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Abstract
Wepresent the design and development of a plant-inspired robot, named Plantoid, with sensorized
robotic roots. Natural roots have amulti-sensing capability and show a soft bending behaviour to
follow or escape from various environmental parameters (i.e., tropisms). Analogously, we implement
soft bending capabilities in our robotic roots by designing and integrating soft spring-based actuation
(SSBA) systems using helical springs to transmit themotor power in a compliantmanner. Each robotic
tip integrates four different sensors, including customised flexible touch and innovative humidity
sensors together with commercial gravity and temperature sensors.We showhow the embedded
sensing capabilities together with a root-inspired control algorithm lead to the implementation of
tropic behaviours. Future applications for such plant-inspired technologies include soilmonitoring
and exploration, useful for agriculture and environmental fields.

1. Introduction

Life and technology greatly depend on resources
available in soil. Soil is a source of vital elements
(water, nutrients, and minerals) for all living systems,
it contains much of the energy resources used by
humanity, and it provides precious elements that
enable technological advancement. Therefore, soil
exploration and monitoring is extremely important
for the preservation of life on this planet. Robotics and
ICT technologies could help in better identifying
potentially interesting or hazardous areas as well as
monitoring levels of essential elements or geological
properties. Yet, the technology for soil exploration and
monitoring is very poorly developed compared to
technologies available for exploration and monitoring
above the ground. This situation is partly due to the
fact that the physical constraints of underground
operation strongly challenge an autonomous agent,
like a robot.

The development of novel principles for soil pene-
tration, sensory detection, and autonomous decision
making could open up new horizons in robotics:
autonomous agents able to localise a subsoil source
could be used in order to find water and other relevant

substances, or to detect the presence of dangerous pol-
lutants to minimise soil contamination. These robotic
autonomous systems may find many applications in
different scenarios: for environmental monitoring, for
efficient and sustainable agriculture, for localising hid-
den explosives, for automatic humanitarian demining,
for rescue tasks after accidents or natural disasters, or
for space explorations.

Innovative and performing solutions to achieve
this goal can be obtained by studying and investigating
the Plant Kingdom. Plants represent the best example
among living beings of efficient soil exploration and
detection. In particular, roots are the organs delegated
to the foraging and the anchoring of plants.While per-
forming these tasks, roots need to adapt to the
environment, avoid obstacles, penetrate soil having
different mechanical impedances, and follow nutrient
and water gradients. The root movement is mediated
by sensory feedbacks, being the sensing capabilities
mainly located at the root apical part. The responses of
the roots to environmental interactions and stimuli
are called tropisms. They are classified as positive, if
there is an attractive response of the root to the stimu-
lus (in this case, the root tends to grow in the stimulus
direction), or negative, in the case of a repulsive
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response (i.e., the root grows away from the stimulus)
[1, 2]. In order to move towards or far from an envir-
onmental stimulus, roots must grow. This phenom-
enon is mediated by two continuous processes in the
apex: cell division and cell elongation. These processes
occur in the meristematic and elongation zones,
respectively [3]. The main zones of the root are repre-
sented in figure 1. The young cells of the root elongate
by taking up water and function as a series of minia-
ture linear flexible (soft) ‘actuators’ that push the root
tip into the soil. The symmetric growth of cells at the
root sides results in a straight penetration of the root,
while asymmetric cell growth (or division) is respon-
sible for a bending and steering behaviour (differential
growth/elongation) [3].

Taking inspiration from the biological features of
plants and plant roots we have recently developed
innovative technologies, including self-growing pene-
tration devices [4], osmotic actuators andmechanisms
[5, 6], and soft devices [7, 8]. Indeed, the ability of
plants to collect and manage many and different types
of inputs at the same time can be an important source
of inspiration for control strategies as well, especially
for developing new control algorithms for navigation
in subsoil environments.

This work aims to develop a plant root-inspired
robot, named Plantoid, which merges technical solu-
tions derived from the study of root bending via

differential elongation, sensing capabilities, and asso-
ciated tropism-behaviours. The preliminary idea of a
mechatronic system able to follow environmental sti-
muli was published in [5]. However, the technological
solutions and the level of maturity presented in this
manuscript this nwe work deeply different. Specifi-
cally, the main novelties presented in this manuscript
are listed in the following:

• the actuation system based on three springs which
allows the robotic root to orient in each direction
instead of having a limited set of positions;

• a new humidity sensor for soil moisture based on
PEDOT:PSS/iron oxideNPs nanofilms l;

• a deeper integration of sensors for tropisms (two
additional sensors for touch and temperature detec-
tionwere added and integrated in the tip);

• a new control algorithm.

Current work presents the design and fabrication
of sensorized tips, with commercial and customised
sensors suitable for soil monitoring, and the robot
behaviour inspired by plant root tropisms. In order to
better observe and validate the robot behaviour and
the sensing capabilities, we tested them in air bymeans
of a robotic platform integrating soft actuators for root

Figure 1. Segments of theZeamays root apex observedwithNikon ECLIPSENimicroscopy. (a)A schematic description of the typical
zones of the root. (b) Image and arrows showing root asymmetric growth: cells in the top part aremore elongatedwith respect to the
ones at the bottom (differential growth/elongation). (c)Root symmetric growth.
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differential bending. The latter can be included in a
category of soft linear actuator solutions conceived to
steer soft robotic arms [9].

