RESEARCH ARTICLE

W) Check for updates

ADVANcCEL
SENSOR
RESEARCH

www.advsensorres.com

An Edible Bistable Tilt Sensor Enabling Autonomous
Operation of a Partially Eatable Rolling Robot

Valerio F. Annese,* Bokeon Kwak, Giulia Coco, Valerio Galli, Ivan K. llic, Pietro Cataldi,

Dario Floreano,* and Mario Caironi*

Edible electronics and robotics are emerging areas intimately bridging food
science and engineering to deliver technology using food-derived materials.
Edible devices offer unprecedented opportunities thanks to features such as
bioresorbability, nutritional value, associated taste, minimal toxicity, and
sustainability. However, several challenges need to be addressed to bring
edible devices closer to reality. Although prototypal edible sensors are
available, rotation sensors—an essential component for orientation
perception—are still missing. Integrating sensors, actuators, and structural
components into an edible system also remains a challenge due to the lack of
processes and standardization. Here the first edible tilt sensor is presented.

e-waste accumulate in the environment
globally,®! which is a weight equivalent
to 109 Empire State Buildings.[*] The e-
waste accumulation has numerous ad-
verse effects on the entire globe, includ-
ing heavy metals and toxic chemicals
release, soil contamination, irreversible
damage to flora and fauna, biohazard,
and climate change, ultimately threat-
ening the health of wild animals and
humans.’! Furthermore, electronic and
robotic components are made with a va-
riety of materials with different disposal

Starting from a commercial nonedible bistable tilt sensor, each material is
replaced with edible equivalents using simple and straightforward fabrication
approaches. Its functionality is validated in the first implementation of an
autonomous and partly edible rolling robot, which has a nutritional value of
807.5 kcal and integrates gelatin actuators, an array of tilt sensors, and an
edible wheeled frame. The robot works in closed loop, perceiving its
orientation and input for actuation from the sensors. These findings may pave
the way to novel edible technologies, from drug delivery for wild animals to

health applications.

1. Introduction

As society progress toward automation where the use of robots
will soon be pervasive, the accumulation of electronic waste (e-
waste) in the environment and wastewater represents a major
and ever-growing problem.['?] Every year, 40 million tons of

requirements, resulting in a complicated
recycling stream.l®] Therefore, action is
needed to address concerns about the end
of the lifecycle of robots and electronics.
Edible electronics is a rapidly grow-
ing research field aiming at delivering
electronic components made of foodstuft
and food-derived materials, potentially
integrable into more complex systems
such as edible robots, with the vision
of delivering next-generation sustainable
technologies.”! The use of safe-to-eat
materials to deliver electronics and robotics has unique features
over conventional implementations; edible systems are not only
biodegradable, biocompatible, and environmentally sustainable,
but they also employ materials with minimal toxicity levels, es-
pecially in case of accidental or voluntary ingestion by humans
or wild animals. These advantages open unprecedented applica-
tion scenarios. For instance, edible sensors can be employed in
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applications requiring direct food contact since possible residues
are of no safety concern.l"%! Also, the locomotion abilities and the
associated taste of an artificial prey could be leveraged as robotic
food acting as vectors for controlled drug delivery in wild and en-
dangered animals. Ultimately, edible technologies could be ad-
vantageous for gastrointestinal (GI) tract monitoring, overcom-
ing the current retention risks and pioneer a new class of non-
invasive diagnostic tools that are degraded within the body (e.g.,
digested or even metabolized) after completing their task. Edi-
ble circuits and components also have an associated nutritional
value, an unparalleled feature of any conventional device. The in-
herent delivery of nutrients can be leveraged in rescue missions,
where edible robots could effectively remove the need for food
payloads.['!] At the end of their lifecycle, edible electronics and
robots could be disposed of in various sustainable ways, includ-
ing repurposing for animal feed and insect farming or produc-
tion of compost, biogas, biofuel, and bioplastics. As such, edible
technologies overcome some emerging limitations of biodegrad-
able ones, which are designed to degrade over time.['>"23] For ex-
ample, some large-scale produced bioplastics, such as polylactic
acid, remain a potential life threat when left in the environment
before their complete degradation, especially in case of ingestion
by wild animals.l") Also, there are concerns that biodegradable
polymers could release in the environment slowly degradable
micro- and nano-plastics, which have recently been detected in
human blood!?*! with debated consequences.!?>2¢]

