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Abstract

Robots for space applications require a level of autonomy while operating in highly unstructured envi-
ronments that current control architectures cannot manage successfully. We investigated including pre-
developed insect brain tissue into the control architecture of space exploratory vehicles. A doubly hybrid
controller is proposed that hinges around the ‘insect-in-a-cockpit’ concept towards an evolution of the clas-
sical deliberative/reactive paradigm, featuring a biological (insect brain) high-level deliberative module
coupled with low-level reactive behaviors embedded in a robot. The proposed concept, its design method-
ology and functional description of the submodules are presented, along with a preliminary feasibility
assessment mainly derived from an in-depth review of the state of the art.
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1. Introduction

Facing the challenges of autonomous space exploration, the range of future au-
tomated mission vehicles strongly correlates with the capability of the controller
to successfully integrate a whole range of decision capabilities. Nowadays, work-
ing devices reproduce a range of isolated components of complex behaviors, such
as flight stabilization, obstacle avoidance, altitude control, directional control and
landmark recognition [1-3]. However, some tasks, such as navigation without drift
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towards a distant goal, reaction to unexpected perturbations, memorization of new
experiences and learning of new strategies, require a level of complexity that current
control architectures are still far from being able to successfully manage.

Fundamental analogies exist between the behaviors that insects exhibit and the
basic skills that one would expect from autonomous robots in space. Insects such as
bees, ants and cockroaches have become particularly appealing models for investi-
gation in the context of biomimetic robotics since they have optimized navigational
mechanisms in terms of simplicity and robustness [4, 5]. In this context, the use of
insect intelligence could create an intermediate type of mission bridging between
purely robotic and human controlled missions.

This paper presents the conceptualization and the design methodology of a dou-
bly hybrid controller that includes a living insect in a cockpit. The insect intelli-
gence controls the robotic platform when decision making and/or cognition (i.e.,
reasoning) are required. The interfacing between the insect and the robotic plat-
form can be accomplished by means of natural and neural interfaces. Well beyond
biomimetics, insect/machine hybrid systems represent a new challenging approach
merging biomimetics, neurophysiology, ethology and microengineering.

Given the inherent technological challenges, some simplifying assumptions are
required in this study so as to address the most challenging goals from the strict
robotics research viewpoint:

(i) We focus on the use of pre-developed living tissue and do not consider in vitro
development of biological neuronal networks, since we want to profit from the
highly elaborate behaviors observed in living animals.

(i) We assume that it is feasible to keep alive and functional the animal brain
tissue (or the whole insect) for a period of time appropriate for space missions.

(iii)) The robotic platform can be designed according to good practice taught by
biomimetics. In particular, we will not consider any specific control issues that
can be already solved with a smart (e.g., biomimetic) state-of-the-art design.

In order to reach our design goal, an interdisciplinary approach has been followed
which moved from an in-depth review at the intersection of insect-inspired robotics,
insect behaviors and insect/robot interfacing to end up with a detailed proposal of
the novel hybrid control architecture, as reported in the following sections of this

paper.

2. Biomimetics Versus Biology: Towards Hybridity
2.1. Insect-Inspired Robotics

The biologically inspired approach to the design of robotic agents intends to refer
to natural evolution of species as an endless source of design solutions, which are
optimized for a given ecological niche. Although the focus of traditional biologi-
cally inspired robotics has been mainly on neural modeling for mimicking animal
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behaviors, recent developments in the field have centred on the concepts of embod-
iment, which is the reciprocal and dynamic coupling between the brain, body and
environment [6]. This approach has led to the development of new robotic agents
that are more suitable for dealing with the real world and perform successfully in
uncertain conditions. In recent years, many robotics laboratories have worked on
the design of bio-inspired agents trying to put in practice these design principles,
so that a wide collection of animal-like robots can be reported at the present time.
We will mainly focus in the following on robotic solutions concerning bio-inspired
locomotion.