Most actuation approaches are based on pneu-
matic/fluidic systems or wire-based systems. Specific
examples are OctArm, driven by braided fluidic actua-
tors [10, 11]; flexiblemicro actuator (FMA), developed
using elastic chambers radially reinforced by fibres
[12]; tendon-driven mechanisms [13–15]; and shape
memory alloy (SMA) driven mechanisms [16, 17]. In
arms made using wire-based actuators, the bending
occurs by differential pulling of wires (tendon-based)
or retraction of actuators (SMA), but in the case of
fluidic based actuators, bending can be obtained by
differential elongation/retraction, depending on the
orientation of flow (positive/negative pressure) or on
the type of actuators. SMA‐based actuators can have
good characteristics in terms of integrability, but they
require high power. Also, the high temperature gener-
ated by SMA operation would cause the accumulation
of temperature that in the cases which require temper-
ature sensing (e.g. the artificial root) affects the proper
functioning of temperature sensors. Most of the soft
fluidic actuators can perform efficient work mainly in
one direction: in retraction, like braided fluidic actua-
tors [18], or in elongation, like radially reinforced elas-
tic chambers [12]. Combination of fluidic and wire-
based actuation principles can lead to an antagonistic
actuationmechanism [19–21]. In our case we required
the artificial root to make a differential bending with-
out using bulky components (e.g., pipes, valves, and
pumps), imposing a challenging integration process
for the development of small-scale systems. Hence,
although the fluidic-basedmechanism is attracting for
our application, in this work we present a soft bending
mechanism with differential elongation capabilities
based on DC motors and helical springs. The pre-
sented actuator can perform both retraction and elon-
gation actions these properties permit development of
a root like mechanism that mainly requires a pushing
action which is not intrinsically and easily achievable
with cable‐driven actuation. Moreover, we describe
our robotic platform with the three soft bending roots
that we use to test a stimulus-oriented control, which
imitates the plant root behaviour, and we demonstrate
the ability of an individual robotic root to perform tro-
pic responses bending under appropriate stimulation
in air.

Respect to more standard pan-tilt mechanisms
(i.e. with two motors, each with series elastic outputs
to add compliance), the reported approach has two
main key advantages: first, it is more easy to imple-
ment andminiaturise (no joint assembly is necessary),
also given the less stringent requirements in terms of
accuracy and assembly process; second, the behaviour
and control of the spring-based mechanism imitate
the real plant since the spring elongation can be strictly
related to the cell elongation, simplifying the bioin-
spired stimulus-driven control.

2. The plant-inspired robot

2.1. The plantoid architecture
The proposed plant-inspired robot (Plantoid) (see
figure 2(a)) consists of a trunk, a number of functional
roots with sensorized apexes, and an aerial part with
leaves (based on a controllable hygromorphic plant-
inspired material [7]). All the roots are connected to a
trunk that acts as a gateway to transfer data and
configuration parameters to the external world
(through a USB connection with a graphical user
interface developed inMATLAB). In nature, each root
apex can be considered as a command centre [22] that
interacts with its neighbours without a central decision
unit, causing emergent behaviour [23]. Analogously,
Plantoid has no central decision unit, but each artificial
root has its own controller to implement the beha-
viour. Each root consists of two subsystems: a
sensorized root apex and a root driving unit. The root
apex is dedicated to data acquisition from the sensors
and to the implementation of the high-level algorithm
that, based on the acquired data, defines the growth
direction. The root driving unit implements a low-
level control by driving the growing or bending
actuators, depending on the type of root connected. In
this implementation, there are three bending roots
(described in detail below) and two growing roots
(described in detail elsewhere [4]). Hence, the driving
unit can be easily changed (without changing the
apical part) according to the specific actuation system.
The general architecture of Plantoid is reported in
figure 2(b). The two subsystems (figure 2(c)) are
connected by three sets of our soft spring-based
actuators (SSBA). The details of the actuation system
and bending architecture are described below.

2.2.Design of the SSBA and the bending root
Among conventional mechanical components,
springs can provide flexibility and compliance to rigid
structures based on the stiffness of their materials and
their particular shapes. In this work, we benefit from
both the flexibility and shape of helical springs to
transmit the motor power in a compliant manner.
Similarly to the nut-screw mechanism, which is
traditionally used to convert the motor rotation in a
linear motion, we used a helical spring (instead of a
screw) to obtain a linear actuation. The result is a soft
linear actuator that can transmit the rotary motor
power to a linear motion even after bending or
buckling in the spring (figure 2(d)). Each SSBA
includes a DC gear-motor (Pololu Micro Metal
Gearmotor with gear ratio of 986:41, maximum speed
of 32 RPM and maximum torque of 9 kg cm−1)
connected to a steel helical spring (helix pitch 2.4 mm,
external diameter 6 mm, wire diameter 0.5 mm, and
elastic constant K 2.13×103 Nm−1 in case of 30 mm
spring length) attached on one side to the shaft of the
motor and on the other side passes through the hole of
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a particular nut (figure 2(d)). The DC gear motor can
directly rotate the spring by fixing the rotational DOF
of the nut; the rotation of the spring can impart a linear
motion to the nut. The nut is actually a simple hole in a
solid material with a metal pin perpendicular to the
axis of the hole (figure 2(d)). The spring passes through
this hole and interacts with the metal pin to push or
pull the nut along its axis (figure 2(c)).