Edible electronic components have already been documented
in the literature,”’34 including conductors,?’! resistors,?’]
capacitors,[?®! transistors,??l memristors,3*3!] resonators,!3?l and
power sources.?*3* Similarly, the development of edible sen-
sors is making progress, with working edible prototypes success-
fully implemented such as impedance,* strain,[3¢37] pH,[38] and
piezoelectricl®! sensors. Edible sensors have also been used for
food quality monitoring!'%*#4°T and biomedical applications.[*1=3]
So far, no edible tilt sensor, a key component in any rota-
tion system, has been documented yet. In robotics, edible ac-
tuators have also been developed,!”®17444%] for instance, us-
ing hydrogels, 8172441 commercial candies,*®! and popcorn
kernels.”] A few edible robots have also been demonstrated so
far.>11131 However, these prototypes do not integrate edible sen-
sors and actuators. As such, none of these edible robots display
autonomous operation. For instance, one of the first edible robots
uses rolling for locomotion by differentially inflating two gelatin
actuators powered by a chemical reaction generating gas.°l How-
ever, the robot does not integrate sensors; therefore, it only works
in open loop (similar rolling robots!*’~%] have been reviewed in
Table S1 in the Supporting Information). A closed-loop control
system with sensors for state perception is necessary to enable
autonomous operation in edible robotics.

Here we present the first edible tilt sensor. The sensor herein
presented is a bistable resistive component. It emulates a com-
mercial version in an edible format by leveraging food-grade gold
laminated onto ethyl cellulose as electrodes, an activated carbon-
based oleogel as a conductive element, and a gelatin capsule as an
encapsulant. To demonstrate its functionality in edible robotics,
we have integrated a circular array of six edible tilt sensors into a
partially edible rolling robot. The robot features an edible wheel
structure that hosts six gelatin actuators. Our implementation
represents the first integration of edible sensors, edible actuators,
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and edible structural components into the same autonomous
system. Using data from the edible sensors, the robot can au-
tonomously identify its orientation, activate the correct actuator
to sustain rolling motion, detect forward and backward move-
ment, and ultimately detect falls or inconsistent orientation. The
materials and methods herein developed have a high degree of
versatility and can be applied to a variety of application scenarios,
such as ingestible technologies for health applications, entertain-
ment, and robotic food.l>”!

2. Edible Tilt Sensor

A Distable resistive tilt sensor, also referred to as a tilt switch or
electrical contact sensor, consists of two conducting electrodes
and an electrically conductive mass that can freely move in a cav-
ity (Figure 1a). When the sensor is tilted in the appropriate direc-
tion, the conductive mass connects the electrodes, thus closing
an electrical circuit (state ON). Tilting the sensor in the opposite
direction moves the mass away from the contacts, thus opening
the circuit (state OFF). Bistable tilt sensors represent the simplest
rotation sensors available on the market. Although bistable sen-
sors cannot provide a precise reading of the rotation angle, they
are advantageous because they can be operated in direct current,
are robust, low-cost, simple, durable, reliable, lightweight, and
do not require amplification, filtering, or calibration.l®”! Further-
more, an array of suitably oriented bistable sensors could approx-
imate the rotational angle of a device.

