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Abstract

Sensor morphology, the morphology of a sensing mechanism which plays a role of
increasing the desired response from physical stimuli from surroundings to generate
signals usable as sensory information, is one of the key common aspects of sensing
processes. This paper presents a structured review of researches on bio-inspired
sensor morphology implemented in robotic systems, and discusses the fundamental
design principles. Based on literature review, we propose two key arguments: First,
due to its synthetic nature, biologically inspired robotics approach is a unique and
powerful methodology to understand the role of sensor morphology and how it can
evolve and adapt to its task-environment. Second, a consideration of an integrative
view of perception by looking into multi-disciplinary and overarching mechanisms of
sensor morphology adaptation across biology and engineering enables us to extract
relevant design principles that are important to extend our understanding of the
unfinished concepts in sensing and perception.
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integrative view, machine perception

1. Introduction

Despite the rapid technological progress in sensor devices, machine perception is
still regarded as one of the major challenges in robotics and information
engineering: autonomous vehicles are, for example, still not able to visually identify
objects in cluttered and dynamic environment as reliable as biological systems;
robotic manipulators are not capable of discriminating subtle differences of objects
as precisely as human hands; and robots are unable to perceive the subtle motions
of fluids while swimming and flying for efficient and agile maneuvers. While robotics
engineers have been attempting to replicate the robust and adaptive capabilities of
biological sensing systemes, it is not trivial due to the fundamental differences in the
"making" of physical bodies.

In all of these situations for which perception is a key challenge, a common theme is
the sensor morphology for a specific sensing process. The importance of morphology
has been recognized in several research areas, such as biology [83-87], cognitive
science [70, 97] as well as machine perception, which is the focus of this review. The
term 'morphology' can be defined as the form and structure of an organism or any of



its constituent parts [96], specifically it can be described by its geometrical and
material properties. In biology, the term sensor morphology is defined as the
morphology of an organism at the sensor level, with a variation in sensor
morphology affecting the physiological and ecological performance of the biological
being [83]. Sensor ecology is a sub-discipline of biology that focuses on the general
principle of how organisms capture information from their environment, and the
sensory systems involved in doing so [103-104]. This paper specifically focuses on
sensor morphology, biological examples of which include: the structural variations of
hair receptors in crickets, the viscoelastic properties of human tympanic membrane,
as well as the two-dimensional shape and three-dimensional position and
orientation of rat's whiskers [83-87]. It was also emphasized that in any sensory
modalities, sensor morphology involves in converting and shaping physical stimuli
from surroundings to signals usable by the nervous system as sensory information
[86].

Although there are many examples in nature, the issue of sensor morphology is still
a scientific challenge because the sensor must be integrated into a system. Sensing
processes of an organism occur not only in the receptor cells that convert physical
stimuli into electric signals, but the physical stimuli can be already significantly
shaped before reaching to the nervous system. Physical stimuli can be, for example
structured by the locations of the sensory receptors in the physical bodies
(depending on the locations of receptors in animals' bodies, the stimuli given to the
receptors are very different [70, 97]). Similarly, physical stimuli are also dependent
on active motions and sensory-motor control of organisms such as animals or
humans. When determining the roughness of a table top, for example, the sensation
in our finger tips is dependent on the speed of the finger rubbing on the surface. And
obviously, as also explained further in Section 3.2.1, the speed of the finger is also
depending on the mechanical properties of the finger such as elasticity, tackiness,
and size of the fingertip. All of these mechanical properties are important to
understand how humans or animals perceive the world and establish meaningful
inferences from the sensory signals. Therefore the problems of sensing and
perception cannot be reduced down to a single mechanism which is part of a larger
organism, but must be constructed with as an integral part of the system. This
integrative view has also been proposed for studying the general principles of
animals locomotion [95], where it is important not only to understand how each
component within a larger system operates but how they function as a whole.

In this context, biologically inspired robotics is a unique and powerful methodology
which can take this far more integrated approach. Bio-inspired robotics typically
investigates a target behavior in biological systems by extracting and formulating
mechanisms that could be replicated in engineered systems. This formulation
process is particularly important as it leads to abstract principles, and often they
result in integrative views. It has been discussed, that direct replication of biological
systems is not necessarily advantageous, but an adequate level of abstraction can be
used to provide meaningful inspiration or development of models [92]. Similarly, it
was also argued that abstraction of design principles in biological systems depends
on research objectives, and the synthetic approach (including the use of physical



robots in the biological research) provides necessary components in our
comprehensive understanding of the nature [93]. These aspects of the use of robots
in biological science should not be underestimated because it is necessary not only
to obtain the aspects of biological systems that cannot be understood otherwise, but
also to transfer some of the biological knowledge to engineering for developing
innovative practical applications [3, 78].

From this perspective, the goals of this article are to provide a structured review
about the recent bio-inspired robotics researches on sensor morphology, and discuss
the underlying design principles we learned from them. By classifying the recent
works, this review particularly focuses on the following four principles sensor
morphology that leads to an integrative nature of biological sensing processes from
bio-inspired robotics perspective. First, sensor morphology provides physical
conversion, filtering, and amplification of stimuli for reliable and precise sensing.
Second, the bio-inspired robotics research showed that the integration of sensing
and motion control is the basis to understand sensing and sensor morphology in
general. Third, the sensing processes need to be investigated in the context of
embodiment of the target organisms at large, especially mechanical dynamics. And
fourth, to cope with all these principles above, it is necessary to consider adaptation
and optimization processes over multiple timescales. The next section will explain
the principles in more detail. More specifically, section 2.1 will firstly give a general
overview of the relevant research landscape, while section 2.2 will explain how the
principles are exploited or investigated by using biologically inspired robotic systems.

Furthermore, we also extend our discussion toward a recent research trend about
the adaptation of sensor morphology. Because of the recent rapid progress in
robotics technologies, we are now able to investigate various aspects of sensor
morphology, including the impact of adaptation of sensor morphology in a
systematic manner. By introducing two recent case studies, we explain the state-of-
the-art of researches on adaptive sensor morphology, and discuss challenges and
perspective based on them.

2. Review of bio-inspired sensor morphologies

Many bio-inspired robotics projects can be regarded as sensor morphology research
as every platform has well-thought morphological design which incorporate sensors
in particular morphologies aiming to replicate biological systems. There is substantial
work undertaken in this area [1-3, 69, 108-109] which provides a full overview of the
field and includes discussions on the integrative nature of biological sensing process
from biological and cognitive science perspective. The goal of this section, in
contrast, is to provide a review of more recent sensor morphology research with a
particular focus on the integrative design philosophy from bio-inspired robotics
perspective.

2.1 The research landscape



Table 1 summarizes the landscape of recent research on sensor morphology. The
main body of previous literature on bio-inspired robotics research focusing on sensor
morphology can be classified by the following nine aspects. Let us first briefly
overview the landscape of research, based on which we will discuss more abstract
design principles in the next subsection.

The first important aspect is the sensory modality, i.e. the type of the sensed
physical phenomenon, such as visual (light) [4-25] somatosensory (touch and
perception) [26-46] auditory (hearing) [47-48], and even electric [49-53] or magnetic
field [54-55]. Some researches also investigated sensor morphology of multimodal
systems, where a combination of multiple sensors is used, each sensing a different
physical phenomenon [56-60].

The second aspect is the sensory receptor types used by the systems, e.g.
elementary motion detector (EMDs) for visual modality [4-8] or artificial whiskers
based on a capacitor microphone with glued natural hair for touch modality [30-32].

Third, it is also important to notice that there are multiple definitions of sensor
morphology. Sensor morphology could be defined as the number of receptors,
spatial resolutions, angular orientation and acceptance angle of artificial facettes
forming a compound eye [9-10], distribution of artificial whiskers [26-29] or number
and types among distance, touch and proprioception sensor in simulation setting
[60].

The fourth and fifth aspects are the relevant design goal and methodology, such as
how sensor morphology can maximize sensitivity, and what is the methodology to
design a particular sensor morphology (e.g. by imitating the morphology of specific
biological system such as Crayfish [35, 66]).

The sixth aspect specifies target biological system in the research. Many previous
publications focus on specific biological systems to investigate, while others do not.
For example, a number of research relies on evolutionary algorithm to co-optimize
sensor morphology and motion control [13,24], or on strain vectors in order to
maximize sensitivity in sensing particular motions commonly performed by biological
systems with soft and compliant body [38,39].

Seventh, it is also important to notice the aspect of "co-optimization between
sensory morphology and motor control”, which plays an important role to
understand the integrative nature of the issue. Here we specifically consider
whether the parameters related to motion control and sensor morphology are being
tuned simultaneously, e.g. by using evolutionary algorithm [13], in the designed
artificial system [13,24]. A counter example of co-optimization could be a biomimetic
navigation strategy based on bees’ sensor morphology and motor control [11]. This
case study is not considered as a co-optimization research, as there was no
dedicated technique implemented to co-optimize motion control and sensor
morphology in addition to imitating bees’s sensor morphology and motor control.