In recent years, research effort has been devoted to the development of
cockroach-inspired walking and running hexapod robots [7, 8] with robust self-
stabilization intrinsic capabilities that allow locomotion even on irregular terrain.
This is achieved by exploiting the dynamic coupling between the legs and the
ground, which enormously simplifies the control.

The capabilities of adaptation to different terrains have also been demonstrated
in snake-like robots, by varying either ground friction [9] or slope [10].

Furthermore, flying microrobots inspired by flies have been designed [11, 12].
These robots can generate the necessary high-dimensional wing trajectories by a
smart, bio-inspired design of wings kinematics and passive dynamic properties,
thus simplifying the number of actuators required to accomplish the task of flapping
flight. The beneficial generation of multiple degrees of freedom (d.o.f.) trajecto-
ries with a single d.o.f. of actuation has been also achieved in a fish robot called
Wanda [13]. In this realization the unbalanced buoyancy of the structure is ex-
ploited to map, through the dynamic interaction with the environment, the wiggling
frequency, amplitude and waveform of the tail with the speed, attitude and heading
direction of the robot, respectively.

The case of underwater walking has been investigated for developing a robot
inspired on the American lobster [14]; such a system reproduces many salient prop-
erties of lobster locomotion, ranging from the ability to adapt to a complex variety
of bottom types to the ability to perform ‘tactile’ navigation through flow and con-
tact sensors.

A very interesting feature of the locomotion of some animal forms is the gait
transition capability, which allows energy optimization and adaptation to different
types of environments. Gait transition is also very interesting from the perspec-
tive of highlighting the underlying neural mechanisms at its base. As an example,
the transition from swimming to walking of salamanders is of great relevance
for studying vertebrate evolution through the analysis of spinal locomotor circuits
[15]. A model simulating a central pattern generator has been implemented in a
salamander-like amphibious robot [16] as a system of coupled non-linear oscilla-
tors, which receives a simple high-level command signal as input, triggering and
modulating the transition among swimming, serpentine crawling and walking.
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Another very interesting feature well addressed by bio-inspired robotics is climb-
ing on vertical surfaces [17, 18], which has been obtained in robotic agents by using
a micropatterned fibrillar dry adhesive inspired by the gecko’s foot morphology.

These examples show that a bio-inspired design approach can improve the loco-
motive performances of mobile robots in terms of maneuverability and adaptation
to uncertain situations. Higher-level tasks like navigation in unknown environments
[1], social behaviors and division of labour [19, 20], which require some abstraction
and decision making, have also been addressed in autonomous mobile robots with
a bio-inspired approach.

The results obtained by research in this field are promising from the perspective
of improving the capabilities of autonomous robots in uncertain conditions. Despite
that, reproducing a global animal behavior in a mobile robot through a bio-inspired
design is still far from being successful. For this purpose, we consider the option of
interfacing the robot with a pre-developed intelligence worth being pursued, from
the perspective of exploiting the basic insect cognition abilities to directly imple-
ment deliberative functionality in a robotic artefact.

2.2. Main Features of Insect Behaviors

The addition of a pre-developed intelligence can improve robot performances for
complex high-level task management. Among several animal species, fundamental
analogies exist between the behaviors that insects exhibit and the basic skills that
we would expect from autonomous robots in space.