The fully edible implementation of the bistable resistive
sensor was achieved using only food-grade materials, ingestible
in large amounts without toxic adverse effects (Figure 1b; Figure
Slab, Supporting Information). Specifically, the electrically
conductive mass was obtained by melt-mixing beeswax (E 901)
and sunflower oil in a 3:1 w:w ratio and loading the oleogel
with 30% in weight of activated carbon (E 153). Activated carbon
is an electronic conductor and can be consumed in relatively
large amounts (>500 mg kg~! body weight per day). Similar
edible conductive oleogels have been characterized in a previous
work.[?]

A conductive sphere with an average diameter of 7.0 + 0.3 mm
(average weight = 192.8 + 36.4 mg) was obtained by molding. To
realize the edible electrodes, an ethyl cellulose (E 462) film was
first prepared by casting. An edible gold foil (E 175) was lami-
nated onto the film, and then cut to form 0.5 X 4 cm? electrodes.
The conductive mass and the two electrodes were enclosed in an
edible cavity, namely a 000 gelatin (E 441) capsule. A spacer made
from Haribo gummy bears was placed between the electrodes to
keep them in place and avoid unwanted contact. The process for
the fabrication of the sensor does not require specialized equip-
ment and occurs at relatively low temperature (80 °C), ensuring
an environmentally friendly approach. Details for the preparation
of each element are reported in the “Experimental Section.”

For testing purposes, the edible sensor was interfaced with
standard electronics in a voltage divider configuration using a
1.8 MQ pull-down resistor and a 3.3 V supply (Figure 1c). The
resistance of the sensor in the ON state was in the order of tens
of kQ (Video S1, Supporting Information). In this configuration,
the ON and OFF states of the sensor are transduced to high or
low voltage, respectively. The sensor output was measured during
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Figure 1. a) Working principle of the bistable tilt sensor. b) Fully edible implementation of the bistable tilt sensor. c) Readout and rotation axis for sensor
characterization using a voltage divider with a pull-down resistor of 1.8 MQ and a voltage supply of 3.3 V. d) Typical response of the sensor (red) while the
reference angle is linearly increased over time (blue). e) Reference angle against average and standard deviation of the sensor output over ten repeated
experiments. f) Reference angle (blue) and sensor output (red) over time for eight consecutive 360° rotations.

uniaxial rotations, and the reference angle was measured with
commercial inertial sensors (Figure Slc, Supporting Informa-
tion). As the rotation angle is increased (blue curve in Figure 1d),
the sensor output (red curve in Figure 1d) switches to the ON
state at a certain threshold angle and remains in such a state un-
til a further increase of the rotation angle opens the circuit (OFF
state). Ten experiments were performed by rotating the sensor be-
tween 0° and 360°, and a sensor characteristic illustrating sensor
output against reference angle was obtained (Figure le; Figure
S1d,e, Supporting Information). Data show that the sensor main-
tains the ON state from 57° to 162° (ON-state window length:
105°). The change of sensor state is clearly detectable and can
be easily identified using numerical methods (e.g., derivative in
Figure S1fin the Supporting Information). To assess the repeata-
bility of sensor readings, the same setup was used to detect iter-
ative 360° rotations with the same sensor (eight full rotations in
Figure 1f). Results show that the sensor consistently follows the
reference angle and reliably detects each rotation. Although con-
stituted of edible materials, the sensors can provide a detectable
output after atleast 259 days (see Figure S1hin the Supporting In-
formation). The sensor was also successfully operated using the
edible battery developed by Ilic et al.[**] (see Figure S1iin the Sup-
porting Information), thus demonstrating its compatibility with
edible power sources.
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3. Sensor Array Integration and Validation

To validate the tilt sensor functionality in a robotic system, a par-
tially edible rolling robot was developed with locomotion perfor-
mance similar to conventional nonedible ones (Table S1, Sup-
porting Information). The robot uses data from the array of tilt
sensors to perceive its orientation and actuate the correct actua-
tor to start or maintain the rolling motion in a closed loop. The
robot (Figure 2a) is composed of i) an array of edible tilt sensors,
ii) an edible wheeled structure, iii) an array of edible actuators,
iv) standard electronics, and v) standard pneumatics. An external
control hub (i.e., a mobile phone) was used to receive and send
data wirelessly via Bluetooth during testing. Several components
including the electronic circuit, the microcontroller, pneumatic
components, and the battery are inedible in the current imple-
mentation (see the “Experimental Section” for a detailed descrip-
tion).