Eighth, we have also noticed that some experimental platforms emphasize on
explicitly controlling the motions of the sensors for sensing purposes, i.e. whether
the system performs active sensing [63], such as examples shown in [26-29]. Section
2.2.2 has further explanations on active sensing as well as sensory motor
coordination, i.e. the mutual coupling between sensing and acting [3].

And finally, it is also shown whether research was conducted in the physical robotic
platforms or in simulation. With some exceptions [21-25, 35, 60], the majority of
previous work shown in the table was investigated on the physical platforms,
indicating the importance of real robot implementation for research on sensor
morphology.

2.2 Design principles of sensor morphologies

The overview of sensor morphology research shown in Section 2.1 and Table 1
provides several design principles across different species, sensor modalities, and
physical media comprising morphology. While the individual case studies of sensor
morphology are highly interesting on their own right, it is also important to extract
more comprehensive design principles as explained in the introduction. The goal of
this subsection is therefore to develop principles toward an integrative view, which
are conversion and shaping of physical stimuli into sensory information, sensory-
motor coordination, sensory-dynamics coupling and adaptation over timescales.
While the design principles are not something that can be applied to all sensor
modalities, and all robots or animals, it is argued that the aspects are important to
extend our understanding of some of the unfinished concepts of biological systems
sensing and perception. In the last column in Table 1, these four principles are
denoted as principle 1 to 4 respectively. As also shown by Table 1, not all design
principles become the focus of the investigation for all modalities and robotic
systems. Nevertheless, it is shown that the first principle, i.e. the conversion and
shaping of physical stimuli is involved in each research. However, as will explained
further in section 2.2.1-2.2.4 (i.e. principle 1 to 4), some researches only show the
importance of the filtering and amplification process of the signal, while others also
emphasize the importance of using a suitable approach to co-optimize sensor
morphology and motion control and therefore also involve sensory motor control
principle.

2.2.1 Physical conversion, filtering and amplification of stimuli

Biological systems make use of sensory signals for large diversity of purposes, but
they need to be preprocessed physically for the given requirements such that
physical stimuli can be used to produce useful sensory information [86]. In this
situation, sensor morphology usually plays an important role by mechanically
converting, filtering, and amplifying physical stimuli for robust and precise
identification.

For instance, crustaceans were known to have a great variety of sensilla along their
antennules as chemo-mechanoreceptors to properly sense both hydrodynamic and



chemical stimuli in aquatic environments and convert them into useful sensory
information [80-82]. It was observed that, along the antennule of the freshwater
crayfish, there were four predominant mechanosensory sensilla, which was crucial
for detecting their predators, mates, and varying environmental substrates [82]. In
this regard, a numerical model was proposed to confirm the relationship between
the four sensilla morphologies and the sensitivity in sensing the flow perturbations
within the crayfish’s surrounding fluid [35] (see Figure 1 (c)).

A similar concept was applied to robotics applications, in which the use of strain
gauge sensors employing conductive thermoplastic elastomer (CTPE; [40]), for
sensing deformation in robots mainly composed of soft material like their biological
counterparts. Due to its low Young's modulus and flexible shape, CTPE can be
integrated into a robot soft body with suitable shape for particular purposes such as
maximizing strain sensing sensitivity. More specifically, a soft robot sensorized with
CTPE can be made to be sensitive to certain motion patterns based on the sensor
morphology, instead of having any additional filtering or amplification algorithms
[38-39].

A miniature curved artificial compound eye was also presented in [9] (Figure 1 (d)).
The compound eye possessed morphological characteristics similar to the eye of the
fruit fly Drosophila, such as number and spatial resolution of facets represented by
an array of highly transparent polymer microlenses. The sensor possesses similarities
in converting optical flow cues into useful sensory information as its biological
counterpart, and therefore will be advantageous for biomimetic experiments.

This design principle demonstrates the importance of an integrative view of sensing
problems, because physical conversion, filtering and amplification of stimuli make
sense only when sensing targets are known. Without knowing the targets, we are
not able to optimize sensor morphology for the required sensing performance, e.g.
sensitivity or sensing range.

2.2.2 Morphology for active sensing and sensory motor coordination

It has been suggested that the separation of perception from action in theoretical
analyses of intelligent behavior may be misleading and sensing of most kinds is best
considered as an “active sensing” process rather than as a passive one [63, 108]. The
term active sensing itself is defined in literature as purposive and information-
seeking sensory systems which usually entails sensor movement to maximize
information gain, while passive sensing is defined oppositely [63]. While active
sensing’s concept and application has been a long-standing research topic over the
last decades [63, 91], the implications of it can reach even further when considering
sensor morphology, which has been intensively explored both in biology and
recently in robotics.

From Table 1, several examples that demonstrate the importance of an integrative
view can be highlighted. For example, a CCD camera was used in humanoid [18-19]
and other types of robots [20] to demonstrate the importance of sensor morphology



in an active vision system, along with its interaction with the environment, to induce
statistical regularities and information structure in sensory inputs and within the
neural control architecture. In the context of somatosensory modality, i.e. touch and
proprioception, biomimetic vibrissal sensing, inspired by shrews and rats, were
proposed in quite a number of works [26-29]. The definition of sensor morphology
therein was the distribution of developed artificial whiskers on a mobile robot’s
head, the length and the structure of the whisker shafts and the degrees of freedom
of the movement (see Figure 1 (a)). The robot was able to individually control each
whisker, as the whiskers consisted of a motor, shaft encoder and three-axis Hall
effect sensor. Based on a proper sensor morphology and suitable motion of each
whisker to perform the sensing process, it was shown that the robot was able to
maximize the number of whisker contacts, as well as to increase the fidelity of
sensing within certain sensory range.

More generally, it can be said that sensing problems in nature are largely combined
with motor functions. To encapsulate the concept, the term sensory motor
coordination is defined in the literature as mutual coupling of sensing and acting [3].
It has been shown that through sensory motor coordination, an agent is able to
obtain more structured sensory information, rather than 'passively' registering
sensory information [3]. Table 1 lists down relevant researches that demonstrate the
importance of sensory motor control, but also points out whether dedicated motion
for active sensing purpose is explicitly employed in the research through the ninth
column from the left. As can be seen, there are quite a number of works that
focused on visually mediated motor control and navigation in flying insects [4-12].
An important design principle of their sensory systems is found to be the so-called
motion parallax, that is, the motions of further objects projected on the insects'
retina appear to be slower than those of nearer objects. This essentially means that
a flying insect experiencing fast optic flow on its retina is most likely to fly closer to a
large obstacle, which usually triggers an obstacle avoidance action to avoid crashing.
Similarly, when an insect is about to touch down on a flat surface, the flight control
tries to maintain the optic flow constant which automatically gives slowing down
function as the insect approaching to the surface and finally touches down at zero
velocity eventually.

The most pioneering works that demonstrated the importance of sensor
morphology in flying insects to facilitate the motion parallax design principle was
probably those presented in [4-8]. Inspired by the knowledge that insect eyes consist
of many facets or ommatidia, and therefore commonly known as compound eyes, a
robotic system consisting of EMDs (Elementary Motion Detectors) to represent the
facets was proposed therein. It was known that in certain species of flies the facets
are more densely spaced toward the front [8]. In order to investigate the benefits of
this morphology, the robotic system was able to adjust the angles between the
EMDs by using an evolutionary algorithm. The result confirmed the theoretical
predictions: the facets ended up with an inhomogeneous distribution with a higher
density towards the front in order to compensate motion parallax, during an effort
to maintain a fixed lateral distance to an object. If a standard CCD camera with
evenly spaced light-sensitive cells was used, the compensation for the motion



parallax had to be performed at the computational level. However, in this case, the
morphology of the sensors was adjusted while the explicit computational effort was
kept.

There are also research that exploit the design of sensor morphology and how it is
coupled with a suitable motor control strategy in other modalities. For example,
inspired by electro-location ability of electric fish, underwater navigation and
docking techniques based on electro-sensing were proposed [49-53]. The approach
exploited a bio-inspired morphology for the developed sensors, i.e. slender shape
and bi-lateral symmetry (see Figure 1 (b)), which sense the surrounding electric field
perturbations, as well as a suitable sensor based reactive control law. Though the
importance of sensory-motor control has been known in biology for a long time, the
issue of sensor morphology under highly dynamic feedback control is still not fully
uncovered and remained for investigations both in biology and robotics.

