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Preface

The evolution of nature led to the resolve of many research and development
challenges. Nature tested every field of science and engineering leading to
inventions with creative solutions for everything that can work well, adapt

and last long. Biomimetics that is associated with bio-inspiration represents an
emerging area of research development that studies, assesses, and adopts from
nature the best biological ideas and products in order to solve modern science
and engineering problems. This includes models, elements, materials, processes,
mechanisms, concepts systems, techniques, structures, seniors, etc. Biologically
inspired approaches create a new reality with great potential.

This handbook includes 9 chapters that contribute to the state-of-art and up-to-date
knowledge on research advancement of the biomimetic approach. The topics of
chapters introduce research at the interface among biology, sciences, engineering,
and technology. The editors through this book hope to build a line of transformative
research directions based on the adaptation of creative design and smart solutions
from natural models to technical models, using methodologies, algorithms, and
solutions that are opening new dimensions and areas of development about how to
solve efficiency requirements by understanding the evolution of solutions in nature.
This creative-based thinking and processes enable researchers to think out of the
boxes and open the way for new scientific challenges and achievements.

Maki K. Habib

Mechanical Engineering Department,
The American University in Cairo,
New Cairo, Egypt

César M. Gomez

Department of Construction,

Building Services and Structures at the University of Navarra,
Pamplona, Spain






Chapter1
Bio-Inspired Hydrogels via 3D
Bioprinting

Lei Nie, Can Wang, Yaling Deng and Amin Shavandi

Abstract

Many soft tissues of the human body such as cartilages, muscles, and ligaments
are mainly composed of biological hydrogels possessing excellent mechanical prop-
erties and delicate structures. Nowadays, bio-inspired hydrogels have been inten-
sively explored due to their promising potential applications in tissue engineering.
However, the traditional manufacturing technology is challenging to produce the
bio-inspired hydrogels, and the typical biological composite topologies of bio-
inspired hydrogels are accessible completed using 3D bioprinting at micrometer
resolution. In this chapter, the 3D bioprinting techniques used for the fabrication
of bio-inspired hydrogels were summarized, and the materials used were outlined.
This chapter also focuses on the applications of bio-inspired hydrogels fabricated
using available 3D bioprinting technologies. The development of 3D bioprinting
techniques in the future would bring us closer to the fabrication capabilities of
living organisms, which would be widely used in biomedical applications.

Keywords: 3D bioprinting, hydrogels, biopolymers, tissue engineering, biomaterials

1. Introduction

The design of scaffold materials that can guide tissue regeneration is a very
challenging goal [1]. In addition, to support and promote the growth and differen-
tiation of specific cells, an ideal scaffold requires careful control of the material’s
structure in the range of nanometers to centimeters, and some natural materials
with complex structure exist in nature, which provides ideas for the design of ideal
scaffolds [2]. These natural materials, such as mammal bones, abalone pearl layers
and fish scales, which are composed of multi-layer biominerals and biopolymers,
have complex microstructure, which can control the crack growth and fracture in
three-dimensional (3D) direction, producing much more strength and toughness
than their constituent materials [3-5]. Jellyfish and sea anemones, with a water
content of up to 90%, show that their gelatinous bodies exhibit exciting mechanical
properties and are able to respond quickly to various environmental stimuli [6-8].
There are also some soft support tissues (such as tendons, ligaments, meniscus, and
cartilage), showing softness, toughness and impact resistance [9]. Because of the
beneficial properties of natural composite materials, the design of bionic materials
has attracted significant attention. Bio-inspired material is considered as a kind
of material inspired by nature or biology and then developed by simulating some
characteristics [10], and usually, the bio-inspired materials provide better functions
than synthetic materials [11].
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However, there are still many limitations on the fabrication of bio-inspired
materials using traditional material manufacturing technology because they cannot
accurately control the distribution and spatial trend of micro-holes inside the mate-
rials, and it is challenging to produce the contour matching with natural materials
[12, 13]. Recently, 3D bioprinting technology has become a promising tool for
manufacturing materials with high-precision, which can overcome the limitations
compare with the traditional methods, and finally can eventually produce complex
and delicate biomimetic 3D structures. Also, 3D bioprinting technology realizes the
automatic biological preparation of cell-laden structure through the layered deposi-
tion of bio-inks in vitro and in vivo [14]. In addition, 3D bioprinting technologies are
controlled by computers and can be combined with medical imaging systems, such
as computed tomography and magnetic resonance imaging (MRI), also combined
with computer-aided design (CAD) and computer-aided manufacturing (CAM), to
generate personalized structures organized in different length proportions [15, 16].
Compared with the classical tissue engineering methods, 3D bioprinting allows
the direct manufacture of complex 3D structures containing spatial variations of
biological materials, cells and biochemical substances with the same structure,
which significantly improves the biological simulation level of the composition,
structure and biochemical characteristics of cell niche in the human body [17]. The
complexity of the resulting structure is not only related to the application of tissue
regeneration but also to the development of cell biology, drug development, and
disease research iz vitro models [18].

In recent years, in tissue engineering development, many materials have been
developed to meet the needs of 3D bioprinting. The most common 3D bioprinting
materials are metals, engineering plastics, photosensitive resins, bioplastics and
polymer hydrogels. The bio-inspired hydrogels are very similar to natural extracel-
lular matrix (ECM) and display potential advantages in tissue engineering [19].
Bio-inspired hydrogel provides an adequate and porous microenvironment that
allows good nutrition and oxygen to diffuse into the encapsulated cells and can be
modified to guide cellular processes with various physical, chemical, and biological
cues [20]. Besides, these hydrogels are usually non-toxic or low toxic and have good
reproducibility. Next, the 3D bioprinting techniques used for the fabrication of bio-
inspired hydrogels were summarized, and the materials used for 3D bioprinting were
outlined. This chapter also focuses on the applications of bio-inspired hydrogels.

2. 3D bioprinting techniques

There are several available 3D bioprinting techniques for fabricating bio-
inspired hydrogels, including inkjet bioprinting, laser-assisted bioprinting, extru-
sion bioprinting, and stereolithography, as shown in Figure 1 [21].