An array of six edible sensors was positioned along the circum-
ference (“S0-S5” in Figure 2a) of the edible frame. As such, each
sensor has a 60° angular displacement with respect to the next
one. The number of tilt sensors is set to six to avoid ambiguity in
orientation sensing (see Section S5 in the Supporting Informa-
tion). With a weight of 4.2 g (excluding wires), sensors provide
an estimated 14.3 kcal (x0.06 MJ) from 0.5 g of carbohydrate, 2.1
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Figure 2. a) Architecture of the robot showing the location of the components. b) Actuator in unpressurized state (top) and actuator in pressurized
state (22 kPa) with a maximum bending angle of 150° (bottom). c,d) Implementation of the robot (both sides). e) Nutrition facts for one rolling robot.
Daily percentage values are calculated according to the European Food Safety Authority (EFSA) dietary recommendations for one adult male with a body
weight of 70 kg and with an average level of physical activity (PAL = 1.6).16263]

g of protein, and 0.5 g of fat. The edible wheel with a diameter of
19.85 cm was made of an oleogel compositel®!] composed of ethyl
cellulose, carnauba wax (E 903), and olive oil in 2:1:6 mass ratio.
The structure has a weight of 100.34 g and a nutritional value of
590.7 kcal (2.5 MJ) from 71.4 g of fat. An array of six gelatin
actuators adapted from previous works(®! (Figure 2b; Figure S2b,
Supporting Information) was similarly placed around the robot
circumference (“A0-A5” in Figure 2a). Actuators weigh 101.33 g
and provide about 202.5 kcal (~0.85 M]J) from 33.7 g of carbo-
hydrates and 14.5 g of proteins. The final implementation of the
robot is illustrated in Figure 2¢,d.

Altogether, the total mass of the robot, including nonedible
components, is 566.23 g, resulting in a 36.4% ratio of edible mate-
rials providing 807.5 kcal (3.4 MJ), from 34.2 g of carbohydrate,
16.6 g of protein, and 71.9 g of fat (Figure 2e¢).1°%%%] Additional de-
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tails are discussed in the “Experimental Section” and in Sections
S4-S7 (Supporting Information). The autonomous operation of
the robot requires the identification of a control system that trans-
lates a sensory state (pattern of sensor outputs) into action space
(pattern of actuator activations). We identified a set of six orienta-
tion states, each corresponding to the activation of one of the six
actuators, as defined in Figure 3a.

To demonstrate that the sensor array can uniquely define these
six states, the robot was first tested in static conditions. As such,
the robot was brought in each of the six states and the sensory
state was acquired for five full consecutive cycles. Data from each
sensor were converted into a logic state (ON = 1, OFF = 0) using
a threshold set to half of the sensor dynamic (Figure 3b for sensor
5; Figure S3 in the Supporting Information for full dataset). The
6bit binary code produced by concatenating the logic values from
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Figure 3. Data obtained during passive rolling. a) Definition of the six robot states expected during rolling. b) Logic state from a single sensor (S5)
for five rotation cycles. c) Output from the sensor array (logic states—blue/yellow: sensor is OFF/ON) during five rotation cycles measured in static
conditions. d) Output from the sensor array during forward rolling over time. e) Output from the sensor array during backward motion over time. f)

Output from the sensor array during simulated fall and recovery.

the sensors provided patterns that are unique for each of the robot
states (Figure 3c) and were used to define a look-up table (Table
S2, Supporting Information).