Each bending root includes three SSBAs, located at
120° each other and distant 13mm from the body cen-
tre (figure 2(c)). The holes of all three nuts of SSBAs
are axially embedded in the cylindrical shank of the
sensorized root apex. The final assembly can interact
safely with the environment, due to the flexibility of
the springs, which act as the interface between the
driving unit and the sensorized apex. Moreover, the
sensorized apex can actively move in a 3D space by
means of the three SSBAs. Each SSBA can operate in
both elongation and retraction directions, simply by
changing the rotation wise in the DC motor. The
robotic root can elongate in a straight direction when
all three SSBAs elongate at the same speed, and can

perform bending and steering behaviours when the
elongation velocity of SSBAs is different (differential
elongation). Each complete rotation of the DC gear-
motor shaft results in a complete rotation of the
spring, causing an elongation equal to the pitch (P) of
the helix in the spring. Assuming that the pitch of the
spring remains constant for the β degree rotation of
the DC gear motor shaft, then the Δl elongation of
each SSBA and the whole length of the actuator l (the
portion of the spring free to bend) can be obtained by

b
= + D = + ( )l l l l P

360
, 1n n

where ln is the initial length of the free portion of the
spring.

Therefore, the elongation speed (SL) is simply a
function of the rotation speed of the DC gear-motors
and the pitch of the helical springs:

= = - ( )⎜ ⎟⎛
⎝

⎞
⎠S

M
P

N
P

F

NK60 60
, 2L

S W
0

where MS is the DC motor speed in rpm, FW is the
applied force, P0 is the initial pitch of the spring

Figure 2. (a)Picture of the Plantoid prototype. (b)Plantoid overall architecture: a trunk, used to collect data from the roots and to
exchange data with an external PC, and a total of five roots. The root apex is the same for all the roots, while the actuation system
varies: there are two roots for growing and three for bending (with the soft bending actuator proposed in this paper). (c)Bending root
structure: sensorized tip and driving unit. (d) Spring-based soft linear actuator used in bending rootmechanism; the helical formof
the spring and its interactionwith the perpendicular pin inside the nut can convert the rotationalmotion of themotor into linear
motion. The flexibility of the spring allows the transmission of power even in case off spring bending and/or deformation.
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without load, K is the spring constant and N is the
number of active coils.

The proposed actuator is a sort of bendable lead
screw. Such kinds of devices are described in terms of
lifting axial force and torque. In particular, the force
can be expressed as:

= a m a
a m a
+
-

( )F
T

r
, 3w sin cos

cos sin

where T is the torque, r is the spring radius, μ is the
friction coefficient andwhereα is defined as:

a
p

= - ( )P

r
tan

2
. 41

In the spring case, pitch is not constant, since
under compression the pitch decreases. This variation
directly affects the force that the actuator can contrast.
Indeed, it increases when the spring pushes/grows
(lower pitch), while the opposite effect occurs in the
pulling case. However, the equation (3) is acceptable
without spring buckling. Buckling happens more
easily with longer spring. Indeed, approximating it to
an elastic column, the maximum axial load before
buckling is proportional to 1/l2, with l the spring
length [24]. The forces reachable by a single SSBA
range from a minimum of about 5 N up to 17 N
depending on the spring starting length (12, 24, 36
mm) and rotation direction, as shown in table 1,
reaching an SL of 1.28mm s−1.

The final curvature angles and the arc length of the
bendingmechanism based on SSBAs can be calculated
considering the final length of each spring as defined
in theWebster and Jones’s equation [25].

The mechanism can be described in terms of arc
parameters, namely curvature (κ), plane (Φ), and arc
length (l):

=
+ + ( )l

l l l

3
, 51 2 3

f =
+ -
-

- ( )
( )

( )
⎛
⎝⎜

⎞
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l l l

l l
tan

3 2

3
, 61 2 3 1

2 3

k =
+ + - - -

+ +( )
( )

l l l l l l l l l

d l l l
, 71

2
2
2

3
2

1 2 1 3 2 3

1 2 3

where li are the length of the actuators (defined in (1))
and d is the distance of each actuator from the body
centre.

One of the main hypotheses of this model is that
neither compression nor elongation occurs in each

spring. This is nearly true in air, where only the weight
of the tip causes a small deviation between the theor-
etical position and the real position, but it is not true in
soil, even in a relative loosemedium. Then, in this case
a compensation for the spring deformation is neces-
sary, which can be performed by measuring the force
acting on the spring and increasing or decreasing its
length consequently.

This kind of model, which permits to control the
bending mechanism in a 3D space, can be useful for
manipulation tasks, where force control, precision in
reaching a target, and a specific path planning control
are important. Instead, in order to control a robotic
root in an unknown environment, for instance in soil
for exploration and monitoring purposes, the imple-
mentation of a plant root inspired behaviour seems
more suitable. Indeed, for these kinds of applications
we do not have an absolute position to reach, neither a
specific pre-determined path to follow, and the classi-
cal kinematic approach becomes not convenient.
SSBAs are here instead controlled with a stimulus-
oriented approach and the robotic root is able to fol-
low the environmental stimuli. Then, the important
parameters to model are the direction along the axis
parallel to the ground and the inclination with respect
to the vertical axis. Such a kind of control can be
obtained by actuating the springs till the accel-
erometer, placed in the apex, reaches the correct posi-
tion (as explained in detail in section 2.6), and the
compensation of compression/elongation of the
springs are in this case automatically applied by the
control without caring about the spring lengths. Also,
we should note that, following this approach, we can
reach the same final configuration with different sets
of rotation sequences applied to the threeDCmotors.