2.1Inkjet bioprinting

During the inkjet bioprinting process, biomaterials are selectively placed on the
construction platform layer by layer until the required structure is formed. The first
inkjet printers for bioprinting applications were improved versions of commercial
two-dimensional ink printers [22]. For the inkjet bioprinting, the ink in the ink
cartridge is replaced by biomaterials, and the paper is replaced by an electroni-
cally controlled lifting table to provide the control of the third dimension Z-axis in
addition to the X-and Y-axes. The bioprinter based on inkjet printing technology
is customized to process and print biomaterials with higher resolution, accuracy
and speed [16]. Inkjet bioprinters use thermal or acoustic forces to spray droplets
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Figure 1.
Bioprinting techniques mainly include inkjet, laser-assisted, extrusion and steveolithography [21].

onto the substrate, which can support or form part of the final structure [23].
Thermal inkjet uses a heating element to induce the evaporation of a small volume
of bioink in a reservoir, thereby forming and ejecting a small droplet. Therefore, in
the printing process, this method keeps the cells at high temperature (300°C) for
several microseconds (about 2 microseconds), which may lead to the formation of
transient pores in the cell membrane [16]. Using the thermal inkjet printer, Solis
etal., studied the effect of heat generated by the thermal ink-jet bio printer and
found that the survival rate of Chinese hamster ovary (CHO) cells was 89% [24].
Such survival rate of cells could be greatly improved by using a piezoelectric inkjet
printer, the generation and injection of droplets are realized by applying external
voltage to control the mechanical deformation of piezoelectric transducer, which
prevents the temperature from rising to the super physiological level [25]. Compaan
et al. used alginate as the sacrificial material to prepare cell-supported silk fibroin
hydrogels with a clear structure based on the piezoelectric inkjet 3D bioprinting
system. The printed tubular structure has a diameter of 5 mm, a height of 2.5 or

5.0 mm and a thickness of about 400 microns. Moreover, the effect of citrate treat-
ment on the printing was compared. The results showed that alginate removal and
alginate removal could enable cells to extend and contact each other and form a cell
network in the whole hydrogel [26].

The advantages of inkjet bioprinting mainly include: low cost due to its similar
structure to commercial printers, high printing speed due to the ability of the print
head to support parallel operation mode, and relatively high unit survival rate
(usually from 80-90%) determined by many experimental results. However, the
risks of cells and materials exposed to thermal and mechanical stresses, low droplet
directionality, uneven droplet size, frequent nozzle plugging, and unreliable cell
encapsulation have brought considerable limitations to the application in tissue
engineering [27].

2.2 Laser-assisted bioprinting

The typical laser-assisted biological printing device include pulsed laser beams,
focusing systems, and donor bands that respond to laser stimuli, consisting of glass
covered with laser energy absorbing layers, and biomaterial layers (such as cells/
hydrogel composite) prepared in liquid and receiving substrates for ribbons. The
principle of laser-assisted bioprinting is to apply high-energy pulse laser (usually
near-infrared laser) to the donor color band coated with bioink. This laser pulse
evaporates a part of the donor layer, forms a high-pressure bubble on the interface
of the bioink layer, and pushes the materials containing cells to the receiving
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substrate [16, 25, 28]. Compared with inkjet bioprinting, laser-assisted bioprinting
can avoid the problem of jamming cell or material, also can avoid direct contact
with the printer and biological ink at the same time. The non-contact biological
printing method can choose much more types of ink, resulting in printing materials
with wider range of viscosity [28].

The laser pulse energy, ECM thickness, and bioink viscosity can influence cell
viability. The higher the laser energy is, the higher the cell death rate is, but the
increase of membrane thickness and bioink viscosity will lead to an increase of cell
viability. Guillotin et al. studied the effects of bioink viscosity, laser energy and
printing speed on printing resolution. The microscale resolution and 5 kHz printing
speed could be achieved, and the laser-assisted bioprinting could combine cells with
ECM to produce soft tissue with high cell density in vivo [29]. Laser-assisted biologi-
cal printing is considered as one of the most promising methods to fabricate engi-
neered tissue because of its unique resolution, high throughput, high resolution, and
high resolution, as well as the ability to produce heterogeneous tissue structures with
high cell density [25]. However, compared with other bioprinting methods, the laser
diode with high resolution and high intensity are expensive, and the control of the
laser printing system is complex, which limit the application of this technology [28].

2.3 Extrusion bioprinting

The extrusion bioprinting can fabricate 3D cell carriers for tissue regeneration.
The prepolymer solutions need to be prepared first, and almost all types of prepoly-
mer solutions with different viscosities and aggregates with high cell density can
be printed with extruded bioprinters [28]. Different from printing small droplets
onto the platform, the extrusion bioprinting continuously deposit hydrogel fila-
ments within a diameter of 150-300 microns to generate 3D structures. Common
extrusion bioprinting method includes pneumatic, piston-driven, and screw-driven
dispensing. In pneumatic dispensing, air pressure provides the required driving
force, while in piston and screw-driven dispensing, vertical and rotating mechanical
forces start printing respectively [30]. There are three main factors that decide the
printability of extrusion bioprinting, mainly including the adjustability of viscosity,
the bioink phase before extrusion, and the material-specific bio-manufacturing
window [31]. Extrusion bioprinters have been used to produce various tissue types,
such as aortic valves, branching vascular trees, in vitro drug movement and tumor
models [32]. Although the manufacturing time may be prolonged for high-resolu-
tion complex structures, the structures have been manufactured from the clinically
related tissue size to the microtissue in the microfluidic chamber. Furthermore, it is
convenient to combine cells with bioactive agents, because that the heating process
is not involved [33]. Compared with inkjet 3D bioprinting, extrusion bioprinters
can achieve a continuous flow of biomaterials, thus achieving the simplicity of
operation and a broader selection of biomaterials, including polymers, acellular
matrices, cellular hydrogels, spheres and aggregates [34].

2.4 Stereolithography

Among all the bioprinting technologies, stereolithography (SLA) 3D bioprinting
display much more advantages over extrusion or ink-jet bioprinting technology
[28]. SLA is based on the polymerization of photosensitive polymers, and the digital
mirror array controls the light band in the projection field to achieve selective
crosslinking of each layer of the hydrogel prepolymer solution [35]. No matter how
intricate a layer’s pattern is, the printing time is the same because the whole pattern
is projected on the printing plane. Therefore, the printer only needs a movable table
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in the vertical direction, which significantly simplifies the control of the printer.
The cell encapsulated scaffold fabricated by the SLA system can achieve 100 pm
resolution with printing time less than 1 hour, also maintain very high cell viability
(90%) [36]. The above properties make SLA practical for fabricating delicate
construct for tissue engineering. Arcaute et al. used composite lithography technol-
ogy and two different molecular weight of polyethylene glycol (PEG) to prepare
composite multilayer 3D structure of PEG hydrogel, and the properties of prepared
hydrogel were influenced by photo-initiator and photosensitive polymer concentra-
tion. Besides, the prepared PEG hydrogel supports attachment, proliferation and
differentiation of bovine chondrocytes, providing evidence for the applicability of
resins for cartilage tissue engineering [37]. Valentin et al. prepared the sodium algi-
nate precursor solution based on ion crosslinking, and different concentrations of
cationic sources, such as barium carbonate, magnesium carbonate and calcium car-
bonate, and photo acid generator (PAG), diphenyliodonium nitrate were used, and
the sodium alginate hydrogel was printed by SLA. The printed alginate hydrogel
exhibited different mechanical and physical properties when crosslinked with two
kinds of cations. The microstructures with variable height could be printed with
optimized precursor formulations. Due to the high resolution, the 3D fabrication
of natural and synthetic polyelectrolyte hydrogels via SLA enables lab-on-a-chip
devices, soft sensors and actuators, and other biologically-inspired devices [38].