In recent years, several studies have demonstrated that the insect neuronal sys-
tem is capable of dealing flexibly and adaptively with a wide range of ecologically
relevant problems; the possibility of a central integration that horizontally com-
bines different domain-specific modules to form new behaviors and new solutions
has also been considered [21, 22]. Two areas of the insect brain are commonly as-
sociated with multi-sensory convergence: the mushroom bodies (MB), which play
a major role during spatio-temporal sensory processing and learning [23], and the
central complex (CX), which is involved in (pre-)motor processing, higher locomo-
tion control, including initiation and modulation of behavior, goal-directed motion
and path integration [24]. In most insect species, e.g., bees and ants, the compass
direction can be gained from celestial cues (allothetic cues), while different ap-
proaches are used for distance estimation, e.g., bees record optic flow, while ants
and cockroaches mainly use proprioceptive information (idiothetic cues) [25]. In
consequence, data from different sensors need to be integrated sense-fully in the
brain in order to acquire the desired vector information. For the ‘insect-in-a-cockpit’
scenario, which will be presented in detail in Section 3, we considered honeybees
to be the most suitable species, since their odometer works via visual cues and it
is well characterized [26]. Moreover, honeybees have unique cognitive capabilities
and their nervous system is easily accessible [21, 22].
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2.3. Current Approaches Towards Hybridity

Current approaches towards hybridity are presented with a twofold aim. On one
side, we aim to better underline the novelty aspects of the different proposed ap-
proaches; on the other, we review the state of the art in order to establish what is
already feasible and what will likely be feasible in the near future.

There are several different technological possibilities to interface living tissue
with robots. The first choice is between non-invasive cockpit-like interfaces, where
the intact animal’s sensors are confronted with natural stimuli, and invasive inter-
faces. The invasive technique allows choosing between neural interfaces, in which
information is transmitted through neurons, or non-neural approaches (e.g., through
muscle stimulating/recording electromyography electrodes). Non-neural interfac-
ing is a more practical approach compared to neural interfacing, but it presents some
drawbacks. The amount of information that can be transferred via a non-neural in-
terface is lower and this may hinder the detection of complex behaviors. Moreover,
the electric current intensity required to directly stimulate a muscle is about 10-fold
higher than that needed to stimulate the nerve to obtain the same movement (1 mA
to 100 pA) [27].

Neural interfaces roughly divide into three groups: electrodes stimulate and mon-
itors (i) cultured neurons, (ii) a pre-grown brain tissue removed from the rest of the
body or (iii) a brain tissue still connected to the body. Neuronal cultures have been
grown in two- and three-dimensional architectures, and have demonstrated aston-
ishing performance [28, 29]; however, it remains questionable if they will become
capable of resolving high-level control issues, since their random arrangement does
not correspond to any anatomical substrate for any complex function requiring in-
teraction with the external environment.

The possibility to use brain—computer interfaces (BCIs) with insects is a very
promising field to investigate. One of the main challenges of invasive brain—
machine interfacing lies in the surgical procedure and all issues related to it, such as
mechanical and electrical stability of the interface along the time of implantation.

Currently, one of the most favored techniques for neural interfaces in insect BCIs
uses flexible polymer-based multi-electrodes arrays. They can be bent around a
nerve or around an insect appendage, enabling multi-unit recording and stimula-
tion without inhibiting the animal’s locomotion [30]. In the last decade, integrated
circuitry and micro-fabrication technologies have led to a drastic reduction of size,
allowing the development of systems including a neural probe, battery and micro-
controller weighing less than 500 mg, which can be implanted in cockroaches [31].

As it relates to natural interfaces, which are widely used in insect neuroethology
research, programmable visual arenas allow reproducing optic flow to the insect
[32], while force sensors [33] and magnetic coils [34] facilitate recording of motor
responses to presented stimuli.

At the current state of the art, there are only a few reports on bidirectional insect—
robot interfacing: the cockroach robot [35] and the moth robot [36]. The cockroach
robot, implemented at Irvine University, has a bidirectional natural interface con-
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sisting of eight distance proximity sensors, LED panels and a modified trackball.
The setup executes motor commands as decoded from movements of an insect posi-
tioned on the trackball; environmental sensory data are acquired through proximity
sensors and encoded into a light stimulus presented to the cockroach. The system
is limited to fleeting behavior (one of the few behaviors bypassing the CX), which
is simply triggered by the very predictable stimulus—response reflexes. Therefore,
the hybrid system does not exploit the high-level autonomous behaviors, such as
navigation and exploration, afforded by the insect’s brain.