In our system we selected the minimum spring
length that allows a reasonable bending for testing the
tropic behaviour, which is 15 mm. In particular, with
this value we obtained a maximum bending angle of
59° at 7.5° s–1. In such conditions we compared the
root apex orientation (measured with an embedded
accelerometer)with that predicted by equations (5–7),
obtaining amaximumdeviation of∼4°.

We measured the lateral forces of the bending
using a universal testing machine (INSTRON 4464).
The maximal force is defined as the lateral force that
the spring is able to provide before buckling (see
figure 3). Similarly to the case of a single actuator, the
maximal force achievable by the system depends on

Table 1.Maximal axial forces of a single SSBA, acquiredwith the INSTRON4464, at different initial spring length, and its
standard deviation. The experiments have been performed in two conditions: pushing on the load cell by elongating the spring,
and pulling the load cell by contracting the spring (inverting themotor rotation).

Initial length (mm)
12 24 36

Max. force (N) Std.Dev. Max. force (N) Std.Dev. Max. force (N) Std. Dev.

Spring elongation 16.86 0.60 7.83 0.46 5.15 0.67

Spring contraction 17.47 1.48 17.09 0.80 14.07 0.69
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the initial length imposed to the springs and, as already
anticipated, the buckling effect occurs earlier with
longer initial length. This behaviour is visible in the
histograms reported in figure 3, which show shorter
elongation achieved by the longer springs before
reaching themaximal force. The critical total length of
the spring registered by our system is in the range of
approximately 30–50 mm, by imposing a load up to 7
N, limits far from our range of movements and loads.
The results obtained by actuating one or two springs
are similar, as shown in figure 3. Indeed, since the cen-
tre of rotation is at the centre of the tip, then in the case
of double spring the lever arm is half of the single
spring case. Hence, considering the force generated by
each spring as fixed, the product yielding the torque
(lever arm x force) is the same.

2.3.Design of the sensorized root apex
The sensorized root apex is devoted to the perception
of the environment and the control of the root
behaviour. The apex integrates four types of sensors
that are fundamental to validate the robot behaviour
inspired by plant root tropisms responding to the
following environmental stimuli: gravity (detected
using a commercial three-axis accelerometer,
LIS331DLH from ST Microelectronics), temperature
(detected using three commercial temperature

sensors, TMP123 from Texas Instruments), touch
(detected using four specifically ad hoc developed
tactile sensors [26, 27] described in section 2.5) and
humidity (detected using three customised soil moist-
ure sensors presented in section 2.4). Sensors are
integrated in a root with a maximum diameter of 50
mm. The details of the apex structure, geometry, and
sensor integration are shown in figure 4(a).

A built-in microcontroller system (based on a
PIC32MX340F512H fromMicrochip, Inc.) is devoted
to the sensor conditioning, data acquisition, to the
control algorithm and data communication (see
figure 4(b)). Specifically, the temperature and gravity
sensors are interfaced through a serial peripheral
interface (SPI) bus, with a vendor-specific protocol;
the humidity sensors, which are resistive sensors, are
measured by a suitable shunt resistor at fixed voltage
excitation, using the microcontroller internal ADC;
for the conditioning of the tactile sensors, which are
capacitive transducers, we used 24 bits capacitance-to-
digital converters (AD7147 from Analog Devices)
interfaced with the microcontroller unit by SPI bus
and vendor-specific protocol. All the acquired data are
elaborated by the microcontroller (high level algo-
rithm), and the resulting root bending direction is sent
to the root driving unit by a universal asynchronous

Figure 3.The graph shows themaximal shear forces obtained by the bending systemmeasuredwith the INSTRON4464 equipment.
The systemwas actuated first by elongating only two springs, and then elongating only the third spring, in order to laterally push on
the equipment load cell. The buckling effect limits themaximal force. The lines show themaximal forces reached starting at different
lengths of the three springs, while the histograms show the elongation performed by the actuated springs.

6

Bioinspir. Biomim. 12 (2017) 015001 A Sadeghi et al



receiver–transmitter (UART) interface and custom
protocol.

To measure a spatial gradient in soil (in the plane
perpendicular to the apex), three sensors for the same
stimulus (i.e., humidity and temperature) are placed
around the tip at 120° with respect to each other. The
tactile sensors are instead integrated at the apex extre-
mity into an array of four sensors to detect and define
the position of possible obstacles in the environment.
Figure 4(c) shows an overview of the sensor position-
ing at the apex level.

2.4. PEDOT:PSS humidity sensors
In developing the technological approach for humidity
sensing we considered detection of the moisture in a
soil medium. Soil moisture sensors are usually large
because they are constructed for agriculture applica-
tions. In [5], we proposed a soil moisture sensor based
on metal electrodes for measuring the impedance of
the soil (correlatedwith thewater content).