3. Polymers used for bio-inspired hydrogels

Hydrogels are considered as the gold standard materials for 3D bioprinting
because they can provide a flexible and hydrated cross-linked network, similar to
the natural extracellular matrix, in which cells can survive [39]. The polymers pre-
pared for hydrogels can be classified into natural and synthetic polymers [40]. The
natural polymers include alginate, chitosan, hyaluronic acid, gelatin, and so on, and
the synthetic polymers mainly include polyacrylamide (PAAm), polyvinyl alcohol
(PVA), polyethylene glycol (PEG), polylactic acid (PLA), and so on [41, 42].

3.1 Natural polymers

Most hydrogels prepared by natural polymers have the advantages of good
hydrophilicity, good biocompatibility, specific enzymatic degradation, and contain
various active functional groups and structural domains, and display better interac-
tion with cells to promote cell proliferation and differentiation.

Alginate is extracted from alginate plants, is a kind of natural high molecular,
composing of p-d-mannuronate (M) and a-1-guluronate (G). Alginate has been
widely used in tissue engineering because of its advantages of abundant production,
low price, good biocompatibility, and abundant functional groups, which are suitable
for the preparation of bioink for 3D bioprinting [43, 44]. Alginate can react with
CaCO; to release bivalent Ca®* and then form an ionic crosslinking hydrogel bonded
with -COO- on G unit of alginate G unit, to achieve the controllability of alginate ion
crosslinking. The alginate hydrogel has high toughness and good mechanical proper-
ties, but the degradation rate of the alginate hydrogel is not controllable [45].

Chitosan is the product of deacetylation of chitin, which has a straight-chain
structure and positive charge due to the presence of amino groups. Because of the
useful biological function and biocompatibility, the degradation by microorgan-
isms, chitosan has been widely concerned and applied in various industries [46].
The chitosan ink can be directly printed in air, and then the chitosan scaffold is
refined by physical gelation. A chitosan hydrogel that satisfies both biocompatibility
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and mechanical properties has been obtained, and it has been confirmed that
chitosan hydrogel can guide cell growth [47].

Gelatin is the hydrolysate of collagen, which contains many arginine-glycine-
aspartic-acid (RGD) sequences and matrix metalloproteinase (MMP) target
sequences, which enhance cell adhesion and cellular microenvironment remodeling
respectively [48]. Because of biodegradability, biocompatibility, and low antigenicity,
gelatin is attractive for bio-inspired hydrogel [49]. Lewis et al. used gelatin as a bioink
to print into a specific 3D geometry using 3D bioprinting, which can regulate the bio-
logical processes of hepatocytes, enhance protein function, and facilitate cell prolifer-
ation and differentiation [50]. Another commonly used gelatin derivative is to acylate
gelatin to form gelatin methacrylamide (GelMA) [51]. Zhou et al. used GelMA,
N-(2-aminoethyl)-4- (4- (hydroxymethyl)-2-methoxy-5-nitrosophenoxy) butanamide
linked hyaluronic acid (HA-NB) and photo-initiator lithium phenyl-2,4,6-trimeth-
ylbenzoylphosphinate (LAP) as biomimetic bioink to fabricated a bio-inspired 3D
tissue construct via the digital light process (DLP)-based 3D bioprinting technology
for ski regeneration (Figure 2) [52]. Bhise et al. used GelMA to carry out Hep G2/C3A
cells to prepare biomimetic 3D liver structure hydrogel through bioprinting technol-
ogy. A bionic human body chip of liver tissue was prepared by bioreactor. The toxicity
response test of this chip in the test of acetaminophen is similar to that reported in
vivo and other in vitro models, so this provides conceptual proof that the liver biomi-
metic human chip can be used in vitro drug toxicity screening experiments [53].

Hyaluronic acid (HA) is a kind of biocompatible non-sulfated glycosaminogly-
can composed of N-acetylglucosamine and D-glucuronic acid repeated disaccharide
units [54]. It is abundant in tissues including cartilage, neurons and skin. HA is of
intrinsic biological importance because it binds to receptors such as CD44, can be
degraded by oxidative species and hyaluronidase, and is related to the function and
structure of development, wound healing and adult tissues. Because of biocompat-
ibility, biodegradability, and natural biological function, HA hydrogels are widely
used in various application fields [55]. Besides, the HA hydrogel can energize cell
viability and promote osteoblasts to differentiate into cartilage. Unlike collagen and
other proteins, the sequence of HA is different from species and its antigenicity is
low, so it is especially promising as an injectable hydrogel.

Several other natural polymers, such as collagen, agarose, carrageenan, fibrin,
heparin, chondroitin sulfate, cellulose, hemicellulose, lignin, and so on, could
be used for hydrogels using 3D bioprinting [21]. However, natural hydrogels lack
adequate mechanical properties, especially when implanted iz vivo for a long time.
Because of the uncontrollable swelling in physiological water environment, the
mechanical stability of scaffolds tends to decrease. Thus, the chemical modification
on natural polymers would be necessary to improve their printability as bioink, and
the pending chemical groups after medication will improve the mechanical proper-
ties of construct after 3D bioprinting.

3.2 Synthetic polymers

The hydrogels fabricated using synthetic polymers have the advantages of long
service life, strong water absorption, and high gel strength [41]. Polyacrylamide
(PA) is a general designation of acrylamide homopolymer and copolymer. PA isa
kind of water-soluble polymer, which has many amide groups in its structure and is
easy to form hydrogen bond, so it has good stability and flocculation and is easy to be
chemically modified. Ahn et al. grafted poly (N-isopropylacrylamide) (PNIPAAm)
onto the framework of sodium alginate and synthesized sodium alginate PNIPAAm
polymer micelles by self-assembly in aqueous solution, and the micelles could be
used for the encapsulation of anticancer drug adriamycin [56]. Polyethylene glycol

6



Bio-Inspired Hydrogels via 3D Bioprinting
DOI: http://dx.doi.org/10.5772/intechopen.9498s

o, L) I: DLP-based printing
N7
GeMA
-
oA - .
W"‘Q’“"\-{D Digital design
\/D\I/&‘Hz° ‘
hxk—-\ il
M o
? B .
¢ O‘Q_‘w 1I: Adhesive hydrogel
0, ———
HANE Mixed
e ] ‘Q/
2 » UY Light
2,
+ N 3 /
- "
= . .
i 13 ®  Schiff's base
Photo-initiator (LAP) - & Acrylamide bond
B .
Build platform
Move direction
Polymerzation _ [ 3 _[1. scatiold
froe zone B |
0, permeable film -lf% ™ Bionk
UV light
by Cy
Upper layer Upper layer
) )
Lower layer Lower layer
[
Side view Z-axis view
Figure 2.