The sensor array was then tested in dynamic conditions with-
out actuation (passive rolling). When the robot was in a steady-
state position, sensor outputs were virtually constant over time
(Figure S4a, Supporting Information). Forward rolling was then
induced (Figure 3d). The sensor pattern was matching the robot
state look-up table. However, due to the dynamic conditions,
an increase of the noise level was observed. Backward rolling
was also induced, yielding to systematically reversed patterns
(Figure 3e). Although the robot was not designed to actively ex-
ecute backward rolling using the actuators, this test shows that
sensors can provide information on the rolling direction. Fall
events from resting position were also induced (Figure S5a, Sup-
porting Information). After the fall event, the sensor outputs
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identified patterns not-reachable during rolling (Figure 3f). The
sensor outputs recovered to valid patterns when the robot was
brought to its original position. Therefore, sensor data which
are inconsistent with the rolling motion can be used to iden-
tify fall events or malfunctioning. Autonomous operation was
then demonstrated (Figure 4a; Videos S2-S4, Supporting Infor-
mation). We show that the array of sensors is successful in per-
ceiving the orientation of the robot in real time, which in turn
activates the correct actuators in sequence to start and maintain
the forward rolling movement (Figure 4c). A specific test protocol
(reported in the “Experimental Section”) was defined to quantify
the success rate in perceiving the orientation and addressing the
correct actuator to start or maintain the forward rolling. Overall,
we recorded an 85.4% success rate (Figure 4b; Table S3, Support-
ing Information). Data from the six sensors can also be used to
estimate the translational speed of the robot (Figure 4d,e; Video
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Figure 4. Data obtained during active rolling. a) Photograms of the robot during autonomous rolling. b) Estimation of actuation success rate over 41
trials. ¢) Data from sensors and actuators (in red) during autonomous rolling. Red markers identify the activation of the respective actuator. d) Data
from a single sensor during rolling for translational speed estimation. e) The translational speed of the robot estimated using single sensors and their

average compared to the reference.

S5, Supporting Information). Data showed a good agreement be-
tween the translational speed measured using the embedded edi-
ble sensors (0.254 + 0.030 m s7!) and an external camera (0.25 m
s71). Additional data are reported in Sections S7-S9 (Supporting
Information).

4, Conclusions

We described the first edible tilt sensor that can provide infor-
mation on the orientation state of any rotational system. Starting
from a well-known bistable tilt sensor architecture, we replaced
each material with an edible equivalent using a simple fabrica-
tion process. Repeatable operation of the edible tilt sensor was
validated against standard sensors during multiple controlled ro-
tations. Besides being fully edible, the sensor does not require a
complex readout circuit, can operate in a direct current regime,
and could be digitized using a single inverter. Also the sensor vir-
tually dissipates zero current in the OFF state (open circuit) can
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potentially be operated at a very low voltage, and can be easily
used in an array configuration.

We validated the edible sensor functionality in a proof of prin-
ciple and partly eatable rolling robot. Our implementation repre-
sents the first integration of edible sensors, edible actuators, and
edible structural components into an autonomous robot. Several
edible materials were used in the integration of the robot, such
as gelatin, edible gold leaves, ethyl cellulose, gummy bears, ac-
tivated carbon, sunflower and olive oil, beeswax, and carnauba
wax, resulting in a nutritional value of 807.5 kcal (~30% of the
daily intake for an adult male), an unprecedented feature for
autonomous robots. We showed that, using data from the ed-
ible sensors, the robot can estimate its orientation and engage
the appropriate edible actuator to sustain continuous rolling mo-
tion, detect forward and backward movement. Furthermore, the
sensor data can be used to estimate the translational speed of
the robot and ultimately detect falls or inconsistent orientation.
The actuation success rate of 85.4% could be improved by nu-
merical regression methods, such as simple neural networks, as
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discussed in Section S9 (Supporting Information). We believe
that the technology and the vision herein illustrated can pave the
way to a new class of edible devices with applications spanning
from medicine to food quality control, including novel educa-
tional and recreational food experiences. The positive environ-
mental impact of edible technologies can also extend to other ap-
plications, where processes and materials herein developed will
enable the use of edible alternatives.