The moth robot displays a combination of both natural and neural interfacing. It
was developed at the University of Arizona. In this system, both natural and neural
interfaces are implemented; the former through a continuous optic flow provided
by a 14-inch (35.6 cm) high revolving wall painted with vertical stripes, the latter
by recording the electrical activity of visual motion neurons. In order to implement
this approach, the moth is immobilized inside a plastic tube mounted on a wheeled
robot. The robot itself can turn left or right, according to neural signals translated by
a computer. The system can be useful to characterize visual motion detection neu-
rons, but it is not reported if a closed-loop sensing and action behavior is achieved.

The reported examples demonstrate the technological feasibility of insect/
machine neural and natural interfacing. Considering the present level of knowledge
about neural interfaces in insects, it does not appear possible to transfer all supe-
rior control functions from the machine to the insect, especially when connected
through a neural interface exclusively. Thus, we followed the approach of combin-
ing neural and natural interfaces in order to achieve multi-modal communication,
and hence a redundancy of information exchange.

3. Doubly Hybrid Controller
3.1. Proposed Hybrid Control Architecture

As far as hybrid insect/machine control architectures are concerned, we propose to
set the degree of hybridity as a trade-off between low-level and high-level behav-
iors. Given the whole set of desirable behaviors of an autonomous robotic platform,
we classified as ‘high-level’ those behaviors requiring decision-making and/or cog-
nitive capabilities (e.g., path planning), whilst all the remaining behaviors (e.g.,
obstacle avoidance) will be considered as ‘low-level’. In practice, low-level be-
haviors will be those that can be carried out by state-of-the-art robotic platforms
without an active involvement of the insect. Since extraterrestrial missions do not
usually require fast reactions, several approaches are pursuable in order to have the
robot perform the necessary low-level behaviors.

For space applications, we are mainly interested in navigation and exploration
tasks with compensating reactions towards unexpected perturbations. An imaginary
scenario would include a hybrid controlled exploratory rover navigating through
various landscapes and returning to a fixed relay station on a regular basis. The
operating environment, hence, is in principle very different from the natural en-
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vironment where an insect may live. The inputs from the environment have to be
translated into nature-analog signals before being provided to the insect. This is
definitely a critical step towards the exploitation of pre-developed biological intel-
ligence. The next section will describe how this can be achieved.

According to these assumptions and starting from fundamental control architec-
ture paradigms [35, 36], a novel doubly hybrid control architecture, including both
biological/artificial modules and deliberative/reactive behaviors, has been hypoth-
esized [39]. The architecture proposed here comprises four functional modules:
(i) the sensor modules, (ii) the hybrid controller (HC), (iii) the adaptor and (iv) the
underlying mechatronic system (UMS). Figure 1 shows the schematic of a robotic
platform including the proposed doubly hybrid controller and its submodules.

The sensor modules consist of both the low-level sensors and embiotic (from
Greek prefix ‘em-" meaning ‘in, into’ and ‘biotic’ meaning ‘pertaining to life’) sen-
sors. The low-level sensors are included in the UMS (e.g., proximity sensors, iner-
tial modules, wheel/leg encoders and wheel/leg slide sensors for self-stabilization).
The embiotic sensors complement the set of UMS sensors and may include vi-
sion systems, temperature sensors, light polarization sensors, etc., according to
the selected insect and the navigation/exploration tasks. The neologism ‘embiotic’
highlights that these sensors mainly pertain to the insect perceptual capabilities and
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Figure 2. Insect-in a-cockpit concept.

are used to provide the necessary inputs to the insect for the implementation of
those high-level tasks, that can be accomplished when the insect intelligence acts
through the hybrid controller.

The hybrid controller is composed of the mapping modules (sensory and mo-
tor), the interfacing modules (neural and natural) and the cockpit. The sensory and
motor mapping modules are the core elements of the proposed architecture and
are detailed in Section 3.2. In particular, our main interest is to exploit insect pre-
developed skills to tackle high-level tasks by a proper mapping that gives inputs as
natural-like as possible.