(A) Fabrication of vapid gelation and tough GelMA/HA-NB/LAP hydrogel for DLP-based printing. (B)
the skin analogous with sophisticated two-layer gel structure was fabricated via 3D bioprinting. (a) the
bioink was printed with a layer-by-layer style using a DLP-based 3D printer. (b, c) the structure of native
skin was displayed in CAD images. (d) the lower layer view of the scaffold was shown. (e) CAD images of
different designed microchannel size and the printed products. (f) the elastic compressibility of products. (g)
Compressive Young’s modulus [52].

(PEG) is another synthetic polymer, and it has no toxicity and irritation, has good
biocompatibility, and can be discharged from the body through the kidney. It has
been widely used in the field of biomedicine [57]. Gao et al. constructed the poly-
ethylene glycol diacrylate (PEGDA) hydrogel with uniform distribution of human
mesenchymal stem cells (hMSCs) inside by simultaneous photopolymerization with
commercial thermojet printers. hMSCs filled in 3D PEGDA hydrogel showed no
deposition during culture and showed a chondrogenic phenotype [58]. Wang et al.
prepared an injectable hydrogel through iz situ Michael addition reaction between
tetraniline-polyethylene glycol diacrylate (TA-PEG) and thiol hyaluronic acid (HA-
SH), which was used to carry adipose-derived stem cells (ADSCs) [59].

Polylactic acid (PLA) is a kind of polymer, which is made of lactic acid as the
primary raw material, and through polymerization, in which the performance can
be adjusted by the structure [60]. Senatov et al. prepared PLA/hyaluronic acid
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(HA) interconnected porous scaffold via a melt-wire method; the 3D printing
technique avoided thermal degradation of PLA, the porosity and pore size of the
scaffold could be well controlled. The porous PLA/HA scaffold with 15% HA has
a considerable crack resistance and can work for a long time under the stress of
21 MPa, which was potential for bone tissue engineering applications [61].

Polyvinyl alcohol (PVA) is a synthetic water-soluble polymer, it has good
biodegradation, biocompatibility, and no side effects on the human body [62]. PVA
has been widely used in ophthalmology, wound dressing, artificial joint, and so on
[42, 63]. Shi et al. prepared an injectable dynamic hydrogel using HA grafted with
PVA and phenyl boric acid (PBA). The synthesized HA-PBA-PVA dynamic hydro-
gel has the reactive oxygen species reactivity and the scavenging activity of active
oxygen. Furthermore, the hydrogel had good biocompatibility to the encapsulated
neural precursor cells (NPC), and its ability to scavenge reactive oxygen species
could protect the NPC cells from the damage of reactive oxygen species. The
HA-PBA-PVA hydrogel could be used as bioink for 3D biological printing to prepare
multilayer and cell loaded structures. The NPC cells showed good viability (85 + 2%
of living cells) after extrusion and maintained the excellent viability of 81 + 2%
of living cells after 3 days of culture. The results indicated that multifunctional
injectable and ROS responsive self-healing HA-PBA-PVA dynamic hydrogels were
expected to be candidates for 3D culture and 3D bioprinting [64].

Besides, there are also many other synthetic polymers for the fabrication of
bio-inspired hydrogels, such as Pluronic and derivatives, PEG or polyethylene oxide
(PEO) based block copolymers, poly(L-glutamic acid), poly(propylene fuma-
rate), methoxy polyethylene glycol, and so on. Though, the synthetic polymers
can precisely control their gel structure and properties and have better physical
and chemical stability and more raw materials to prepare bio-inspired hydrogels.
However, it is necessary to pay attention to the possible biocompatibility of unre-
acted monomers and residual initiators during the preparation of synthetic polymer
materials, and the biocompatibility could be greatly improved via compositing or
liking with natural polymers [65-67].

4. Applications of bio-inspired hydrogels using 3D bioprinting
4.1 Tissue regeneration

Tissue regeneration research is aim to develop substitute for damaged or dis-
eased tissues or organs using principles of life science, engineering and medicine
synergistically. It is crucial to fabricate the substitute as scaffolds, which is inspired
by the natural 3D structure of tissue. The natural ECM regulates essential cel-
lular functions, such as adhesion, migration, proliferation, differentiation and
morphogenesis [68]. It is important of mimicking the ECM with dynamic nature
using 3D bioprinting techniques, and the bio-inspired hydrogels via such tech-
niques displayed potential applications in tissue regeneration, such as cartilage
tissue, vascularized engineered tissue, bone tissue, skin regeneration, heart tissue,
aortic valve conduits, muscle-tendon, and so on [69]. For example, Alexander
et al. displayed a chemically and mechanically biomimetic filler-free bioink for
3D bioprinting of soft neural tissues, as shown in Figure 3. The thiolated Pluronic
F-127, dopamine-conjugated (DC) gelatin, and DC hyaluronic acid were used as
bioinks via a thiol-catechol reaction and photocuring; the storage modulus of the
cured bioinks ranged from 6.7 to 11.7 kPa. The micro-extrusion 3D bioprinting was
used to fabricate free-standing cell-laden tissue constructs. The Rodent Schwann
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Figure 3.

