noddS§|
sensors have been coupled with actuators to enable steerable14 20. We focus on robots, which introduce challenges of

beetle-mounted camera module2q. Attempts at more pre- mechanical motion and control, as well as greater power

cise control of insect locomotion through neural stimulation harvesting variability as they move. For example, Capybara
have shown some succes however these approaches are [10 develops software frameworks for managing tasks on

plagued by issues such as th? eventual habituation of insect battery-free systems with heterogeneous capacity and tem-
SngeCtS to repeated stlml.JIa'tlor?. Thesg a'lpprt')ache's are aISOporal constraints enabling allocation of energy bursts for

di cult Fo scale due to the limitation of.ralsmg live anlmals, radio transmissions. In this work we take these concepts a
atta_c h|r_lg sensors mam_JaIIy, and reliably and consistently step further by developing hardware to create actuated sens-
replicating insect behavior between tests. ing systems enabling higher energy pulses for battery-free

h In contt)rast tOfthIS pngr work we seek to Idevlelop roEotsd mechanical motion, alongside algorithms that use onboard
t adt a(eh attbery—dree and can operate lc_omp etely untethered  sengors to enable fully autonomous robot control operations
and with onboard autonomous control in settings witirac- such as source seeking.

tical power harvesting conditio(gunlight, indoor lighting,

RF power within legal limits). 3 SYSTEM DESIGN

Automated sensor deployment. Recent works have begun

exploring technologies for automated deployment of sensor

networks and loT devices. These include sensors that can o

be dropped from small drones and insec28[56, 57 and 3.1 Real-world power availability

devices that can disperse in the wind, 4. While some We seek to design a small, battery-free robot that can op-
of these systems can operate battery free, this complemen-erate in practical power harvesting scenarios without the
tary research direction is focused on one time deployment dedicated high power transmitters used in prior workg, B1,
and none of these systems are designed to move from their 33 54]. Below we evaluate the power available from small,
deployment locations. In contrast, we seek to develop truly lightweight harvester prototypes in real world scenarios such
robotic nodes that can actively move to di erent locations.  as indoor and outdoor light or ceiling mounted RF transmit-
Millimeter scale robots. A recent review of gram-scale ters as well as the voltage and current constraints of our
robots notes that despite signi cant work in this area there  physical robot design.
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Figure 5: Left, power from 1-stage and 2-stage RF harvesting Figure 6: Starting current for various motors, including the
circuit. Right, receiver power versus distance from RF output. MilliMobile's M4 motor. Motor mass values are unmodi ed.

We design a miniaturized, modi ed Dickinson charge
pump using SMS7630 diodes based 6§ pnd [3(. We

rst test a two stage recti er and observe outputs of 15 V 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 recti er which does not require a Zener diode. This
circuit has higher e ciency but a more limited range. Fig 5
shows the results for a one and two stage recti er 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-
power harvesting data. We perform the rst test in outdoor ~ 2t€ this, we mount the antenna described above on a variable
sunlight for use in outdoor environments. Next, we perform ~ N€ight tripod and raise it to di erent heights above a wood
measurements under a variable intensity grow light (Barrina platform. We create a millimeter scale 900 MHz wire antenna

BU 2000) designed for indoor farming where our robot could basfd on deS|gr]:s fromi], 3 and connect it to a spectrum
be used to sense microclimates around plants. Third, we mea- 2nalyZer to perform precise power measurements. To ac-
sure the power available from an undercabinet light (Good count for multipath we perform measurements at 3 locations

Earth Lighting UC1272-WHG-24LFO0) that would enable our across our 1 m square surface. The right hand plot in Fig 5
robot to operate continuously on a desk or table. shows these results. These results show that, even when the

Fig 3 shows the resulting light levels versus power avail- transmitting antenna is placed at a ceiling height of 2.4 m,

able (N=3 measurements ). The data demonstrates that "€ MilliMobile can harvest tens of microwatts of power,
even in the lowest light conditions from the undercabinet SU cient for charging the onboard capacitors while staying
light, we are able to harvest su cient energy to overcome  Within RF power safety limits.

the capacitor's leakage current and charge (see in Fig 4). )