Finally, without any specific corresponding biological systems, evolutionary
algorithm was commonly used to couple motor control and sensor morphology [13,
44, 56-59, 60]. An example is shown in [44], where the speed level and positions of
single bit contact sensors mounted on a mobile robot are co-optimized to
accomplish a collision free navigation task in a cluttered environment.

2.2.3 Sensing through mechanical dynamics

The fact that sensing processes are highly coupled with the agents' motions leads us
to consider more general design principles of autonomous systems in relation to
mechanical entities, namely 'embodiment'. Physical motions of embodied systems
are not only limited to active and actuated ones, but also applicable to more general
motions including those generated by mechanical dynamics such as elasticity and
deformability of physical structures. This principle therefore refers to the class of
sensing processes that relate to mechanical dynamics of the organisms.

A representative example was shown in the robots with elastic whiskers that the
dynamics of morphology and materials significantly influence the identification
processes of the environments and a success rate of collision free navigation in
cluttered environments [30-32]. In these case studies, it is found that appropriate
mechanical stiffness in whiskers plays an important role in reliable and accurate
sensing of the objects in the environment. A similar mechanism was also shown in a
larger scale, i.e. a dynamic four-legged robot with elastic feet and passive joints [46].
In this case study, attractor states derived from mechanical dynamics can be used for
the recognition of its own dynamic behaviors as well physical properties in the
environment through proprioceptive sensing [46]. The research direction to take
advantage of the interaction between the elastic feet, passive joints and the
environment for proprioceptive sensing purpose is continued afterward where a
dead reckoning technique based on joint and pressure sensors for legged robots is
proposed [106-107].



Mechanical dynamics also help sensing processes underwater. A commercially
available on-board pressure sensor was used in a robotic trout with bio-inspired
morphology to detect the laminar flow speed [33-34]. It was shown that due to the
similar mechanical dynamics arising from the interaction between the robot’s body
and the environment, it was possible to derive a linear control law between the tail-
beat frequency and the swimming speed, holds for both the real and artificial fish.

In general, it is essential to consider the mechanical dynamics derived from
morphological properties and an interaction between an embodied system and its
environment in order to gain proper insights into the underlying mechanisms of
sensory-motor coordination, and more generally the nature of perception. This
principle nicely illustrate the importance of an integrative study of sensing as it is
strongly coupling with motor control as well as mechanical dynamics.

2.2.4 Adaptation over multiple timescales

The case studies introduced in this section indicated the power of morphology in
sensing purposes, but we have not so far discussed how it can adapt to the given
tasks and environment autonomously. There were however an increasing interest in
the study of sensor morphology adaptation.

For design and optimization of sensor morphology, a consideration of multiple
timescales is essential. While designing sensor morphology, it is necessary to
consider the fact that every morphology has limitless dimensionality in design
choices, as well as their relations with motor control, mechanical dynamics, and
overall purposes of sensing as stated in the previous principles.

There have been a series of investigations that explored the adaptation principle in
the phylogenetic timescale. For instance, in vision (light) modality, an approach to
co-optimize motor commands and sensor morphology, i.e. eight possible locations of
position sensitive detector (PSD), by using genetic programming [65] was proposed
to enable a mobile robot to navigate in a maze [13].

Other researches also attempt to determine the morphology of sensory systems
involving more than one sensors. In a hexapod robot, evolutionary algorithm was
proposed to concurrently evolve control, i.e. walking gait, and sensors morphology:
which among tactile, ultraviolet and infrared based distance sensors should be
activated, their orientation and the range of the distance sensors [56-59]. Here, the
task for the robot is to perform collision free navigation in cluttered environments.
Evolutionary algorithm was also used to concurrently evolve a neural network
controller, namely compositional pattern producing networks [67], and sensor
morphology for achieving a task of maximizing directed displacement of a simulated
robot in a fixed amount of time [60]. The sensor morphology was defined as the
number and types of sensors should be used which include distance, touch and
proprioception sensors.



In a phylogenetic timescale, it is worth mentioning that evolutionary algorithm has
also been used for various optimization problems including optimizing the shape of
sensors for applications more general than robotics, e.g. optimizing the thickness of
convex lens to minimize ray scattering [98]. However, as also shown by the examples
[13,56-59,60,65,67], there are more aspects to consider in the problem of optimizing
sensor morphology from bio-inspired robotics perspective, such as co-optimization
between motor control and morphology, gaps between simulation and real world
implementation, or how factors like material properties or multi agent setting affect
the design (please see [99] for a review of the current progress of evolutionary
algorithm applications in robotics), which also shows the importance of an
integrative view.

Last but not least, instead of only exploiting phylogenetic adaptation by using
evolutionary algorithm, there are also research that demonstrated two types of
adaptations, ontogenetic and phylogenetic, to co-optimize control and sensor
morphology [14-15]. More specifically, reinforcement learning was used to search
for the optimal policy as part of the ontogenetic adaptation, while in phylogenetic
adaptation, a genetic algorithm is used to select morphologies with which the robot
can learn its tasks faster.

The principle of adaptation over multiple timescales is particular important for the
integrative view of sensor morphology because it implies the ways to deal with the
large (if not infinite) dimensionality in the optimization problem of sensory
morphology.

3. Adaptation of sensor morphologies

From the principles of sensor morphology we discussed in the previous section, we
attempted to explain the integrative nature of the sensor morphology problems.
Sensing of autonomous systems is significantly related to motor control, mechanical
dynamics, and overall control objectives of the systems, and morphologies are
playing considerable roles in this context. Having these design principles, the goal of
this section is to provide a more specific discussion on the topic of morphological
adaptation in bio-inspired robotics research, which we think is one of the most
important research directions in the field.

3.1 Basic concept

Adaptation of sensor morphology is a fundamental question because it explains how
the aforementioned principles can emerge in autonomous systems, and more
broadly, the adaptive nature of organisms' sensing and perception. However, the
adaptation processes have not been investigated in details until recently because of
its intrinsic complexity of the processes.

Figure 2 illustrates a 'mechanistic' view of the adaptation of sensor morphology, in
which there are two key elements to determine morphology, i.e. “what morphology
to build?” and “how to build it?”. If we implement such a mechanism in a robot, the



machines should be able to design or plan the sensor morphology by themselves and
construct it somehow physically through an iterative adaptation process based on
the necessary source materials and ideally self-assembly processes [94]. The term
self-assembly here refers to an ideal condition that the process of physically
adapting the sensor morphology is performed spontaneously and autonomously by
the machine with minimal human intervention, through the utilization of the
necessary source materials (e.g. Hot Melt Adhesives, please see section 3.2.2).
Finally, the system’s performance should be evaluated through its interaction with
the task-environment, by using real physical systems, i.e. robotic systems, or in some
cases through simulation. The performance is fed back to the next iteration of the
design and planning process, which makes use of this information for the update of
the design.

3.2 Case studies

Though the adaptation processes of sensor morphology are challenging to replicate
in robotic systems, the recent case studies, which are discussed in this section,
revealed the importance of careful investigations about them.

Although the adaptation of sensor morphology is still performed manually by
humans, the first case study is chosen to demonstrate the importance of properly
coupling the sensor morphology and motor control, and how careful imitation of
relevant biological systems by using robots can help to reveal the relationship among
the sensor morphology, motor control and the expected behavior. The second
example describes a proposed technological solution to enable iterative adaptation
process of sensor morphology by robots, with a focus on how to properly use soft
and unconventional materials to imitate their biological counterparts (please see
[100-102] for recent reviews of this emerging research area). It will be shown that by
properly utilizing soft thermoplastic adhesive material, a robotic system is able to
repeatedly fabricate, attach and detach various structures with flexible placement,
stiffness, size and shape, and use them for sensing purpose. Another direction
shown by the second case study is the investigation of how a robotic system could
autonomously come up with suitable morphology through design automation or self
organization. Both case studies also demonstrated physical processes that facilitate
information processing and control of adaptive motions. The challenges and
perspectives learned from the case studies and the adaptation of sensor morphology
in general will be discussed in section 4.

3.2.1 Biomimetic vision-based hovercraft

As shown in Table 1, sensor morphology of insect's compound eye is a popular
investigation. One of the latest results was reported in [11], where a biomimetic
hovercraft robot able to travel safely along corridors with various configurations by
carefully adapting the sensor morphology.

It is well known that flying bees are able to fly through unknown and unpredictable
environments by relying on the optical flow cues generated by their own motion,



instead of using any emissive sensors to gauge their own speed or the distance to
the obstacles [88]. In [11], it was shown that the key to this ability was the
compound eye morphology along with the coupled navigation control strategy.
More specifically, the authors developed minimalistic bee-inspired compound eye by
using local motion sensors (LMS), consisting of an optical assembly composed of a
lens and a pair of photosensors. At first, two LMS were used with #90° azimuthal
angles, i.e. the sensors oriented laterally, one of either side. Afterward, two LMS
were added, facing forward with +45° azimuthal angles. It was also explained that
the values of the angles +90° and #45° were comparable with those measured in the
honeybee’s compound eye. In terms of control strategy, the importance of a
heading-lock system that enabled the robot to experience a purely translational
optical flow, also possessed by bees [89], was emphasized.