Although these sensors are very robust and adap-
ted to work in soil, they require good contact between
the electrodes and the medium to obtain a reliable
measurement, a condition that is difficult to satisfy
when the sensor dimensions are scaled down. To over-
come this problem, here we propose a new solution
based on an ultra-thin film conductive polymer sensor
technology. Among other conducting polymers,
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly-
styrene sulphonate) has been reported as a water-

absorbingmaterial [28]. This property provides a basis
for humidity-sensing applications. In particular, it is
known that the resistivity of PEDOT:PSS films increa-
ses as RH increases, as observed in [29, 30, 31].
Recently, large-area free-standing conductive ultra-
thin films of PEDOT:PSS have successfully been fabri-
cated by our group [32, 33]. Moreover, composite
PEDOT:PSS free-standing thin films with embedded
iron oxide nanoparticles (NPs) retaining both magn-
etic and electrical conductivity functionalities were
also presented [34]. These free-standing nanofilms can
be easily transferred onto various rigid and soft sub-
strates with arbitrary shapes and topographies due to
their high conformability, preserving their functional-
ities. Based on these results, we developed a new sensor
for gravimetric water content in soil. The sensor con-
sists of PEDOT:PSS nanofilms over small copper elec-
trodes (1 mm width size, 0.2 mm distance) deposited
on a flexible Kapton© substrate (see figure 4(d)). To
protect the PEDOT:PSS nanofilms from direct contact
with the soil, we packaged them into the root using a
tip filter cap (Filter Cap SF1 from Sensirion AG). In
details, as shown in the inset of figure 4(d), we inserted
the sensor substrate in a small chamber within the root
apex, which was then sealed. From the other side, we
placed the filter cap. The packaging provides physical
protection from scratching and abrasion and avoids
the exposure of the sensors to any environmental
parameters other than humidity. In fact, with this con-
figuration, the PEDOT:PSS sensors can measure the

Figure 4. (a)Overview of the robotic root apex. (b)Picture of the electronic board integrated into the apex. (c) Sensor position in the
root apex. The x- and y-axes are the axes of the integrated accelerometer, used as a reference.Tn are the temperature sensors, Hun are
the soilmoisture sensors, andTom are the tactile sensing elements of the array (with n=1, 2, 3 andm=1, 2, 3, 4). The table on the
right shows the angle positions of the sensors with respect to the x-axis. Sensors of different type are rotatedwith respect to one
another to avoidmechanical interference. Free space is dedicated to the integration of further sensors. (d)Change in the resistance of
PEDOT:PSS nanofilms transferred onflexible Kapton© substrate versus gravimetric water content; in the inset, the sensor is inserted
in the apex internal chamberwith an embedded filter cap to protect the sensor inside. (e)Characteristics in terms of capacitance
variation versus the force of the single tactile sensor obtained through indentation tests at a suitable probing station; in the inset is a
sample of the tactile sensor.
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air saturation present within the interstitial pore
spaces in the soil. Using this approach, soil grain size
and texture do not influence the sensor operation. As
an example, figure 4(d) reports the change in resist-
ance (ΔR/R0 (%)) with respect to gravimetric soil
water content. Full details on the sensor fabrication,
characterisation, and soil measurement are provided
in supplementarymaterials.

2.5. Tactile sensors integration
We integrated a soft tactile sensing array in the root
apex following the configuration depicted in
figure 4(a). The design is such that tactile information
can be retrieved both from the extremity of the apex
tip, which is the first region of the robotic root that
encounters new soil during exploration, and from the
nearby regions [27]. Thus, spatial information about
the touch stimulus is provided from the maximum
volume of the apex. In detail, three lateral sensing
elements (i.e., To1–To3, with an area of 115 mm2)
wrap the sides of the apex at 120° to each other, while
one sensing element (i.e., To4, circular, with an area of
78.5 mm2) is located at the end of the apex. The
transduction principle is capacitance-based, and each
sensor is built from a combination of different
conductive and elastomeric layers. In particular, each
sensing element consists of two parallel electrodes,
made of soft and flexible copper/tin-coated woven
fabric (70 μm thick, Zelt Mindsets Ltd, UK), separated
by a silicone elastomeric dielectric layer (Ecoflex® 00-
10, Smooth On) [27]. The use of conductive textile for
the electrodes appears to be a good choice because, in
addition to its electrical and mechanical properties, it
can be easily patterned with the desired shape by laser
cutting technique (VLS 3.50; universal Laser Systems,
Inc., USA). At the same time, the elastomeric dielectric
layer can be cast from a solution by spin coating to
obtain the target thickness of 300 μm. It is worth
emphasising that the sensing system consists of the
array together with the read-out electronics, which
must be designed and built to resolve the subtle
changes in capacitance experienced by the soft sensing
elements when they are mechanically stimulated. To
this end, the custom electronics are integrated in the
board, as described in section 2.3. A typical response in
terms of capacitance variation versus force is shown in
figure 4(e). In a preliminary study [27], we evaluated
the performance of the soft tactile sensing array
integrated in the robotic root apex by conducting
experiments in which the root apex was able to
approach a semispherical obstacle and perform bend-
ing movements (according to the tactile feedback
provided). In particular, we performed different
experimental sessions by modifying the number of
sensing elements involved in the root/obstacle contact
and by using obstaclesmade ofmaterials with different
mechanical properties.