(A) Native ECM components of neural tissue were combined with a synthetic polymer for microextrusion

3D bioprinting of soft, free-standing neural tissues. (B) Two curing pathways, including UV light exposure,
and chelation of dopamine groups with iron (III), are shown to the formulation of photocuring containing
methacrylated dopamine-conjugated gelatin. With the increase of PF127-SH content, the compressive properties
of inks cured through UV exposure or chelation increased. (C) Printed bioinks are shown. (D) Fluorescence
micrographs of 3D bioprinted neural and glial tissue bioink containing rodent Schwann cells (a), human
glioma cells (b), and rodent model neuronal cells (c) are shown at day 7 [70].

cells, rodent neuronal cells, and human glioma cell-laden tissue constructs were
printed and cultured over seven days and exhibited excellent viability, which has
implications in micro physiological neural systems for neural tissue regenerative
medicine [70]. Several works could be found in a recent study that focuses on the
specific properties of bio-inspired hydrogels for tissue regeneration, such as high
strength structures [30]. Also, the enhancement of printing resolution and versatil-
ity is vital for tissue regeneration. For example, the self-healing hydrogels were
used to support the direct 3D bioprinting with high resolution by utilizing shear-
thinning hydrogels, then the constructs could be printed in any direction [71]. The
bio-inspired hydrogels could be accomplished via iz vitro and in vivo 3D bioprinting
as for tissue constructs, which are potential and convenient for clinic operation.
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4.2 Wound dressing and wearable devices

The bio-inspired hydrogels via 3D bioprinting can be applied for wound dressing
and wearable devices, which are considered as important applications, especially
in recent years. Skin plays an essential role in protecting the body from external
damages, such as abrasions, lacerations, and burns, and so on. The full-thickness
defects of the dermis layers are the most challenging wounds to heal because of the
limitation of self-repairing capability; thus, the skin regeneration of skin with skin
appendages still remains a tough challenge [72]. 3D bioprinting is being applied
to fabricate skin constructs using biomaterial scaffolds with or without cells, to
address the need for skin tissues suitable for transplantation for wound healing
therapy. The natural polymers, including cellulose, collagen and chitin, alginate,
and hyaluronic acids are employed to synthesis skin constructs due to the favorable
biocompatibility, biodegradation, low-toxicity or nontoxicity, high moisture con-
tent, high availability and mechanical stability [73]. Feifei et al. fabricated gelatin
methacrylate (GelMA) based bioink to print functional living skin using DLP-based
3D printing (Figure 2), while the printed skin could promote skin regeneration and
neovascularization via mimicking the physiological structure of natural skin [52].

Furthermore, the bio-inspired hydrogels could not only be functionalized on
skin regeneration but also as medical wearable devices. The conductive hydrogels
could be designed and fabricated to acquire electronic devices with conductive,
capacitive, switching properties, image displaying, and motion sensing [74].
Meihong et al. developed conductive, healable, and self-adhesive hybrid network
hydrogels based on conductive functionalized single-wall carbon nanotube
(FSWCNT), PVA and polydopamine. The prepared hydrogel exhibits fast self-
healing ability around 2 s, high self-healing efficiency of about 99%, and robust
adhesiveness, which could be used for healable, adhesive, and soft human-motion
sensors [75]. Zijian et al. synthesized a stretchable, self-healing and conductive
hydrogel based on gelatin-enhanced hydrophobic association poly (acrylamide-co-
dopamine) with lithium chloride via physical crosslinking including hydrogen
bonding, hydrophobic association, and complexation effect. The hydrogels
displayed the stretchability of 1150%, tensile strength of 112 kPa, flexibility and
puncture resistance. Also, the hydrogels possess extraordinary conductive property
and stable changes in resistance signals [76]. Furthermore, the organogel-hydrogel
hybrids have been limelight due to that such kind of hybrids could mimic biological
organisms with exceptional freezing tolerance, and thus could provide an advanta-
geous skill to fabricate robust ionic skins [77]. Zhixing developed a series of lauryl
acrylate-based polymeric organogels with high transparency, mechanical adaptabil-
ity, adhesive capability, and self-healing properties; the prepared organogels were
expected to provide insights to design the artificial human-like skins with unprec-
edented functionalities [78]. Due to the delicate structure can be accomplished
using 3D bioprinting, bio-inspired hydrogel shows potential applications in medical
wearable devices.

4.3 Pharmaceutical applications

The bio-inspired hydrogels could also be used in drug delivery system, such as
protein carriers, anti-inflammatory drug carriers, in the pharmaceutical industry
[79]. Rana et al. designed a magnetic natural hydrogel based on alginate, gelatin,
and iron oxide magnetic nanoparticles as an efficient drug delivery system, the
drug doxorubicin hydrochloride (DOX) was loaded, the anticancer activity against
Hela cells could be regulated by the release of DOX from hydrogels [80]. Maling
et al. provided a proof-of-concept of detoxification using a 3D-printed biomimetic
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nanocomposite construct in the hydrogel. A bio-inspired 3D detoxification device
by installing polydiacetylene (PDA) nanoparticles in a 3D matrix was fabricated
using dynamic optical projection stereolithography (DOPsL) technology; the
nanoparticles could attract, capture and sense toxins, while the 3D matrix with a
modified liver lobule microstructure allows toxins to be trapped efficiently [36].
The bio-inspired hydrogels via multi-materials 3D bioprinting can easy regulate the
loading and release profiles of drugs, which show potentials as biomedicines.

5. Future outlook

The design paradigms shift from 2D to 3D has revolutionized the way of bio-
inspired hydrogels for materials components, engineered constructs, in vitro disease
modeling, medical wearable devices, and precision medicine. 3D bioprinting
technology realizes to fabricate the delicate bio-inspired hydrogels with excellent
properties and necessary signals to promote healing, tissue regeneration, thera-
peutics delivery, and health monitor in real-time. However, there are still some
issues that need to be addressed in the near future (Figure 4). As the researchers
begin to scale-up the production of bio-inspired hydrogels, new parameters during
the fabrication need be met, such as the bioprinting speeds and resolutions, such
parameters need to be simultaneously be increased to create constructs of clinic
size. In the near future, it will be essential to develop microscale organ-on-a-chip,
such as liver- and heart-on-a-chip, tumor-on-a-chip, etc., that integrate bio-
inspired microenvironments with fluid flow inside hydrogels, also other dynamic
physiological processes were well regulated by controlling the 3D bioprinting
process. For example, the bio-inspired 3D culture in hydrogels could be employed
to produce an iz vitro model of Alzheimer’ disease, providing a useful tool for the
development of new therapeutics [82]. Future fabrication of bio-inspired hydrogels
would be involved with multi-material 3D bioprinting, which provides the ability

Promoting the resolution
of 3D printing to satisfy
the structure biomimetic
from macroscale /
‘microscale to nanoscale

Exploring more
biomimetic objects
with novel
characters

Complicated tissue
regeneration and
treatment

Figure 4.
The future outlook of 3D bioprinting for fabrication of bio-inspired tissues for tissue engineering applications [81].
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to deliver growth factors, control cell adhesion, as well as the degradation rate in
different regions of the printed constructs. In addition, 3D bioprinting technology
needs to overcome vascularization challenge, which is considered a crucial factor in
the synthesis of engineered constructs in tissue engineering.