The mapped stimuli from a new environment (e.g., the Martian soil) are received
from the insect tethered in the cockpit both via natural and neural interfaces. For
example, the tethered insect may receive input stimuli via LED panels and via im-
planted electrodes, while the triggered motor responses can be detected by using
different types of sensors, such as force sensors and EMG electrodes. A simplified
representation of the ‘insect-in-a-cockpit’ concept is shown in Fig. 2.

The insect’s motor commands are processed by an adaptor module, which gives
input to the low-level controller of the UMS. The adaptor enhances the HC interop-
erability with different hardware platforms (UMSs): since it is the only module that
directly transmits data from the HC to the UMS, the HC can be used with different
UMSs, tailored to the specific application scenario, by only changing the adaptor
module.

Finally, the UMS includes:

e Proprioception sensors used for information related to the robot internal state
(in particular, sensors for energy and failure monitoring).
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e Low-level sensors used to implement low-level behaviors (e.g., locomotion).

e A low-level controller that properly weights inputs from sensor modules, pro-
prioceptors and the adaptor, thus allowing the correct driving of the robotic
platform.

From a design methodological perspective, some basic steps have been sys-
tematized for guiding the development of a doubly hybrid controller for a robotic
system. First, the specific task of interest has to be selected. The second step con-
sists in choosing the most appropriate insect species that can be identified by means
of a table that scores:

The ability of the insect to respond to allothetic cues.

e The feasibility of triggering an insect response by means of natural interfaces.

Insect’s cognitive capabilities.

Technological feasibility of neural interfaces.

Once the choice of the insect is made, it is necessary to define the level of hybrid-
ity (third step), i.e., for a given task it should be decided which high-level behaviors
should be implemented by the insect and which ones (low-level behaviors) should
be allocated to the UMS. In the case that the hybrid controller has to be implemented
starting from a specific existing robot, the degree of hybridity can be derived only
following an attentive analysis of its actual capabilities.

The fourth step consists in choosing which signals should be conveyed to the
neural stimulation path and which to the natural stimulation path.

As a fifth step, the selection of the UMS has to be accomplished (only if an exist-
ing specific system was not already selected a priori). This choice basically depends
on the available state-of-the-art robotic technologies. As an example, when consid-
ering navigation and exploration tasks, locomotion (either wheeled or legged) on
rough terrains is reliably achieved by state-of-the-art robots. Proper vehicles have
been specifically designed to cope with the nature of the Martian soil, e.g., asper-
ities, presence of sand/dust, local gravity and radiation [2, 40]. These are ‘details’
that the insect should not get involved with. Note that more than one choice might
actually be available to the designer.

Finally, the sixth step consists in the submodule design.

3.2. Sensory and Motor Mapping

The dynamics of complex behaviors such as navigation or exploration can be con-
sidered a product of more basic behavioral elements, i.e., attraction and repellence,
in relation to specific features of the environment. Attractors could be rendered with
food sources, the nest or a prey, while repellers could be represented by predators
and obstacles.

Navigation and exploration skills rely on the ability of insects to create internal
maps of the environment. As part of the environment, both attractors and repellers
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Table 1.
Elementary behaviors and their triggers in exploration/navigation
tasks differentiated by the predictability of the trigger’s position

Attractor behavior Repeller behavior
(trigger) (trigger)
Static pursuit (nest) avoidance (obstacle)
Dynamic hunting (prey) fleeting (predator)

need to be taken into account in the mapping process and, therefore, can be classi-
fied as static, if their position is fixed with respect to the map, or dynamic, if their
position within the map varies with time. For example, the nest can be considered
as a static attractor, while a prey would be a dynamic one. Similarly, an obstacle
such as a big rock would be a static repeller, while a predator would represent a
dynamic one. These behaviors are schematized in Table 1.