2.6. The control algorithm
We used the three SSBA roots as platforms to test a
stimulus-oriented control which imitates the plant
root behaviour, and we demonstrated the ability of the
implemented robotic root to perform tropic responses
and bend under appropriate stimulation. As pre-
viously reported, the plant root apex plays a key role in
tropic responses. Analogously, the robotic root has a
sensorized apex with a control algorithm that takes as
input the sensor data acquisitions and gives as output
the direction of bending.Moreover, as in the biological
counterpart, in the case of a positive tropism, the
algorithm returns the direction towards the stimulus,
whereas with a negative tropism, the algorithm returns
the direction opposite the stimulus.

The intensity of the stimulus responses varies
among different plant species and also among samples
of the same species; in addition, the optimal growth
conditions in terms of growing temperature, nutrition
needs, and water requirements differ among species.
This diversity is defined by theDNAof each plant.

Each robotic root is then configured with its start-
ing ‘DNA’, which encodes information about the opti-
mal environmental conditions as target values to
reach. The interplay among tropisms is implemented
in the current algorithm through priorities associated
to each stimulus, which are expressed inDNA.

The bending direction is obtained by evaluating
each single tropism based on the stimulus acquired
from each sensor along the apex and combining each
tropism result with the appropriate weight given by
the priority.

This procedure results in the following equation:

= + + + ( )( ) ( ) ( ) ( ) ( )R S S S S , 8t T t t t G tHu To

whereR(t) is a three-dimensional vector resulting from
the stimulus at time t. The components of the vector
are the module or intensity, r, and the angles θ and j
which express the bending direction with respect to a
coordinate system integral to the tip (see figure 4(c)).
Summing R(t)with the current position in space of the
apex, we obtain the next position to reach in the
environment. Vector Si(t) (where i here and in the
following equations areT, temperature;Hu, humidity;
To, touch; and G, gravity) is the single stimulus vector
at time t, expressed in the same coordinate system. Si(t)
is obtained as follows:

= ( ) ( )( ) ( )S f RDNA, . 9i t i t

DNA is the configured DNA of the root, and vec-
tor Ri(t) is the result of the sensor measurement of the
ith stimulus. For each tropism, we obtain the indivi-
dual contribution Ri(t) in terms of module and angle in
the reference coordinate system (see also figure S3 in
supplementarymaterials).

2.6.1. Gravity

q = ( )
⎛
⎝⎜

⎞
⎠⎟tg

G

G
arc , 10G

y

x
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Gx, Gy, Gz are the measurements supplied by the
accelerometer; θG is the angle with respect to the x-axis
of the projection of the gravity vector on the x–y plane;
and jG is the angle between the tip direction and the
gravity vector. The intensity of the stimulus, rG, is

j= ( ) ( )r sin . 12G G
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T1, T2, T3 are the measurements supplied by the three
temperature sensors; αT1, αT2, αT3 are the angles at
which the respective temperature sensors are placed
with respect to the x-axis in the x–yplane;TK is an ideal
temperature, and the ‘distance’ of each sensor with
respect to this temperature is measured. The temper-
ature measurement vector is finally given by rT, the
module of the vector, and θT, the angle of the vector
with respect to the x-axis in the x–y plane. As the
temperature measurement vector is always in the x–y
plane, jT is always null (analogously to the humidity
and touchmeasurements).

2.6.3. Humidity

a a
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Hu1, Hu2, Hu3 are the measurements supplied by the
three humidity sensors; a ,Hu1

a ,Hu2
aHu3

are the angles
at which the respective humidity sensors are placed
with respect to the x-axes in the x–y plane. The
humidity measurement vector is finally given by rHu,
the module of the vector, and θHu, the angle of the
vector with respect to the x-axis in the x–y plane.

2.6.4. Touch

a a
a
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To1, To2, To3 are the measurements supplied by the
three lateral sensing elements of the tactile array; αTo1,
αTo2, αTo3 are the angles at which the respective
sensing elements are placed with respect to the x-axis
in the x–y plane. The touch measurement vector is
given by rTo, the module of the vector, and θTo, the
angle of the vector with respect to the x-axis in the x-y
plane.

After obtaining the sensor measurement vectors,
the value of each stimulus ri is normalised between 0
and 1 to obtain the new normalised module Mi as in
the following equation:

=

-

-
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where r
_

i
Th Low and ri

Th_High are respectively, the lower
and higher bound of the valid range for each stimulus,
expressed by DNA. Below the minimum value, the
stimulus is considered to be absent; above the max-
imum value, the stimulus is saturated, while in the
middle, the resultant value is considered to be linear.
The single stimulus vector Si is then the vector with
module Mi and directions defined by θi and ji in the
considered reference coordinate system. Finally, the
resulting combined stimuli vector R(t) is calculated as
the vector sum of the single stimulus as defined in
equation (5).