5. Experimental Section

Ethyl cellulose (48.0-49.5% w/w ethoxyl basis), beeswax (refined), ac-
tivated carbon (Supelco 05105), gelatin (from porcine skin), and absolute
ethanol were purchased from Sigma—-Aldrich. Glycerol (99%) was pur-
chased from Abcr. Edible gold foils (4 x 4 cm?) were purchased from
Kinno. Sunflower oil (Esselunga) and olive oil (Bertolli) were purchased
from local supermarkets. Gelatin Capsule (000) was purchased from |G
Supplements LTD.

Electrodes:  Ethyl cellulose was dissolved in ethanol, obtaining a solu-
tion with a concentration of 20 g L™". About 30 mL of the solution was then
poured into a Petri dish (diameter = 9.5 cm), and the solvent was evapo-
rated in a static oven at 60 °C for 17 h. Once formed, the ethyl cellulose
film was removed from the Petri dish, with a razor blade and water. The
flat side of the ethyl cellulose film was wet with ethanol and placed onto
an edible 4 X 4 cm? gold leaf. The so-gold-laminated films were dried in air
for a few hours to evaporate ethanol, placing a weight on top (e.g., a small
Petri dish) to avoid the formation of wrinkles, and then were vacuum-dried
for 17 h in a vacuum chamber. Finally, 0.5 x 4 cm? stripe electrodes were
cut from gold-laminated ethyl cellulose films.

Conductive Mass:  Beeswax was first melted onto a hotplate at 80 °C.
Beeswax was then mixed with sunflower oil with a 3:1 weight ratio by mag-
netic stirring for 10 min. Subsequently, activated carbon was added in a
30% weight ratio with respect to the oleogel matrix and mixed using a
magnetic stirrer for 10 min at 80 °C. The material was then transferred
into a commercially sourced semispherical silicon mold and cooled down
at room temperature for 30 min. To join two half-spheres, a glass slide was
heated to 80 °C and was used to partially melt the flat side of both the half
spheres. The two half-spheres were then brought to contact. In the final
implementation of the partially edible robot, the conductive sphere was
wrapped using a gold foil to further reduce its resistance and improve the
signal-to-noise ratio of the sensor output.

Gelatin Actuator:  The fabrication process was almost the same as the
previously developed edible pneumatic actuator,[3] but with different di-
mensions. Gelatin, glycerol (99%), and distilled water were mixed in 1:2:3
ratio and stirred overnight at 65 °C. The upper layer was molded and dried
inside a fume hood overnight. After that, the same gelatin solution was
casted on an acrylic plate, and the demolded upper layer was placed on
the casted bottom layer to bond the upper and bottom layers. As a final
step, the bonded structure was cured overnight in a fume hood at room
temperature.

Edible Structural Components: The edible wheel was made of an edible
oleogel composite.[*®] This composite was prepared by mixing ethyl cellu-
lose, food-grade carnauba wax, and olive oil in 2:1:6 mass ratio followed
by heating at 150 °C during 20 min. As shown in Figure S8 (Supporting In-
formation), the heated oleogel solution was poured onto a silicone mold
(Smooth-Sil 940, Smooth-On), which was designed to produce an edible
wheel in a desired shape. Since the heated oleogel solution would quickly
solidify at room temperature, uniformly casting the solution in the silicone
mold was challenging, and usually generated an irregular surface (step 2
in Figure S8 in the Supporting Information). For this reason, the entire
mold casted with the oleogel was reheated inside a cooking oven at 150
°C until the casted material was re-melted. After that, the excess oleogel
was manually removed by using a spreading knife (steps 3 and 4 in Figure
S8 in the Supporting Information) while it was still in liquid state. Then the
mold was cooled down at room temperature for at least 1 h, and the edi-
ble wheel was demolded (steps 5 and 6 in Figure S8 in the Supporting In-
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formation). The described molding process can produce a planar oleogel
structure with a good surface finish (step 6 in Figure S8 in the Supporting
Information). The thickness and density of the edible wheel were 5 mm
and 0.92 g cm~3, respectively.