Each input resulting from embiotic sensors is then presented to the animal fol-
lowing the scheme of Table 1. Although each single behavior per se might be
considered as a reflex, simply triggered by the presence of the repeller or of the
attractor, the simultaneous presentation of competing sensory cues would elicit a
‘decision-making’ process of the insect. From this perspective, multi-modal sen-
sory inputs are more likely to elicit the higher level and autonomous behaviors.

In addition to the external stimuli representing the environment to the animal,
internal stimuli, e.g., metabolic needs, may also have an influence on decisions to
be taken. As an example, these needs can be used to trigger through olfactory cues
the insect behavior of navigation towards a nest, which can be mapped into the robot
task of routing towards a recharge site. In such a scenario, schematized in Table 2,
olfactory cues can be combined with visual cues (optic flow and polarization cues)
to provide the insect with the information concerning heading and distance towards
the virtual nest. Simultaneously, repellers occurring in the external environment can
be presented visually to the insect, allowing the elicitation of avoidance or fleeting
behaviors. The insect’s torso, head and wing movements are measured and mapped
into motor commands to robot actuators, which generate locomotion in the direction
suggested by the insect. When the robot reaches the recharge site, the insect can be
rewarded with real food.

Moreover, typical features of insect navigation such as the use of landmarks or
visual route learning can be exploited to extend autonomy by, for example, remov-
ing typical drift errors occurring in robotic platforms without external reference
systems.

The flow of information to and from the insect occurs via a combination of both
natural and neural interfaces in order to achieve both redundancy and robustness.
The communication established has to assure enough stability and bandwidth to
allow correctly driving the robot.
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Table 2.
Schematization of navigation towards the nest

Information from Sensory mapping Insect behavior Motor mapping
the environment

Location of the primitive needs (food in the navigation towards  scheduling activities
recharge site nest) are presented to the the ‘nest’ is related to energy level
insect by means of olfactory triggered of the robotic platform
cues in the cockpit
Presence of the environment is reproduced  torso/head/wing robot actuators are
attractors/repellers  to the insect by means of movements are driven following insect
optic flow and polarization generated towards ~ movements; the robot
cues the virtual nest, explores the
avoiding repellers  environment and
in the real world creates a map
Arrival at the the insect is rewarded with the insect feeds the robot is recharged
recharge site water/food itself

4. Conclusions

The success of automated mission vehicles strongly correlates with the capability
of the control architecture to successfully integrate a whole range of decision para-
meters. The addition of pre-developed insect intelligence in robotic platforms could
create an intermediate type of mission bridging between purely robotic and human
controlled missions. In this context we investigated how to integrate ‘insect intelli-
gence’ into the control architecture of a hypothetical exploratory vehicle including
the modalities to exploit the full potential of insect intelligence.

The architecture presented here delegates higher level behaviors, such as deci-
sion making and planning, to the insect, while low-level tasks are executed by the
robotic platform. Its double hybridity, i.e., biological/artificial as well as delibera-
tive/reactive, allows for managing concurrent behaviors such as accurate goal nav-
igation and drifting compensation in parallel. The metaphor of the proposed inter-
face is a cockpit, where the tethered insect receives both natural and neural stimuli.

Sensory-motor mapping is conceptualized in order to match the pre-developed
navigation and exploration skills of the insect with the operating environment. An
adaptor module is proposed to process the insect motor response and to give proper
inputs to the low-level controller of the robotic platform, thus enhancing the hybrid
controller properties in terms of interoperability with different hardware platforms
(UMSs).

Even though much work is required for the development and validation of the
proposed control architecture (e.g., design and fabrication of the ‘cockpit’ and of the
neural bidirectional interface; definition of a suitable performance/benchmarking
metrics in order to assess the achieved performance and compare it to that of state-
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of-the-art autonomous agents), the discussed concepts represent a first step for the
integration of ‘pre-developed intelligence’ in space robots.
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