6. Conclusions

The 3D bioprinting has changed the way bio-inspired hydrogels fabricated, and
expanded the applications of bio-inspired hydrogels, including tissue regeneration,
wound dressing, wearable devices, and pharmaceutical applications, and so on. In
this chapter, the available 3D bioprinting techniques were described, the advantages
and disadvantages of each printing technology were outlined. Then, the natural
and synthetic polymers used for the fabrication of bio-inspired hydrogels via 3D
bioprinting were introduced. The applications of bio-inspired hydrogels were
focused. At last, the future outlook of bio-inspired hydrogels for tissue engineering
were summarized. The bio-inspired hydrogels produced from 3D bioprinting still
lacking sufficient clinical evidence, as more clinical trials evaluating bio-inspired
hydrogels are still required.
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Abbreviations

ADSCs adipose derived stem cells

CAD computer-aided design

CAM computer-aided manufacturing

CHO Chinese hamster ovary

DLP digital light process

DOPsL dynamic optical projection stereolithography

DOX doxorubicin hydrochloride

ECM extracellular matrix

FSWCNT functionalized single-wall carbon nanotube

GelMA gelatin methacrylamide

HA hyaluronic acid

HA-SH thiol hyaluronic acid

hMSCs human mesenchymal stem cells

LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate

MMP matrix metalloproteinase

MRI magnetic resonance imaging

NB N-(2-aminoethyl)-4- (4- (hydroxymethyl)-2-methoxy-5-
nitrosophenoxy) butanamide

NPC neural precursor cells
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PA polyacrylamide

PAAm polyacrylamide

PAG photo acid generator

PBA phenyl boric acid

PDA polydiacetylene

PEG polyethylene glycol

PEGDA polyethylene glycol diacrylate
PEO polyethylene oxide

PLA polylactic acid

PNIPAAm poly (N-isopropylacrylamide)
PVA polyvinyl alcohol

RGD arginine-glycine-aspartic-acid
SLA stereolithography

TA-PEGDA tetraniline polyethylene glycol diacrylate
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Active Gaits Generation of
Quadruped Robot Using
Pulse-Type Hardware Neuron

Models

Yuki Takei, Katsuyuki Morishita, Riku Tazawa and Ken Saito

Abstract

In this chapter, the authors will propose the active gait generation of a quadruped
robot. We developed the quadruped robot system using self-inhibited pulse-type
hardware neuron models (P-HNMs) as a solution to elucidate the gait generation
method. We feedbacked pressures at the robot system’s each foot to P-HNM and
varied the joints’ angular velocity individually. We experimented with making the
robot walk from an upright position on a flat floor. As a result of the experiment,
we confirmed that the robot system spontaneously generates walk gait and trot gait
according to the moving speed. Also, we clarified the process by which the robot
actively generates gaits from the upright state. These results suggest that animals
may generate gait using a similarly simple method because P-HNM mimics biologi-
cal neurons’ function. Furthermore, it shows that our robot system can generate
gaits adaptively and quite easily.

Keywords: gait generation, interlimb coordination, pulse-type hardware neuron
model (P-HNM), locomotion, quadruped robot, gait pattern

1. Introduction

Improvements in computer processing capability have realized advanced mobile
robots [1, 2]. However, there is still no legged robot that can move flexibly enough
to change our lives in a big way. One of the reasons for this is challenging to act
autonomously for current control methods to instantly adapt to various events
occurring in the robot’s surroundings. The realization of the autonomous robot
needs a higher sensory information processing system. Also, increasing the number
of sensors or shorten the interval acquisition of the sensor information requires
high-speed information processing. On the other hand, animals can easily act
autonomously. The significant difference between robots and animals in deciding
how they should act is to process all information by their brains or not. Mimicking
the animal’s biological system can be useful for realizing simple robot control [3, 4].
For example, the typical actions that animals unconsciously generate are respira-
tion, chewing, and walking [5, 6]. The elucidation of generating walking action
may solve the problem of current control methods for legged robots. The ordinary
quadrupeds as legged animals have several locomotion patterns (gaits) [7-9].
Neurophysiology experiments have provided many insights into the characteristics
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and kinematics in gait [10-18]. The finding that horses move efficiently by switch-
ing their gait to suit the situation is essential for the engineering application of

their gait generation mechanisms [19]. Researchers also examined how quadrupeds
generate gait [19-22]. The theory that quadruped animals unconsciously generate
gaits by the interaction between the central pattern generator (CPG) and sensory
inputs is widely accepted [23-26]. The variety of animals’ functions makes it
difficult to use their bodies to identify the essential elements required to generate
gait. Although there is much discussion on the animal’s gait generating mechanisms,
most of it is still unclear [27, 28].

Researchers have attempted to realize CPG in engineering and use modeled CPGs
to control robots [29-35]. These studies have succeeded in using the CPG models
to generate locomotion, which was previously calculated by the processor [32-35].
However, how does an animal’s CPGs create the gait according to the robot’s surround-
ings is unclear. It is necessary to examine a method for generating gait employing
body structure to identify the essential elements required for entities to generate gait.

Research using a biped machine with passive joints revealed that the biped
machine generates a gait pattern without a control mechanism when placed ona
shallow slope [36]. Another research using a quadruped machine revealed that it
generates quadruped animal’s gaits and switch them according to the body joints’
type and the slope angle [37]. Furthermore, even if the legs’ number increased to
six or more, a machine generates gaits [38]. These experiments suggest that even
machines without a control mechanism can generate gaits by using gravity. The
finding that walking machines produce different gait depending on body structure
may be related to the fact that animals have different gait for different species.
Realizing a robot that can actively walk requires studying the gait generation
mechanism, including the actuator’s driving method.

Recently, a quadruped robot system with joints using servomotors controlled
by decoupled mathematical oscillators based on the active rotator model has been
proposed [39-41]. The quadruped robot’s legs are controlled according to the
oscillator’s phase individually. Feeding back each foot’s pressure to the oscillators to
accelerate and decelerate the joint’s angular velocity has generated the phase differ-
ence (i.e., gait). The quadruped robot could generate an animal’s gait according to
the pressures. Another robot controlled in the same method could switch the gaits
according to its moving speed [42]. These results suggest the effectiveness of using
the difference in pressure on each foot to generate gaits. Although they did not
design the oscillator they used to control the joint on a biological basis, the sugges-
tion that the reaction force the leg receives from the floor is closely related to the
gait is consistent with the results of physiological experiments [16, 17].

The authors speculate that spike firing has significant roles in information
processing in the nervous system. We are studying robot control using pulse-type
hardware neuron models (P-HNMs) that can output the spike firing (action poten-
tial) the same as a biological neuron [43]. Our research aims to develop a simple
and efficient control method for robots using the artificial motor nervous system
and central nervous systems. Hardware implementation will be advantageousina
large scale network system. The authors developed a quadruped robot system that
implemented an active gait generation mechanism using P-HNMs. The mechanism
is similar to the peripheral nervous system in that independent P-HNMs control each
limb individually [44].