Sensor Characterization: The sensor was connected to the readout cir-
cuitry using silver epoxy (MG Chemicals 8331S). The sensor and the read-
out circuitry were inserted into a rigid custom holder. The output of the
voltage divider was connected to a microcontroller (STM32 Nucleo-64
STMuicroelectronics, CPU ARM Cortex M4F) and digitized using the em-
bedded 12-bit ADC. The microcontroller was also used to supply the volt-
age required for the operation of the circuit. The microcontroller was con-
nected to a laptop (HP EliteBook x360 830 G6) via USB. In the same cus-
tom holder containing the sensor and readout circuitry, a smartphone with
inertial sensors (Huawei P30) was also included. Azimuth, pitch, and roll
data from the smartphone were sent to the same laptop via Wi-Fi using
the Matlab Mobile App. A custom Matlab script running on the laptop was
used to acquire and store at the same time data from the sensor via the
microcontroller and reference angle data from the smartphone with a sam-
pling time of 108 & 10 ms. Data were collected while manually rotating the
holder clockwise with an average angular speed of 22.86 + 6.41°/s. The y-
axis was assumed as the rotational axis and the sensor was positioned as
in Figure 1c. The holder was free to perform full 360° rotations. Figure S1c
(Supporting Information) illustrates a schematic diagram of the sensor
characterization setup.

Integration:  To connect the edible sensor to a standard wire, an edible
electrically conductive composite made of beeswax and activated carbon
in a 30% weight ratio was formulated (see Figure S2c,d in the Support-
ing Information). To prepare the composite, beeswax was melted at 80 °C
and stirred using a magnetic stirrer for 10 min. Then, activated carbon was
added in the desired ratio. The melted composite was then used as con-
ductive adhesive material to attach the electrodes to a standard wire. Once
cooled down, the composite material showed good adhesion and mechan-
ical strength. The electronics was implemented using a custom electronic
board with discrete components for readout circuits connected to a micro-
controller (Arduino Uno Rev3) mounting a ATmega328P-16 processor. The
microcontroller board was also connected to a Bluetooth 4.0 BLE module
(AT-09 BLE) to enable communication with the external control hub (an
external electronic device with a commercial serial Bluetooth terminal app
running—a smartphone Samsung Galaxy Z Flip 4) and controlled seven
metal-oxide-semiconductor field effect transistors (MOSFET) (PSMN1R8-
30PL, Nexperia) to switch on and off a pump (SP 100 EC-LC, Schwarzer
Precision) and six 3-way solenoid valves (Fa0520E, Adafruit). Each valve
can individually drive an edible actuator. The actuator can bend up to 150°
in unloaded case with an applied air pressure of 22 kPa (as in Figure 2b).
To avoid over-pressurization of the actuators, a pressure sensor (ABP se-
ries, Honeywell) was also installed and communicated with the Arduino
via SPI (serial peripheral interface) protocol. The number and the location
of the actuators were experimentally defined and tuned to ensure contin-
uous rolling motion. The activation of a single actuator at a time was suf-
ficient to cause a rolling motion of the robot. Each edible sensor was first
connected to a voltage divider circuit (see Figure S2a in the Supporting
Information), and its output voltage was then connected to an analog-to-
digital converter (ADC) port of Arduino, which provided six ADCs in 10-bit
resolution. Electronic and pneumatic components were powered by a bat-
tery (7.6 V, 500 mAh, Turnigy). The output current was measured by a cur-
rent sensor (INA219, Reichelt Elektronik) to compute power consumption
of the robot. As illustrated in Figure S9 (Supporting Information), several
inedible components were still in use. The fixtures to hold edible sensors,
edible actuators, and electronics (including the pneumatic hardware) were
3D-printed with acrylonitrile butadiene styrene (ABS). The rigid frame con-
necting the two edible wheels was made of a 3 mm thick, laser-cut acrylic
sheet. A schematic of the entire connections is reported in Figure S2i (Sup-
porting Information).