The proposed root control algorithm, inspired by
real plant root behaviours (tropisms), is based on a sti-
mulus-following approach. When a parameter gra-
dient is measured, the algorithm replies to the
resulting stimulus by bending in that (or the opposite)
direction. This response can also occur against gravity,
but because of the importance of gravity, when the two
forces compensate each other (become equal), the
bending is stopped. With this approach, the vector
resulting from all the stimuli (including gravity),
which gives the direction θ and the intensity of the diff-
erential growth r, are directly used to calculate the
motors speeds Spj (where subscript j can be 1, 2 or 3)
by applying the following formula:
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where Ki are the fixed priorities (configurable between
0 and 1 and s.t. å = )K 1i present in DNA, and
because Mi are normalised between 0 and 1, Spj will
also result in a value between 0 and 1 and can be used
as power percentages to drive the motors. Spj can also
be negative due to the reversibility of the linear
actuationmechanisms.

The speed of the actuator is indeed dependent on
the priorities assigned to the stimulus and on the
motor power. By varying priorities and/or motors we
can achieve different performance.

3. Experimental trials and results

To evaluate the bending capabilities of the soft
actuated artificial roots and the ability of the algorithm
to drive the actuation by emulating root behaviour, we
performed four set of experiments: one for each
integrated tropism. Each experiment had three differ-
ent priority values for a tropism. The protocol used to
evaluate the tropic responses from the artificial root
consists of the following steps:

(1)Configure the root with the appropriateDNA;

(2) Fix a starting position for the root;

(3)Run the algorithm and begin recording the sensor
output;

(4)Apply a stimulus to the root;

(5) Stop the run after the apex reaches a stable
position.

All experiments were performed with the root in air
(see also supplementarymaterials-video 1).

To evaluate the gravitropic response, the apex of
the root was initially oriented against gravity. This
starting position of the root was also used as the

stimulus for gravitropism. In DNA, only KG was
imposed as different from 0, while all the others were
equal to 0.

The starting position for hydrotropism, thermo-
tropism, and thigmotropism was fixed towards the
gravity vector; due to the essential role of gravity in
root behaviour (as previously reported), the priority of
gravity was never nullified in the experiments and
played an important role in the control algorithm. If
the gravity priority level changed, then the point of
balance between the stimuli changed and therefore
also the bending response changed.

To compare the results, we fixed the values of the
priorities at three different representative ratios (arbi-
trarily chosen) with values in between 0 and 1, as
follows:

(1)KG=0.5,Ki=0.5, with i≠G,

(2)KG=0.3,Ki=0.7, with i≠G,

(3)KG=0.7,Ki=0.3, with i≠G.

We made this choice to observe the differences in
reaching the point of balance giving equal,more or less
priority to one tropismwith respect to gravity.

To evaluate the hydrotropic response, the root was
stimulated with wetted soil in contact with one of the
three sensors integrated in the apex. For the thermo-
tropic response, we imposed the optimal growth
temperature value in DNA at 25 °C and used a source
of high temperature, specifically a soldering iron, in
proximity to the temperature sensor to modify the
environmental conditions. Finally, to evaluate the
thigmotropic response, we stimulated the root with an
obstacle placed under the apex extremity in contact
with one of the lateral sensing elements of the tactile
array. For each experiment, we acquired 100 sam-
plings of the sensors, within an average of 35 s (suffi-
cient for the system to reach equilibrium in each
condition) and recorded the sensor output to post-
process the bending response in correlation with the
sensor acquisition.

We examined the sensor acquisitions after the
experimental trials; the bending of the root in each
experiment is here presented in a polar graph, where
the radius represents the angle of the tip with respect
to the gravity vector (jG obtained in (8)) and the polar
angle is the direction of bending (θG obtained from
(7)). Both the radius and the angle are expressed in
degrees. Hence, each point represents the relative
position of the apex; points closer to the external cir-
cumference represent a tip position far from the grav-
ity vector, while points closer to the centre represent a
tip position close to the gravity vector. The movement
over time is expressed by a grey colour scale: darker
points represent initial positions, while lighter points
represent final positions of the apex.
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Figure 5.Dots in the polar plots represent the position of the apexwith respect to its integral coordinate system. The inset shows the
position of a general point in polar graph as a function of the experimental angles: in particular the polar plots express as radius the
inclination angle with respect to the gravity (jG) and as polar angles the angle with respect to the x-axis (θG). Grey level of dots is a
function of experimental time, as reported in the colour bar under each circular graph. If the apex is alignedwith the gravity the
graphwould show a dot in the reference point (0, 0). (a)Polar plot of the accelerometer output for a rootwith an initial inclination of
approximately 30°. (b)Polar plot of the accelerometer output for a root under thermo-stimulation of sensorT3 (bottom) and relative
sensor output plot during the experimentation period (top). (c)Polar plot of the accelerometer output for a root under hydro-
stimulation of sensorHu2 (bottom) and relative sensor output plot during the experimentation period (top). (d)Polar plot of the
accelerometer output for a root under obstacle-stimulation of touch sensing element To3 (bottom) and relative sensing element
output plot during the experimentation period (top). As reference, coloured circles report the position of the selected sensorswith
respect to the orientation of the polar graph.
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In each experiment the sensorized root apex
(figure 4(b)) is originally aligned with the driving unit,
but after the stimulation we could observe the devia-
tion induced in the bending region characterised by
SSBAs.

3.1. Gravitropism
To test the gravitropism, we placed the entire root at
different inclinations and different directions with
respect to its coordinate system. In each test, we
obtained a bending of the apex towards the gravity
vector.