These results show the potential for our robot to operate  3-2 Actuating a battery free robot

using intermittent motion in indoor light conditions by ex-  The data above demonstrates the ability to harvest 10s of
tending the capacitor's charging time, trading-of speed for microwatts of power and successfully charge a capacitor but
robustness. also highlight the need to minimize our system's total mass.
RF power harvesting. The ability to charge capacitors at  To create a functional robot, we need to go beyond just power
10s of microwatts of power above opens up the possibility harvesting and couple this energy to an actuator that can
for RF power as well. We explore practical RF power for produce mechanical motion. We analyze di erent actuator
robots within FCC limits below including speci c voltage and  technologies to determine the optimal choice for our inter-
current constraints. We transmit a single tone at 908 MHz at mittent motion system. Many microrobot systems have used
36 dBm EIRP using a USRP E310 and variable attenuator (JF\Wiezo actuators due to their light weight (10s of milligrams)
50BR-017) connected to a power ampli er (RFMD 5110G) and high e ciency [22 48 69. While piezos are an attractive
and an 8.2 dBi 900 MHz patch antenna (Cushcraft). We verify solution, they also require high voltages of over 200 V to op-
the output on a spectrum analyzer (MDO4034). erate [69. Because the maximum voltage available from our

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 Im solar cells
(Microlink Devices) weighing 6 mg each. To replicate on-
robot harvesting scenarios, we connect the solar cell array to
two parallel 47uF capacitors (AVX F980J476MSA) 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. Speci cally, we
perform measurements in three scenarios to model practical
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Figure 7: Minimized mass and volume of MilliMobile com-
ponents after o -the-shelf modi cations.

Figure 8: Exploded view of the MilliMobile robot showing
harvesters and capacitor is 6.3 V, these actuators would re- the major components in relation to one another.
quire a boost converter to increase their voltage which adds
signi cant weight and e ciency losses B3. Additionally,
piezos operate most e ciently when driven at their reso-
nant frequency to produce repeated motion such as wing
apping; 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 voltageY(LOV) solutions such

as electromagnetic or heat based actuators. Heat based ac
tuators such as SMAs are slow and ine cient, we therfore
focus on electromagnetic actuators such as motors. Small
ERM vibration motors produce vibrations by rotating an
0 -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., onerties of the dielectric material used; however we note

The data shows two surprising results: rst, there is high 4t many capacitors optimized for the lowest ESR also su er
variance of over 10x between these motors. This is likely ¢om higher leakage currents which limits power harvesting
due to the application they are optimized for (higher torque o ciency. Similarly, optimizing for higher maximum voltage

vs speed) as well manufacturing tolerances such as air gaps 4 q capacitance while maintaining low ESR can also increase
between the magnet and motor coils. Second, at the low end ;¢ T4 minimize weight we select and test three capacitors
there are motors that can run at 4 mA, which is even lower with promising characteristics.

than the current required by many common microcontrollers 14 gyajuate whether these capacitors can actually move

and Bluetooth chips while transmitting [29]. _arobot we create a simple wired prototype of the chassis
These power requirements are similar to those of chips 5,4 motor components weighing1.1 g, as shown in Fig 7

used in prior battery-free systems and demonstrate the fea- ;4 Fig 8. We place our solar cell array under the grow

sibility of designing a battery free robot within these con-  jignt setup described above and use it to charge two of each
straints. We choose motor M4 for our design due to its opti- 504 cjtor under test in parallel. We wire the motors to small,
mal power to We_|ght ra_tlo. This small commercially available 4 mg NMOS transistors connected to ground and use this to
vibration motor is designed to rotate a mass of 450 mg and e 4 release of current through the motors after charging
the motor itself weighs 506 mg. We combine two motors and - 6" canacitors for one time constagt(see 3.5). We use thin
target an approximately 1 g total mass for our robot. 43 AWG wires to connect to the robot to minimize external

. . forces. We measure the distance traveled by the robot chassis
3.3 Intermittent motion. using a ruler. Fig 4 shows that all of the capacitors are able to
The currents required by these lightweight motors are still move the robot, including one up to 1.5x the chassis length
below what is available from all but the brightest outdoor demonstrating the feasibility of intermittent battery-free
solar harvesting scenarios shown in Fig 3. Enabling battery motion.

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 su cient 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 su -
cient energy to produce discrete motions, but also to be able
to discharge this energy into a motor e ectively. 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
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