The microcontroller board was equipped with a custom firmware to
collect data from the sensors, perceive the orientation, and activate the
suitable actuator to achieve autonomous rolling. At each iteration of the
firmware, data from the six sensors were sequentially digitized (sampling
time: 87 + 1 ms) and sent to the control hub, together with information
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on the actuators state. Using a threshold set to half of the sensor dynamic,
data from each sensor were numerically converted into a logic state (ON
=1, OFF = 0). The six resulting logic values were concatenated from SO
to S5 to create a 6 bit binary code. With six sensors, 26 = 64 codes are
possible. Codes were associated with robot states by defining a look-up
table. The table identifies valid and not-reachable states,which are defined
as positions which are compatible or incompatible with the rolling mo-
tion, respectively. When the robot recognizes a valid state, it activates the
correct actuator to enable or continue a forward rolling motion as defined
in the look-up table. To activate/deactivate the actuators, seven digital out-
puts were used to enable/disable (1/0) the six pneumatic valves and the
pump (Figure S2i, Supporting Information). If the robot recognizes a not-
reachable state, it deactivates all the actuators and sends an alert message
to the control hub. The look-up table (Table S2, Supporting Information)
and a flow chart of the algorithm are reported in Figure S2j (Supporting In-
formation). The final implementation of the robot had a diameter of 19.85
cm where the electronic and pneumatic components and the battery were
positioned at the center of the wheeled frame to balance the robot during
rotation (Figure S2e-h, Supporting Information).

Validation: In all the testing phases, data were sent to the external hub
in real time using Bluetooth. A mobile phone running a commercial app
for serial communication was used as external hub. Data were then ex-
ported and analyzed using Matlab. To test the robot in static conditions
(Figure 3b,c), data were recorded in specific resting positions of the robot.
For each robot state, two specific 6 bit codes were observed. This was
due to variations of the threshold angle for different devices and differ-
ent events. As such, both the 6 bit codes were considered valid and re-
ferred to a single robot state. All other 6 bit codes not observed during
this phase were considered not-reachable states. To test the robot during
passive rolling (Figure 3d—f), a rotation was manually induced, and actua-
tors were not enabled from the firmware. The sensor pattern was match-
ing the robot state look-up table. To test fall events (Figure 3f), starting
from a valid state the robot was laid down as in Figure S5a (Supporting
Information). The robot was then brought back in a valid position after
a few seconds. To test the success rate in determining the correct state
of the robot (Figure 4b), a custom protocol was defined. The robot was
brought into one of the six states using a random number generation. A
full clockwise rotation was performed before any test to ensure indepen-
dent data. Then, the robot was started, and data from the first actuation
were recorded. An actuation was considered successful only if the actua-
tion started the forward rolling of the robot. Any other case was considered
a failed actuation. The experiment was repeated 41 times. Each repetition
was herein referred to as a trial. Table S3 (Supporting Information) reports
the details of this testing phase. Failures were mainly related to false pos-
itives or false negatives of the sensors or actuators (see the Supporting
Information). To demonstrate that sensory data can be used to estimate
the translational speed of the robot (Figure 4d,e), the firmware of the robot
was modified to perform only one initial actuation. Two consecutive rising
edge of a sensor output identify a full rotation. The circumference of the
robot was 62.3 cm. As such, the translational speed was obtained by di-
viding the circumference of the robot with the time required for one full
rotation. The reference speed was obtained by video recording the robot
using a mobile phone (Huawei P30). The video was then processed using
Matlab to estimate the speed of the robot.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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