From the graph reported in figure 5(a), it is possi-
ble to deduce the movement from the starting inclina-
tion, approximately 30°, toward the centre to align the
apex with the gravity vector. The task is performed by
the apex in a period less than 10 s. The attraction to
gravity is expressed in DNA with the maximum prior-
ity and is the only attraction inR(t).

When decreasing the priority level of gravity in
DNA, we obtained the same behaviour actuated with
different speeds (lower priority, lower speed).

3.2. Thermotropism
We performed the thermotropism test on each
embedded sensor obtaining analogous results: a bend-
ing away from the stimulus due to the high temper-
ature imposed.

Figure 5(b) shows the results obtained during the
stimulation for sensor T3, which is placed at 330°. The
priorities given to the tropisms are KG=0.3,
KT=0.7. The figure shows the correlation between
the bending obtained and the data acquired from the
temperature sensors: without high variation among
the three sensors acquisition, the tip does not move
from its position, but when there is a variation (after
approximately 15 s), the root starts to move in the
direction along the circumference with the lower dis-
tance between the temperature acquired and the opti-
mal value defined inDNA.

3.3.Hydrotropism
As for thermotropism, we performed the hydrotrop-
ism test on each sensor integrated in the apex. In the
case of hydrotropism, we obtained a bending towards
the highest concentration of water detected.

Figure 5(c) shows the results obtained by stimulat-
ingmostly the sensor Hu2 and assigningKG=0.3 and
KHu=0.7: when there is an increase in water at 130°,
the apex begins to adjust its bending in the direction of
the resultant stimulus. Due to the low resistivity of the
humidity sensors (approximately 5–600 Ω) and the
conditioning circuit based on shunt resistors, with the
relatively high resistance of 3.3 KΩ to avoid sensor
overheating, the measure is digitally mediated using a
moving average filter of 3.5 s width to minimise the
noise effect. Moreover, to further decrease the heating
of the sensors, the voltage to the reading circuit was
applied only during the measurement (3 ms per
second).

3.4. Thigmotropism
In the case of thigmotropism, we also stimulated the
three lateral sensing elements, and we observed the
negative response of the tropism implemented in the
root as obstacle avoidance through bending in the
opposite direction from the stimulus. In the example
reported in figure 5(d), it is possible to observe the
bending of the tip away from 330°, where the
stimulated sensor was located (To3), while the obstacle
is present; figure 5(d) (top part) shows the sensor
response to the obstacle. The priorities assigned in
DNA for this experiment areKG=0.3,KTo=0.7.

Assigning different priorities to the tropisms, we
obtained different bending angles at the end of the
experiments. The results are reported in table 2.When
gravity has low priority (i.e. the attraction for gravity is
reduced), a bending degree is higher than in the case of
high priority, and the root follows the other stimuli.
We would in fact need an extremely high stimulus
against gravity to obtain a bigger bending angle. From
the resulting behaviour, we can assert the importance
of gravity in the balance of the system.

4. Conclusions

This paper presents the first robot prototype inspired
by plants and, in particular, by themovements, sensing
capabilities, and behaviours of their roots.

This robot, named Plantoid, integrates artificial
roots able to respond to environmental conditions and
stimuli, performing bending movements and obstacle
avoidance response. Each robotic root integrates three
SSBAs, which imitate the differential bending cap-
ability of plant roots through the differential elonga-
tion of the actuators, obtained by the direct assembly
of helical springs on the shafts ofDC gear-motors.

Each robotic root apex embeds a matrix of com-
mercial gravity and temperature sensors and innova-
tive sensors for touch and humidity, ad hoc
customised for the specific robotic root application.
The intrinsic flexibility of our tactile sensing arrays
allowed us to shape them on the surface of the apex,
while the high sensitivity of our humidity sensors

Table 2.Bending angle variationswith
temperature, humidity and obstacle stimuli
combinedwith gravity at different priority
values.

Bending angles obtained after sti-

mulation combinedwith gravity

KG Thermo Hydro Obstacle

0.3 44.39° 34.75° 30.58°
0.5 33.81° 15.66° 14.42°
0.7 18.94° 5.45° 5.96°
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provides reliable measures without direct contact with
soil, addressing challenges involving soil quality and
compactness. The combination of the sensors and a
root-inspired behaviour algorithm allowed the robotic
roots to move and follow external stimuli in air. The
modularity of the electronics and of the developed
control allows a direct porting to the next generation
of roots, where growing and bending capabilities will
be integrated as unified solution suitable for penetra-
tion tasks. We performed several tests to show the
robot capabilities in imitating the tropic behaviour of
plant roots (i.e., gravitropism, hydrotropism, thigmo-
tropism, and thermotropism) with different priority
settings of the stimulus.

The proposed robot integrates different plant-
inspired technologies and strategies that are innova-
tive in the robotics field. The development of new sen-
sors based on soft materials, as well as distributed
control and robotic architectures, open new scenarios
in the soft robotics context. We validated the root-
inspired behaviour algorithm through the embedded
sensing capabilities using the robotic system as a test
platform. In the long termperspective, several applica-
tions can be envisaged for our plant-inspired technol-
ogies, including soil monitoring and exploration for
contamination ormineral deposits—whether on earth
or other planets, as well as in rescue, where the use of
an autonomous non-invasive robot can be beneficial,
and in agriculture.
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