As a result, they demonstrated that the developed hovercraft robot was able to fly
safely in various configurations of long straight and tapered corridors. It was also
discussed that the two extra frontal eyes were useful to help the robot navigate in
more demanding corridor configurations by improving the ability to detect lateral
optical flow. Moreover, it was also explained therein that the obtained flying
behavior of the robot was similar to bee behaviors observed in the last twenty five
years ethological studies [61-64].

Though the adaptation of sensor morphology was not conducted autonomously (the
addition of LMS were conducted manually by humans and therefore is not a self
assembly process as ideally proposed in Figure 2), this case study provides valuable
implications about the importance of sensor morphology adaptation. First this case
study further supports our argument about the power of sensor morphology. That is,
the locations of LMS in this case study were particularly important in a sense that
only eight pixels of photoreceptors (four pairs of LMS) are sufficient to steer the
hovercraft successfully in the relatively complex environment. And second the
adaptation of additional pixels improves the performance of overall navigation
capability, in a sense that two pairs of lateral LMS are sufficient to navigate in many
environments, but the addition of two more LMS improve the performances in more
complex environment.

The underlying adaptation mechanism is actually quite complex because the sensor
morphology is actually coupled with the sensory-motor coordination. Nevertheless,
this case study shows how the capacity of sensor morphology adaptation could
trigger the improvement of behavioral performance, by achieving tasks that are not
possible otherwise.

3.2.2 In-situ adaptation of sensor morphology based on thermoplastic adhesive
material

A robotic system capable of adapting its sensor morphology in-situ by utilizing soft
thermoplastic adhesive material, i.e. Hot Melt Adhesives (HMA), has been proposed
in [45]. The approach taken was to equip the robot’s end effector with an HMA
handling unit. The unit was composed of a solid HMA block which was fed to HMA



supplier. Through additive manufacturing process, a passive structure with particular
shape and size could be repeatedly fabricated, attached and detached to the end
effector. The fabrication of the passive structure is shown in Figure 4 (a).

A camera was mounted to perform visual processing tasks during sensing. As can be
seen from Figure 4 (b), by performing suitable dedicated motion, i.e. active sensing,
the robot utilized the structure to physically probe a target object and transduced
the physical stimuli into information usable by the camera. Here, the softness of the
object was sensed through force applied to a developed stick (top figure) and the
temperature was sensed through the known weight and the attachment area
between the built object and robot’s end effector (bottom figure).

Through a developed model that explained the interaction between the robot’s end
effector and the object, it was explained further therein how the sensing sensitivity
and linear range depended on sensor morphology. Referring to the top figure of
Figure 3, it was shown that when the stick pushed the object with a possible distance
Ax, the function that relates the force F (either the original force F; or the reaction
from the object F,) which caused the deflection of the stick with angle © detected by
the camera, was proportional to the Young’s modulus E and certain morphological
parameters. The parameters consisted of width w of the fabricated stick, the
thickness h, and the stick’s length [ (see [6] for more detailed explanation). It was
also shown that the sensing sensitivity and linear range of the sensing depended on
these morphological parameters w, h and /. As the robot was able to fabricate the
passive structure, i.e. HMA stick, in situ, it can therefore adjust the sensitivity and
linear range of the sensing process by tuning one of the parameters such as h as
shown by the top-right figure in Figure 3.

Due to the thermoadhesive property of HMA, its mechanical characteristics was also
exploited for sensing temperature where the physical interaction is shown in Figure
4 (c). When the robot touched the object with its end effector, due to heat
conduction Q, temperature T will increase as T, is increased. As a result, the
fabricated mechanical structure will be detached from the robot’s end effector. It
was also shown that T is an exponential function of bonding strength B, while B was
proportional to the weight W of the object and inversely proportional to its area A,
defined as a square with length d. Again, the sensitivity and linear range of the
sensing process were adjustable through the morphological parameters W and d.
Figure 4 (d) show how they are adapted through the weight W, by building
appropriate number of layers in an additive manufacturing process.

In this case study, it can be observed that the design adaptation shown in Figure 2
was being conducted in-situ by the robot do to its capability to repeatedly fabricate
various detachable passive structures using Hot Melt Adhesives, as it source
material. Furthermore, the definition of the sensor morphologies here not only
include their size and shape but also the attachment points which affect how the
passive structures would be used by the robot to interact with a target object. Based
on the real world evaluation, i.e. the sensing sensitivity and linear range, the design
of the sensor morphology for a particular motion is adapted.



Some aspects listed in Table 1 can also be clarified further. For example, in this work,
the interaction between the robot and the object was inspired by what could be
performed by humans when they attempted to sense object’s softness and
temperature. Also, the dedicated motions performed by the robot to accomplish the
sensing process, i.e. active sensing, were chosen to be suitable with the physical
guantities need to be sensed and therefore the relevant sensor morphology. More
specifically, the motion for each sensing process was fixed by the robot’s user, while
the robot attempted to adjust the sensor morphology in-situ.

4. Challenges and perspectives

Throughout the case studies in this article, we discussed how the use of robotics
technologies could provide significant additional insights into the complex problem
of sensor morphologies and their adaptation. As the robotics technologies advance,
there are more possibilities of unconventional experiments and analyses for the
purpose of complex phenomena as represented by adaptation of sensor
morphology. This section discusses the lessons learned from the case studies we
reviewed in this article, and elaborate further implications.

4.1 Self-organization, self-assembly and design automation

With the progress of robotics technologies, we are now more accessible to the
automation processes that are capable of fabricating a large variety of mechanical
structures autonomously out of variations of materials. These processes are
particularly important and interesting from the perspectives of morphology
adaptation, i.e. the system is able to develop mechanical structures, test them in the
real-world, and update the designs for improvement [68]. The model-free search of
mechanical designs is an important research direction because it allows us to
systematically explore the principles behind self-organization of physically adaptive
systems regardless of biological or artificial.

Being able to adjust sensory morphology is crucial for autonomous adaptive systems
for many reasons. As one of the reasons, the case study in Section 3.2.2 has stated
that the mechanical sensor has the tradeoff between maximum linear sensing range
and sensitivity, and the tradeoff can be coped with by introducing the mechanical
adjustability. By physically adjusting the morphology (e.g. autonomously varying
dimensions of physical structures such as varying widths of whiskers), the system is
able to obtain an optimum sensing range and sensitivity that is necessary for the
given tasks (or survival in the given environment in nature). Such adjustability
between sensing range and sensitivity is an important function for many
autonomous systems because the tradeoff is fairly general among many sensor
modalities. As every sensory receptor has its own sensing capacity limits, the
tradeoff between sensing range and sensitivity is an intrinsic problem that has to be
coped with by mechanical structures for filtering and amplification of physical
stimuli. By analogy, the adaptation of sensor morphology will offer the "optics" of
photosensors to the other sensor modalities such as tactile and auditory sensing.



On the other hand, the adaptation function of sensor morphology does not come for
free because it requires specifically designed mechanisms and processes onboard. In
the platform we introduced in Section 3.2.2, for example, there was a specifically
designed processes of thermoplastics to be structured through extrusion processes
that required significant amount of efforts (physical energy, control, and space for
implementation) that are not negligible.

Having considering these costs and benefits, automated design processes without
(or with minimum) human intervention provides interesting perspectives for the
investigations of sensor morphology. In particular, mechanical adjustment of sensor
morphology is significantly related to the processes of sensory signals, and
associated motor actions for active sensing. Conversely the actions and signal
processing could also influence the way how mechanical adjustment could take
place. While it is still remained for further investigations in the future, such an over-
redundant nature in perception dynamics would be necessary for understanding
some of the very sophisticated sensing capabilities in nature.

4.2 Soft technologies and functional materials

The problem of sensor morphology adaptation is, in many ways, related to soft
functional materials because deformation of morphologies is the underlying driving
force for biological systems (and some of the robots in this article) to exploit
morphologies for the sensing purposes. More specifically, in the case studies of
active whisking and sensing through body dynamics, deformation of physical
structures is the amplifier of physical stimuli, and for adaptation of sensor
morphology, the structures have to be deformed (e.g. by temperature control for
thermoplastic).

In the discussions so far, the sensor morphologies are implicitly assumed to be
separately considered from their given receptors (e.g. photoreceptors, cameras, or
pressure sensitive probes), but the distinction between receptors and mechanical
structures becomes more ambiguous if we consider advanced functional materials
such as deformable photo-sensitive devices [9-10] or deformable pressure-sensitive
materials. It is of crucial importance to consider deformation of structures and
stimulus-sensitive functional materials especially when we would like to consider
high density of sensing points or miniaturization of autonomous systems.