This chapter describes the active gait generation method for a quadruped robot.
Firstly, the authors introduce the components of our quadruped robot system.
Secondly, we will discuss the gait generation method, and finally, we will show the
experimental result.
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2. Quadruped robot system

Figure 1 shows our constructed quadruped robot system. This section describes
the individual components of the quadruped robot system.

2.1 Mechanical and electrical components

The mechanical components of the robot system consist of the body frame and
four-leg units. Figure 2 shows the structure of the robot’s body. We machined Part
1,2, 3, and 4 from aluminum alloy sheets using the computerized numerical control
(CNC) machining system and bender. Also, we formed Part A and B using a 3D
printer. Part 2 and Part 3 were jointed together by Part 1 to form the body frame
to connect the legs (Figure 3). The leg units consist of Part A, B, and two Part 4
and servomotors KRS-2552 (Kondo Kagaku co., Itd, available online at https://
kondo-robot.com/ [45]). All the leg units have the same structure. The leg length
is 138 mm (from joint axis to toe), the distance between the front and rear legs is
175 mm, and the distance between the left and right legs is 101 mm. The total weight
of the robot system is approximately 1.1 kg. We gave the robot system two joints for
each leg, the minimum number needed to walk. This robot system has no degrees of
freedom except for legs.

The robot system’s electrical components consist of self-inhibited P-HNM
circuit boards, pressure sensors FSR402 (Interlink Electronics, Inc., available online
at https://www.interlinkelectronics.com/ [46]), a single-board microcontroller
Arduino DUE, and a peripheral circuit board. The pressure sensors have attached
to the feet shown in Figure 4. Also, we mounted a battery and Bluetooth module to
experiment without physical connections for power supply and data logging. The
self-inhibited P-HNM and the peripheral circuit board are described later.

2.2 Self-inhibited P-HNM

The self-inhibited P-HNM consists of a cell body model and an inhibitory synap-
tic model. Figure 5 shows the schematic and circuit diagram of the self-inhibited
P-HNM. Figure 5(a) shows the connection between the cell body model and the
inhibitory neuron model. A large circle represents the cell body model, and a black

Single-board microcontroller ~ Circuit boards of self-inhibited P-HNM
(Arduino DUE)

Body frame—"_ & :
Peripheral

Servomotors circuit board

Pressure sensors

Figure 1.
Quadruped robot system.
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Figure 2.
Structure of robot’s body. The quadruped robot system’s body consists of a body frame and four leg units.
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Figure 3.
Mechanical parts of the quadruped robot system. Part 1, 2, 3, and 4 were machined using the CNC system and
bender.

circle and arc representing the inhibitory neuron model. The cell body model and
the inhibitory synaptic model are mimicking several functions of a biological
neuron. The cell body model includes a voltage control-type negative resistance,

an equivalent inductance, resistors R; and R,, and a membrane capacitor Cy. The
voltage control-type negative resistance circuit with equivalent inductance consists
of an n-channel MOSFET M;, a p-channel MOSFET M), a voltage source V,, aleak
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Pressure sensor

Rubber foot

Figure 4.
Structure of each leg tip. The pressure sensor and rubber foot ave attached to the end of Part B.

Inhibitory synaptic model .

Cell body model »

(a) Connection between cell body model and
inhibitory synaptic model

Cell body model Inhibitory synaptic model

(b) Circuit diagram of self-inhibited P-HNM

Figures.
Schematic diagram of self-inhibited P-HNM. According to the synaptic weight control voltage v, the
inhibitory synaptic model inhibits the cell body model’s pulse genevation.

resistor Ry, another resistor Rg, and a capacitor Cg. The cell body model generates
oscillating patterns of electrical activity v,,:. More detail of the cell body model is
described in [43]. The inhibitory synaptic model consists of simple current mirror
circuits. The inhibitory synaptic model inhibits the cell body model’s pulse genera-
tion by pulling out current from the cell body model. The strength of the inhibition
can vary with synaptic weight control voltage v.,.
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Figure 6 shows the simulation result of the waveform output by self-inhibited
P-HNM. We changed v,, applied to the self-inhibited P-HNM in the middle of this
simulation. The circuit constants are Cjs = 3.3 pF, Cg = 47 pF, Cy = 10 pF, R; = 15 kQ,
R, =20 kQ, Rg = 82 MQ, Ry, = 10 kQ, M 5 ¢, 7, 5: BSS83, M, 3 4: BSH205, Vpp = 5.0 V,
Vi = 3.5 V. Figure 7 shows the result of the measured relation between the pulse
period T and the synaptic weight control voltage v, applied to the self-inhibited
P-HNM. The curve in Figure 8 results from approximating the plotted points with a
second-order polynomial, the region we used to control the robot.

2.3 Leg controlling system

We connected these components to realize the quadruped robot system with an
active gait generating function. Figure 8 shows the single-leg controlling system’s
schematic diagram, including the peripheral circuit’s circuit diagram. The outline
of the peripheral circuit board and self-inhibited P-HNM circuit board is described
in Figure 9. The peripheral circuit consists of a low-pass filter, buffer, and voltage
dividing circuits. The low-pass filter consists of a resistor Rg and a capacitor Cr. The
buffers consist of operational amplifier U; and Us. The voltage dividing circuits con-
sist of Rps, Rpy, and Rp;3. The circuit constants of peripheral circuit are Cg = 3.3 pF,

Pulse period T

— 4r | voul
a 3_ ___v\.\f
IS T | O | OO | |V gt | U A A 4 | N UL YU 1| A
&2t |
= !
o i
> Ir :
0 H 1 ]

Time 1 ms/div

Figure 6.
Example of self-inhibited P-HNM’s output waveform (simulation vesult). The P-HNM outputs pulses

periodically. The pulse period increases with synaptic weight control voltage v,

1.5¢
@
E
B~
5=
2 1 ol
5 = 2
>4 T y=50xc— 8.0x+39
v
-
=
a
0.5 . !

0.9 1 1.1 1 j2
Synaptic weight control voltage v, (V)

Figure7.
Pulse period characteristics of self-inhibited P-HNM (experimental result). The range of v,, we used to control

the legs can be described in this equation.
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Rp = 11k, Rpy, p2s p3 = 11 kQ, Uy, 2: LMC6032. We input the microcontroller’s PWM
output to the self-inhibited P-HNM circuit boards as an analog output through the
peripheral circuits’ low-pass filter. We connected the self-inhibited P-HNM’s output
voltage to the Arduino DUE’ interrupt pin through the peripheral circuit.