Furthermore in many case studies introduced, it is important to note that material
properties are the practical limitations of sensing performances. For the sensing of
vibration, deformation, pressure, in particular, the Young's modulus of the materials
used determine the ultimate range of sensitivity, which is something the geometric
adaptation as in Section 3.2.2 cannot overcome. In this sense, the materials are one
of the most important determinants of the limits of adaptability.

4.3 "Morphological Computation" as a common currency



This article attempts to provide a landscape of sensor morphology research that
spans over many physical aspects including diverse sensor modalities, geometrical
and mechanical constraints, as well as changes of them over time. Developing an
integrative view of sensing is an important effort because, on the one hand, these
physical aspects (such as physical motions, morphologies, and interactions with the
environment) are closely related to each other as shown in the principles we
discussed in this article, and on the other, they cannot be fully understood if being
investigated in isolation. Having said that, there is also a similarly important
guestion, whether this integrative view could reach to a unified theory of autonomy
and adaptivity, or whether it is leading to a framework with limitlessly complex
processes and mechanisms.

In the effort of answering to these questions, the aspect of mechanical dynamics
used for computational purposes has been investigated as the so-called
"Morphological Computation"”, and the concept was previously explored through a
number of case studies in robotics and complex systems (see more details in [69-72],
for example). In this context, sensor morphologies can be viewed as physical
structures that perform "pre-processing" of signals before they are being passed to
the other computational processes. A particularly interesting fact is that morphology
is not only playing the role of pre-processing for sensing, but also for motion control:
Having a well-designed physical body was found to be very important to facilitate
motor control processes, and with a pertinent body design, a complex walking,
hoping or swimming dynamics, for example, can be achieved with very simple
control [46, 73-75, 90, 105].

More generally, every information processing system has its physical entities on top
of which computational processes are running as exemplified by electrons running in
silicon wafer or spike trains in neurons and synapses. In the context of physically
embodied systems like animals or robots, while many interdisciplinary researches
are currently being investigated, it is still not fully understood how computational
processes can emerge from the dynamics of the physical systems. Though the entire
landscape of this research direction requires another review of itself, this article
provided a few important examples which contribute to this broad and stimulating
research area. An important contribution of sensor morphology research lies in the
fact that they offer various case studies of morphological computation in the
concrete physical terms. The geometry of elementary motion detectors, for
example, provides a case study of how pre-processing can be achieved for motion
control [4-8, 11]. Also the material properties (elasticity and geometry) of whiskers
and their changes over time play a role of filtering of physical stimuli for
identification tasks [26-29]. These case studies showcased the physical processes
that facilitate information processing and control of adaptive motions, on top of
which we are able to quantitatively analyze the degrees to which morphologies do
“computation” [76-78]. For example, in the second case study explained in section
3.2 [45], we are able to estimate how much information were lost if the in-situ
adaptation of whisker morphology were not possible. In this sense, the future
research should highlight systematic analyses of sensor morphology to quantify
morphological computation by using information theoretic tools.



5. Conclusion

Sensor morphology is a long-standing research topic in both biology and robotics,
and there have been a number of case studies reporting the importance of physical
structures in organisms’ perception of the world. Such examples span various
species, physical principles, target behaviors and functions.

In addition to the diversity of sensor morphology, this article considers an additional
dimension, i.e. adaptation processes of sensor morphology, in order to develop a
more integrative view for our comprehensive understanding of biological sensing
and perception. Even though this is a challenging methodology, it is now more
feasible to conduct such research systematically by employing the state-of-the-art
robotic technologies.

Bio-inspired robotics is a powerful approach to identify specific design principles for
the complex problem of sensor morphology, and this article proposes four general
principles that should be the fundamental guideline for systematic investigations.
Adaptation of sensor morphology is, from this perspective, a necessary piece of
concept to understand how adaptability and more generally sensory-motor control
can develop over different timescales. Although this investigation is still in a nascent
stage, this integrative view of bio-inspired perception will be structured into a more
general understanding of autonomous adaptive systems in both nature and
engineering

Competing Interests

All authors have no competing interest to declare.

Authors' contributions

Fumiya lida (FI) and Surya G. Nurzaman (SGN) designed the study and drafted the
manuscript. All authors contributed equally to the study and gave final approval for
publication.

Funding

This study was supported by the European Commission with the RoboSoft CA (A
Coordination Action for Soft Robotics, contract #619319).

SGN was supported by School of Engineering seed funding (2016), Malaysia Campus,
Monash University.

References

[1] Webb B & Consilvio T. 2001. Biorobotics. MIT Press Cambridge, MA, USA.

[2] Krichmar JL & Wagatsuma H. 2011. Neuromorphic and brain-based robots.
Cambridge University Press, UK.



[3] Pfeifer R, Lungarella M, lida F. 2007 Self-organization, embodiment, and
biologically inspired robotics. Science. 318(5853), 1088-1093.

[4] Hara F, Pfeifer R, In Proc. Of 6" Int’l Conf. on Adaptive Behavior (SAB2000), pp. 1-
10.

[5] Lichtensteiger L. 2003 The need to adapt and its implications for embodiment. /In
Embodied Artificial Intelligence: Lecture Notes in Computer Science, vol. 3139
(eds. F lida, R Pfeifer, L Steels, Y Kuniyoshi), pp. 98-106, Berlin, Germany:
Springer.

[6] Lichtensteiger L & Salomon R. 2000. The evolution of an artificial compound eye
by using adaptive hardware. In Proc. of IEEE Congress on Evolutionary
Computation (CEC2000), pp. 1144-1151.

[7] Lichtensteiger L. 2000. Towards optimal sensor morphology for specific tasks:
Evolution of an artificial compound eye for estimating time to contact. In Proc. of
Conf. on Sensor Fusion and Decentralized Control in Robotic Systems I, pp. 138-
146.

[8] Lichtensteiger L. 2003 Evolving task specific optimal morphologies for an artificial
insect eye. In Morpho-functional machines: The new species (eds Hara F, Pfeifer
R), pp. 41-57, Berlin, Germany: Springer.

[9] Floreano D, Pericet-Camara R, Viollet S, Ruffier F, et al. 2013 Miniature curved
artificial compound eyes. Proc. Natl. Acad. Sci. 110(23), 9267-9272.

[10] Pericet-Camara R, Dobrzynski MK, Juston R, Viollet S, et al. 2015 An artificial
elementary eye with optic flow detection and compositional properties. J R Soc
Interface 12(109), 0150414.

[11] Roubieu FL, Serres JR, Colonnier F; et al. 2014 A biomimetic vision-based
hovercraft accounts for bees' complex behaviour in various corridors. Bioinspir.
Biomim. 9(3), 036003.

[12] Davis JD, Barrett SF, Wright CHG, et al. 2009 A bio-inspired apposition
compound eye machine vision sensor system. Bioinspir. Biomim. 4(4), 046002.
[13] Bert B, Wyns B. 2010 Automatically designing robot controllers and sensor
morphology with genetic programming. In Proc. of the 6th IFIP Conf. on Artificial

Intelligence Applications and Innovations, pp. 86-93.

[14] Sugiura K, Kawakami H, Katai O. 2010 Simultaneous design of the sensory
morphology and controller of mobile robots. Electrical Engineering in Japan
172(1), 48-57.

[15] Sugiura K, Akahane M, Shiose T, et al. 2005 Exploiting interaction between
sensory morphology and learning. In Proc. of IEEE Int’l Conf. on Systems, Man
and Cybernetics, pp. 883-888.

[16] Kaminka GA, Schechter-Glick R, Sadov V. 2008 Using sensor morphology for
multirobot formations. |IEEE Trans. Robot. 24(2), 271-282.

[17] Kaminka GA, Glick R. 2006 Towards robust multi-robot formations. In Proc. of
IEEE Int’l Conf. on Robotics and Automation, pp. 582-588.

[18] Martinez H, Lungarella M, Pfeifer R. 2006 On the influence of sensor
morphology on eye motion coordination. In Proc. of IEEE 9th Int’l Conf. on
Development and Learning, pp. 238 — 243.

[19] Martinez H, Sumioka H, Lungarella M. 2010 On the influence of sensor
morphology on vergence. In Proc. of the 11th Int'l Conf on Simulation of Adaptive
Behavior, pp. 146-155.



[20] Lungarella M, Sporns O. 2006 Mapping information flow in sensorimotor
networks. PLOS Computational Biology 2(10), 1301-1312.

[21] Tanev I, Shimohara K. 2008 Co-evolution of sensing morphology and locomotion
control of simulated Snakebot. /n Proc. of 47th Annual Conf. of the Society of
Instrument and Control Engineers (SICE), pp. 1502-1505.

[22] Fend M, Abt R, Diefenbacher M, et al. 2004 Morphology and learning - A case
study on whiskers. In Proc. of 8th Int’l Conf. on Simulation of Adaptive Behavior
(SAB), pp. 114-121.

[23] Tsakiris DP, Sfakiotakis M. 2007 Neuromuscular control of reactive behaviors for
undulatory robots. Neurocomputing 70(10), 1907-13.

[24] Kikuchi K, Hara F, Kobayashi H. 2001 Characteristics of function emergence in
evolutionary robotic systems - Dependency on environment and task. /n Proc. of
IEEE Int’l on Conf. Intelligent Robots and Systems (IROS), pp. 2288 — 2293.

[25] Yasuda N, Kawakami T, Iwano H, et al. 2007 Robotic design principles emerging
from balance of morphology and intelligence. In Proc. of IEEE Int’l Conf. on
Robotics and Biomimetics (ROBIO), 541 - 546.

[26] Pearson MJ, Mitchinson B, Sullivan JC, et al. 2011 Biomimetic vibrissal sensing
for robots. Phil. Trans. R. Soc. B 366(1581), 3085-3096.

[27] Pearson, MJ, Pipe AG, Melhuish C, et al. 2007 Whiskerbot: A robotic active
touch system modeled on the rat whisker sensory system. Adaptive Behavior
15(3), 223-240.

[28] Pearson MJ, Mitchinson B, Welsby J, Pipe T, Prescott TJ. 2010 SCRATCHbot:
active tactile sensing in a whiskered mobile robot. In Proc. of the 11" Int’l Conf.
on Simulation of Adaptive Behavior (SAB), pp.93-103.

[29] Sullivan J. C. et al. 2011. Tactile discrimination using active whisker sensors. |[EEE
Sensors 12(2), 350 - 362.

[30] Fend M, Bovet S, Pfeifer R. 2006 On the influence of morphology of tactile
sensors for behavior and control. Robotics and Autonomous Systems 54(8), 686-
95.

[31] Fend M, Abt R, Diefenbacher M, et al. 2004 Morphology and learning - A case
study on whiskers. In Proc of 8" Int’l Conf. on Simulation of Adaptive Behavior
(SAB), pp.114-121.

[32] Fend M, Yokoi H, Pfeifer R. 2003 Optimal morphology of a biologically-inspired
whisker array on an obstacle-avoiding robot. In Proc of the 7t European Conf. on
Artifical Life, 771-780.

[33] Kruusmaa M, Toming G, Salumae T, et al. 2011 Swimming speed control and on-
board flow sensing of an artificial trout. In Proc. of IEEE Int’| Conf on Robotics and
Automation (ICRA), pp. 1791 - 1796.

[34] Akanyeti O, Ernits A, Fiazza C, Toming G, et al. 2010 Myometry-driven
compliant-body design for underwater propulsion. In Proc. of IEEE Int’l Conf. on
Robotics and Automation (ICRA), pp. 84 - 89.

[35] Pravi S, Mellon DF, Berger EJ, Reidenbach MA. 2015 Effects of sensilla
morphology on mechanosensory sensitivity in the crayfish. Bioinspir. Biomim.
10(3), 036006.

[36] Colin S, Villanueva A, Shashank P. 2012 Aurelia aurita bio-inspired tilt sensor.
Smart Mater. Struct. 21(10), 105015.



[37] Villanueva A, Colin S, Shashank P. 2011 A biomimetic robotic jellyfish (robojelly)
actuated by shape memory alloy composite actuators. Bioinspir. Biomim. 6(3),
036004.

[38] Culha U, Nurzaman SG, Clemens F, lida F. 2014. SVAS(3): Strain vector aided
sensorization of soft structures. Sensors 14(7), 12748-12770.

[39] Culha U, Wani U, Nurzaman SG, Clemens F, lida F. 2014 Motion pattern
discrimination for soft robots with morphologically flexible sensors. In Proc. of
IEEE Int’l on Conf. Intelligent Robots and Systems (IROS), pp. 567 - 572.

[40] Mattmann C, Clemens F, Troster G. 2008 Sensor for measuring strain in textile.
Sensors 8(6), 3719-3732.

[41] Chorley C, Melhuish C, Pipe T, et al. 2009 Development of a tactile sensor based
on biologically inspired edge encoding. In Proc. of IEEE Int’l on on Advanced
Robotics (ICAR), pp. 1-6.

[42] Chorley C, Melhuish C, Pipe T, Rossiter J. 2010 Tactile edge detection, IEEE
Sensors, pp. 2593 — 2598.

[43] Lucarotti C, Totaro M, Sadeghi B, Mazzolai B, Beccai L. 2015 M. Totaro, A.
Sadeghi, B. Revealing bending and force in a soft body through a plant root
inspired approach, Scientific Reports 5, 8788.

[44] Simoes EDV, Dimond KR. 2001 Embedding a distributed evolutionary system
into a population of autonomous mobile robots. In Proc. of IEEE Int’l on Systems,
Man and Cybernetics (SMC), 1069 — 1074.

[45] Nurzaman SG, Culha U, Brodbeck L, et al. 2013 Active sensing system with in situ
adjustable sensor morphology. PLOS ONE 8(12), e84090.

[46] lida F, Pfeifer R. 2006 Sensing through body dynamics. Robotics and
autonomous systems 54(8), 631-640.

[47] Brandt D, Lund HH. 2003 Robot implementation of duty-cycle invariance in
cricket calling song preference. In Proc. of IEEE Int’l Conf. on Intelligent Robots
and Systems (IROS), pp. 88-93.

[48] Lund HH, Hallam J, Lee WP. 1997. Evolving robot morphology. In Proc. of IEEE
Int’l Conf. on Evolutionary Computation, pp. 197-202.

[49] Boyer F, Lebastard V, Chevallereau C, et al. 2015 Underwater navigation based
on passive electric sense: New perspectives for underwater docking. Int. J. Robot.
Res. 34(9), 1228-1250.

[50] Boyer F, Lebastard V, Chevallereau C, et al. 2013 Underwater reflex navigation
in confined environment based on electric sense. |IEEE Trans. Robot. 29(4), 945-
956.

[51] Lebastard V, Boyer F, Chevallereau C, et al. 2012 Underwater electro-navigation
in the dark. In Proc. of IEEE Int’l Conf on Robotics and Automation (ICRA), pp.
1155-1160.

[52] Boyer F, Gossiaux PB, et al. 2012 Model for a sensor inspired by electric fish.
IEEE Trans. Robot. 28(2), 492-505.

[53] Maclver MA, Fontaine E, Burdick JW. 2003 Designing future underwater
vehicles: Principles and mechanisms of the weakly electric fish. IEEE Journal of
Oceanic Engineering 29(3), 651-659.

[54] Nagy Z, Miyashita S, Muntwyler S, et al. 2009 Morphology detection for
magnetically self-assembled modular robots. In Proc. of IEEE Int’l Conf. on
Intelligent Robots and Systems (IROS), pp. 5281 — 5286.



[55] Nagy Z, Oung R, Abbott JJ, Nelson BJ. 2008 Experimental investigation of
magnetic self-assembly for swallowable modular robots. In Proc. of IEEE Int’|
Conf. on Intelligent Robots and Systems (IROS), pp. 1915 - 1920.

[56] Parker GB, Nathan PJ. 2010 Concurrently evolving sensor morphology and
control for a hexapod robot. In IEEE Congress on Evolutionary Computation
Location, pp. 1-6.

[57] Parker G, Nathan PJ. 2008 Response to changes in key stimuli through the co-
evolution of sensor morphology and control. In IEEE World Automation Congress,
pp. 1-8.

[58] Parker GB, Nathan PJ. 2007 Co-evolution of sensor morphology and control on a
simulated legged robot. In Proc. of Computational Intelligence in Robotics and
Automation (CIRA), pp. 516-521.

[59] Parker GB, Nathan PJ. 2006 Evolving sensor morphology on a legged robot in
niche environments. In Proc. of World Automation Congress (WAC), pp. 1-8.

[60] Auerbach JE, Bongard JC. 2011 Evolving complete robots with CPPN-NEAT: The
utility of recurrent connections. In the 13th Annual Genetic and Evolutionary
Computation Conference (GECCO), pp. 1475-1482.

[61] Mihaylova L, Lefebvre T, Bruyninckx H, Gadeyne K, De Schutter J. 2002 A
comparison of decision making criteria and optimization methods for active
robotic sensing. In the Proc. of the Mini-Symposium on Numerical Method for
Sensor Data Processing, pp. 316-324.

[62] Chen S, Li Y, Kwo NM. 2011 Active vision in robotic systems: A survey on recent
developments. Int. J. Robot. Res. 30(11), 1343-1377.

[63] Prescott T, Diamond M, Wing A. 2011 Active touch sensing. Philosophical Trans
R Soc B 366, 2989-2995.

[64] Stamper SA, Roth E, Cowan NJ, Fortune ES. 2012 Active sensing via movement
shapes spatiotemporal patterns of sensory feedback. J. Exp. Biol. 215(9), 1567-
1574.

[65] Riolo R, Worzel B. 2003. Genetic Programming: Theory and Practice. Springer.
Berlin, Germany.

[66] Mellon D and Abdul Hamid OA 2012 Identified antennular near field receptor
strigger reflex flicking in the crayfish J.Exp.Biol. 215, 1559—-66.

[67] Stanley KO. 2007 Compositional pattern producing networks: A novel
abstraction of development. Genetic Programming and Evolvable Machines 8(2),
131-162.

[68] Brodbeck L, Hauser S, lida F. 2015 Morphological evolution of physical robots
through model-free phenotype development. PLOS ONE 10(6), e0128444.

[69] Pfeifer R & Bongard J. 2006 How the body shapes the way we think. MIT Press
Cambridge, MA, USA.

[70] Pfeifer R, lida F, Lungarella M. 2014 Cognition from the bottom up: on biological
inspiration, body morphology, and soft materials. Trends Cogn Sci. 18(8), 404-13.

[71] Hauser H, ljspeert AJ, Fichslin RM, Pfeifer R, Maass W. 2011 Towards a
theoretical foundation for morphological computation with compliant bodies.
Biological Cybernetics 105(5), 355-370.

[72] Fuchslin RM, Dzyakanchuk A, Flumini D, Hauser H, et al. 2013 Morphological
computation and morphological control: steps toward a formal theory and
applications. Artificial Life 19(1), 9-34.



[73] Nurzaman SG, Yu X, Kim Y, lida F. 2014 Guided self-organization in a dynamic
embodied system based on attractor selection mechanism. Entropy 16(5), 2592-
2610.

[74] Nurzaman SG, X Yu, Y Kim, lida F. 2015 Goal-directed multimodal locomotion
through coupling between mechanical and attractor selection dynamics.
Bioinspir. Biomim. 10(2), 025004.

[75] Yongjae K, Nurzaman SG, lida F, Fukushima EF. 2015 Lebastard V, Boyer F,
Chevallereau C, et al. 2015 A self organization approach to goal-directed
multimodal locomotion based on attractor selection mechanism. In Proc. of IEEE
Int’l Conf on Robotics and Automation (ICRA), pp. 5061-5066.

[76] Nakajima K, Li T, Hauser H, Pfeifer R. 2014 Exploiting short-term memory in soft
body dynamics as a computational resource. J. R. Soc. Interface 11(100),
20140437.

[77] Nakajima K, Hauser H, Li T, Pfeifer R. 2015 Information processing via physical
soft body. Scientific Reports 5, 10487.

[78] Pfeifer R, lida F, Lungarella M. 2014 Cognition from the bottom up: on biological
inspiration, body morphology, and soft materials. Trends Cogn Sci. 18(8), 404-13.

[79] Cutler T, Sarkar A, et al. 2015 Drosophila eye model to study neuroprotective
role of CREB binding protein (CBP) in Alzheimer’s disease. PLOS ONE 10(9),
e0137691.

[80] Weissburg MJ 2000 The fluid dynamical context of chemosensory behavior. Biol.
Bull. 198, 188-202.

[81] Koehl MAR 2006 The fluid mechanics of arthropods sniffing in turbulent odor
plumes. Chem. Senses. 31, 93-105.

[82] Mellon D 2012 Smelling feeling tasting and touching: behavioral and neural
integration of antennular chemosensory and mechanosensory inputs in the
crayfish J.Exp.Biol. 215, 2163-72.

[83] Dangles O, Magal C, Perre D, Olivier A and Casas J. 2005 Variation in morphology
and performance of predator-sensing system in wild cricket populations. J. Exp.
Biol. 208, 461-468.

[84] Cheng T, Dai C, Gan RZ. 2007 Viscoelastic properties of human tympanic
membrane. Annals of Biomedical Engineering 35(2), 305-314.

[85] Puriaa S, Steelea C. 2010 Tympanic-membrane and malleus—incus-complex co-
adaptations for high-frequency hearing in mammals Hearing Research 263(1),
183-190.

[86] Towal RB, Quist BW, Gopal V, et al. 2011. The morphology of the rat vibrissal
array: A model for quantifying spatiotemporal patterns of whisker-object contact
PLOS Computational Biology 7(4), e1001120.

[87] O’Connor DH, Glack NG, Huber D, et al. 2010 Vibrissa-based object localization
in head-fixed mice The Journal of Neuroscience 30(5), 1947-1967.

[88] Horridge G. 1987 The evolution of visual processing and the construction of
seeing systems Proc. R. Soc. B 230, 279-92.

[89] Riley J R and Osborne J L 2001 Flight trajectories of foraging insects:
observations using harmonic radar. In Insect movement: Mechanisms and
consequences (eds. DR Reynolds and CD Thomas), pp. 129-157, Wallingford:
CABI.



[90] Nurzaman SG, Matsumoto Y, Nakamura Y, Shirai K and Ishiguro H. 2012
Bacteria-inspired underactuated mobile robot based on a biological fluctuation
Adaptive Behavior 20(4), 225-236.

[91] Hayward V, Astley OR, Cruz-Hernandez M, et al. 2004 Haptic interfaces and
devices Sensor Review 24(1), 16 - 29

[92] Full RJ, Koditschek DK. 1999 Template and anchors: Neuromechanical
hypotheses of legged locomotion on land . J. Exp. Biol. 202, 3325-3332.

[93] Webb B. 2001 Can robots make good models of biological behavior? Behavioral
and Brain Sciences 24, 1033-1050.

[94] Brodbeck L. 2015 Iterative design adaptation of real-world robot morphologies.
PhD Thesis, Swiss Federal Institute of Technology, Ziirich, Switzerland.

[95] Dickinson MH, Farley CT, Full RJ, et al. 2000 How animals move: An integrative
view Science 288(5463): 100-106.

[96] Morphology [Def. 1]. (n.d.). Merriam-Webster Online. In Merriam-Webster.
Retrieved March 28, 2016, from http://www.merriam-
webster.com/dictionary/morphology.

[97] Mori H and Kuniyoshi Y. 2010 A human fetus development simulation: Self
organization of behaviors through tactile sensation. In Proc. of IEEE Int’l Conf on
Development and Learning, pp. 82-87.

[98] Rechenberg 1. 2000 Case studies in evolutionary experimentation and
computation Comput. Methods Appl. Mech. Engrg. 186, 125-140.

[99] Bongard J. 2013 Evolutionary robotics. Commun. ACM 56(8), 74-83.

[100] lida F, Laschi C 2011 Soft robotics: Challenges and perspectives. Procedia
Computer Science 7, 99-102.

[101] Nurzaman SG, lida F, Laschi C, et al. 2013 Soft robotics: Technical Committee
spotlight. IEEE Robot. Autom. Mag. 20(3), 24-95.

[102] Nurzaman SG, lida F, Margheri L, et al. 2014 Soft robotics on the move:
Scientific networks, activities and future challenges. Soft Robotics 1(2), 154-158.

[103] Stevens M. 2010 Sensory ecology, evolution and behavior: Editorial. Current
Zoology 56(3), i-iii.

[104] Phelps SM 2007 Sensory ecology and perceptual allocation: New prospects for
neural networks. Phil. Trans. R. Soc. B. 362(1479), 1-13.

[105] Yu X, Nurzaman SG, Culha U, et al. 2014 Soft robotics education. Soft Robotics
1(3), 202-212.

[106] Reinstein M, Hoffmann M. 2013 Dead reckoning in a dynamic quadruped robot
based on multimodal proprioceptive sensory information. IEEE Trans. Robot.
29(2), 563-571.

[107] Reinstein M, Hoffmann M. 2011 Dead reckoning in a dynamic quadruped
robot: inertial navigation system aided by a legged odometer. In Proc. of IEEE
Int’l Conf. on Robotics and Automation, pp. 617-624.

[108] O'Regan K and Noe A. 2001 A sensorimotor account of vision and visual
consciouness. Behav. Brain Sci. 24, 939-973.

[109] Wolpert DM, et al. 2011 Principles of sensorimotor learning. Nat. Rev.
Neurosci. 12, 739-751.




Figures

(b) | )

Figure 1. Examples of human-made sensors (top) inspired by biological ones (bottom) that
demonstrate the importance of sensor morphology (a) Biomimetic vibrissal sensor for robots
inspired by facial whiskers of rodents [26] (b) Electrode sensor for underwater robots inspired by
the ability of electric fish with electric organ discharge (EOD) to sense distortions in the surrounding
electric fields due to the presence of objects [52] (c) Four idealized simulated models used to
investigate the effects of sensilla morphology on mechanosensory sensitivity in crayfish’s
antennular flagellum [35] (d) Artificial curved compound eyes [9] inspired by natural ones such as
those possessed by fruit fly Drosophila melanogaster [79]. Figures are reproduced by the
permission of the authors or used under the Creative Commons License.
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Figure 2. The integrative view of sensor morphology adaptation from bio-inspired perspective
which includes the design/planning of the morphology, the ideal self-assembly process by using the
necessary source materials, as well as the sensing and evaluation of performances based on task-

environment interactions.
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Figure 3. The navigation performance (d-g) of a biomimetic vision-based hovercraft in stringent
corridor configurations (a-c) with different sensor morphology represented by its compound eye
[11]. The mean trajectory (solid red line) and the standard deviation of the mean (pink shaded area)
were computed from a set of twelve trajectories and plotted with the expected/predicted steady-
state position (grey dash—dotted line). The obtained flying behavior of the robot was similar to bee



behaviors observed in the last twenty-five years ethological studies [61-64]. Figures are reproduced
by the permission of the authors.
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Figure 4. Example of how adaptation in sensor morphology can be implemented in a robotic system
due to the use of proper material [45]. In this case, through the use of soft thermoplastic adhesive
material, i.e. Hot Melt Adhesive (HMA), the robot is able to repeatedly fabricate, attach and detach
passive structures with a variety of shape and size to its end effector for sensing purpose. The figure
shows the fabrication process of the structure by the robot for force sensing (top) and temperature
sensing (bottom) (a), how the sensing is performed (b), the adaptive morphological parameters of
the sensor (c), and how they affect the sensing sensitivity and linear range (d). Figures are
reproduced by the permission of the authors.



Tables

Table 1 — The landscape of sensor morphology research in biologically inspired robotics

No Modality

1 Vision - light

2 Vision - light

3 Vision - light

4 Vision - light

5 Vision - light

6 Vision - light

7 Vision - light

8 Vision - light

9  Vision - light

10 Vision - light

11 Vision - light

12 Vision - light

Sensors used

elementary motion detectors (EMDs)

an array of polymer microlenses
molded on a glass carrier, with photo
detector & electromechanical layers

local motion sensor (LMS)

an array of photodiodes

position sensitive detector (PSD, an
optic based position sensor)

floor sensors, consist of an infrared
LED and a light receiver

camera

camera

camera

simulated distance sensor

simulated distance sensor

simulated visual sensor with
particular angular view

Morphology definition

angles of the EMDs with respect to a target

number, spatial resolution, angular
orientation and acceptance angle of the
artificial ommatidia

number and orientation of sensors forming
compound eyes

interommatidial angles

eight possible sensor locations

number and sensor placement on a line
following mobile robot

sensing distance, field of view and pan

retinal morphology described by log-polar
transformation

placement of the sensors on different robots

orientation with respect to joints, range and

activation timing of the sensors

placement of the sensors

position and visual range of the sensors

Design goal

confirming a biological assumption of
how flies maintain a fixed lateral
distance to target

mimicking characteristics of biological
compound eyes

navigation in stringent corridor
configurations

dynamic track and obstacle avoidance
collision free navigation in a maze

maximizing accuracy in line following
task

formation control

induce statistical regularities and
information structure in vergence
behavior

induce statistical regularities and
information structure

collision free navigation in cluttered
environments

traversal of corridor-like environment
and formation control of multilple
undulatory robots

badal

Design gy

biological inspiration

biological inspiration

biological inspiration

biological inspiration

evolutionary algorithm

reinforcement learning
and evolutionary
algorithm

systematic investigation

biological inspiration

biological inspiration

biological inspiration & e Snake

biological inspiration

maintaining a certain distance from an evolutionary algorithm

object

Corresponding  Co-opti

biological systems between morphology
& motor control

Fly No
Fly No
Bee No
Diural insects No
No specific Yes
correspondence
No specific Yes
correspondence
No specific Yes
correspondence
Human No
No specific No
correspondence

Yes
Snake No
No specific No
correspondence

Explicit
motion for
active sensing
No

No

Yes

No

Implementation

Real robot

Real robot / device

Real robot

Real robot

Both

Both

Both

Real robot

Both

Simulation

Simulation

Simulation

References

4,5,6,7,8

9,10

11, 61-64

12

13,65

14-15

16,17

18,19

20

21,22

23

24

Investigated
design
principles
1,2

1,23

1,2

1,24

1,24

1,2

1,4
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w

Vision - light

Vision - light

Somatosensory -
touch and
proprioception

Somatosensory -
touch and
proprioception

o

simulated visual sensor with
particular angular view

simulated visual sensor with
particular angular view

artificial whiskers individually
equipped with a motor, shaft encoder
and three-axis Hall effect sensor

artificial whiskers based on a
capacitor microphone with natural
hair glued to its membrane

1abl

cially

1sory -
touch and
proprioception

Somatosensory -
touch and
proprioception

Somatosensory -
touch and
proprioception

Somatosensory -
touch and
proprioception

Somatosensory -
touch and
proprioception

Somatosensory -
touch and
proprioception

Somatosensory -
touch and
proprioception

Somatosensory -
touch and
proprioception

fluid sensing through pressure

statocyst inspired tilt sensor

additive manufacturing based shape-
flexible strain sensor

tactile sensor composed of thin
rubber skins and a camera to track
markers on the skins

bending sensor based on electric
capacitance

singe bit contact sensor

camera for for force and temperature
sensing

position and visual range of the sensors

number of visual sensors

distribution, length & structure of the
whiskers, and the degrees of freedom of the
movement

position and length of the whiskers

pressure senso placement of the sensors

shape of the sensor

size and structure

path of a thread-like strain sensor

the layered structure of the rubber skin

position and dimension of the sensors

which sensors to use, out of eight positions

depend on the sensed physical quantities

maintaining a certain distance from an
object

maintain a distance between a certain
part of the body and an object

constraining sensory range to increase
the fidelity of sensing, and maximizing
the number of whisker contact

collision free navigation in cluttered
environments

swimming speed control

maximizing fulid sensing sensitivity in
fluid sensing

maximizing sensing sensitivity

maximizing sensitivity of strain
sensing in soft structure

maximizing sensing sensitivity

maximizing sensing sensitivity

collision free navigation in cluttered
environments

di bl

in-situ it for ing

evolutionary algorithm

evolutionary algorithm

biological inspiration

systematic investigation

biological inspiration

biological inspiration

biological inspiration

strain vector aided

biological inspiration

biological inspiration

evolutionary algorithm

| inspiration

sensing sensitivy and linear response

No specific
correspondence

No specific
correspondence

Shrew and Rat

Rodents

Fish

Crayfish

Jellyfish

No specific

correspondence

Human

Plant

No specific

correspondence

Human

No

No

No

No

No

Yes

No

No

No

No

No

Yes

Simulation

Simulation

Real robot

Real robot

Real robot

Simulation

Real robot

Both

Real robot

Real robot

Real robot

Real robot + HMA

24

25

26-29

30-32

33,34

35, 66

36,37

38-40

41-42

43

45

1,4

1,4

1,23

1,23
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25

26

27

28

29

30

Somatosensory -
touch and
proprioception
Somatosensory -
touch and

proprioception

Auditory - sound

Electric field

Magnetic field

Multimodality

Multimodality

pressure, angle, inertia and motor
torque sensors on a four legged
robot's hinds, body segments & joints

joint and pressure sensors

microphone

electrosensor

hall sensor (magnetic field sensor)

tactile and distance sensors
(ultraviolet and infrared based light
sensors)

simulated distance, touch and
proprioception sensor

placement of the sensors

placement of the sensors

analog electronic model of cricket’s
peripheral auditory morphology

shape and placement

position of the sensors

which sensors should be activated, the

distance sensors range, and the sensors

orientation
number and types of sensors

stable locomotion of four legged dog-
like robot

dead reckoning in four legged dog-like
robot

phonotaxis

underwater navigation and docking
self assembly

collision free navigation in cluttered
environments

izing directed displ. of
the robot in a fixed amount of time

systematic investigation

systematic investigation

biological inspiration

biological inspiration

systematic investigation

evolutionary algorithm

evolutionary algorithm

No specific
correspondence

No specific
correspondence

Cricket

Fish

No specific
correspondence

No specific
correspondence

No specific
correspondence

No

No

No

No

No

No

No

Both

Real robot

Real robot

Real robot

Real robot

Both

Simulation

46

106, 107

47,48

49-53

54,55

56-59

60, 67

1,23

15253

1,24

12

1,3

1,24
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