We set two commands in the microcontroller to move the legs individually. One
is to convert the reading from the pressure sensors into the synaptic weight control
voltage v, and input it to the self-inhibited P-HNM circuit boards. The other is
changing the servomotors’ angle by a constant angle each time the voltage input to
the interrupt pin exceeds Arduino DUE’ interrupt trigger voltage (approximately
1.7 V). We defined four-foot target points to create the foot trajectory shown in
Figure 10. The foot passes through the target points and moves along the trajectory
when the robot system changes the joint’s angle. We set the microcontroller to pro-
cess these commands individually for four legs. The overview of these commands is
shown in Figure 11.

Each leg moves by a constant angle each time the self-inhibited P-HNM circuit
boards output a pulse and the period at which the P-HNMs output a pulse varies

PWM output
4—

Single-board
microcontroller

Vi

.q_
Self-inhibited
P-HNM
circuit board
Vout

Interrupt pin

vpmss
=)
g
+33V 2 2
: - — L= T =TH]
Peripheral circuit _:_.
1
Pressure motor| s
sensor !
Servo[
motor :

Single-leg controlling system

Figure 8.
Schematic diagram of the single-leg controlling system. We implemented peripheral circuits and the
self-inhibited P-HNM civcuit boards to the peripheral circuit board.

Self-inhibited P-HNM circuit boards

89 mm

le

A 4

34 mm
18 mm

Top side F :
Connect pressure sensors Twdnlmg:  Boliomie
(a) Peripheral circuit board (b) Self-inhibited P-HNM circuit board

Figure 9.

Outline of the peripheral circuit board and self-inhibited P-HNM circuit board. (a) Peripheral circuit board
and (b) self-inhibited P-HNM circuit board. Four self-inhibited P-HNM circuit boards and pressure sensors
are connected to the peripheral circuit board.
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(a) Trajectory (b) Phases of target points

Figure 10.
Foot trajectory. The feet draw a trajectory through target points. (a) the trajectory and (b) target point’s phases.

Interrupt

—

Update or continue the target point
based on the current joint’s angle
| Reﬂd ﬂﬂch ‘UDTL‘!:\ | l

Initializing

Change the joint’s angle by 8 ()
Update cach towards the target point

output v, |

Return from interrupt

Figure 11.
Flow chart of the set commands. Interrupt command is executed when the v,,, output by each self-inhibited
P-HNM board exceeds the interruption trigger voltage.

depending on the pressure. Therefore, the speed at which each leg of the robot
moves varies depending on the pressure on the feet.

3. Gait generation method

The following equations express the relation between the speed of moving legs
and the pressure on the feet. The microcontroller controlled the legs individually.
Therefore, some parameters are different for each leg. In the following equations,

the subscript “i” means the parameter for the ith leg. The angular velocity of mov-
ing legs w; can be described as the following equation:

O, =— 1)

where € is an actuation angle of servomotors each time the self-inhibited P-HNM
circuit boards output a pulse. The synaptic weight control voltage v, applied to the
self-inhibited P-HNM circuit boards can be described as the following equation:
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Vi =0 Vppei 2)
where v is the applied voltage to the microcontroller depending on output
by the pressure sensors. ¢ is a constant for converting vres; to v, and represents the
effect of pressure. From the approximate formula in Figure 7, the pulse period T; of
the output voltage of self-inhibited P-HNMs v,,,; can be described as the following

equation:

T, =5.00,,” —8.0v,, +3.9. 3)
From these equations, w; can describe as the following equation. This equa-

tion indicates that the pressure on the foot reduces the angular velocity of moving
the leg.

*)

4. Experiment result

We put the robot system on a flat floor and experimented under two conditions:
the robot’s walking speed is slow and fast. To change the robot’s walking speed,
we changed the legs’ angular velocity by changing 6. However, we did not change
parameters such as 0. We set the initial phase of each leg to 3n/2 and let the legs to
start moving at the same time.

i
i
- )
G )
[V
(V|
3 b
B b e e LF-LH
] ) - IV~ LFRF
§ L \;;;"*":t‘:i%}j:?'!tj;:-ﬁ:‘:***; LF-RH
£ o T e T
| | i ey oy S S
““g'} 0 10 _ 20 30
= Time (s)

(b) Phase transition and phase difference of the legs (walk gait)

Figure 12.
Phase transition of the legs at low speed. (a) Walking quadruped robot system and (b) each leg’s phase
transition and phase difference from the LF. The robot system generated the walk gait from an upright position.
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(b) Phase transition and phase difference of the legs (trot gait)
Figure 13.

Phase transition of the legs at high speed. (a) Trotting quadruped robot system and (b) each leg’s phase
transition and phase diffevence from the LF. The robot system generated the trot gait from an upright position.

Figure 12 shows the transition of each leg’s phase ¢;. Figure 12 also shows the
phase difference between each leg and the left foreleg at low speed. The borders in
Figure 12 mean one cycle of gait. As Figure 12 shows from the third step after the
robot system start walking, each leg’s phase differences were generated around 90°
(0.5m rad). Also, the order of moving the legs is left fore (LF), right hind (RH), right
fore (RF), and left hind (LH), which means that this gait is the same as the horse’s
walk gait. In this experiment, the legs’ angular velocity while the legs were not on
the floor was approximately 30°/s (0.52 rad/s). Figure 13 shows the result at high
speed. As Figure 13 shows from the fourth step after the robot system start walking,
each leg’s phase difference was generated around 180° (n rad). Besides, the order of
moving the legs is LF and RH, RF and LH, which means that this gait is the same as
the horse’s trot gait. In this experiment, the legs’ angular velocity while the legs were
not on the floor was approximately 51°/s (0.89 rad/s).

These results show that the quadruped robot system can generate gaits by reduc-
ing the legs’ angular velocity depending on the pressure on the feet. Also, the robot
system can generate different gaits depending on moving speed. Furthermore,
the characteristics of the generated gaits are similar to the horse’s gaits. In our
control method, we confined the change factor in each leg’s speed to feedback using
weight-bearing balance. Therefore, we assume that the trigger for the break in the
initial phase symmetry was slightly different in the robot’s weight that the limbs
were supporting. We have experimentally determined the parameters such as @ and
o that can stably produce these gestures. We expect that the dynamics simulator is
necessary to determine these parameters quantitatively. In the future, we will use it
to analyze in detail how the parameters affect the gaits.

5. Conclusions

In this chapter, the authors constructed a quadruped robot controlled by the
active gait generating method individually for four legs. The method is simply
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reducing the robot’s legs’ moving speed according to the pressures of feet. We
implemented pulse-type hardware neuron models (P-HNMs) to the method. We
conducted experiments under two conditions: when the robot’s walking speed is
slow and fast. As a result, the robot system actively generated phase differences

of each leg. By analyzing the experimental results, we clarified the process of gait
generation. Also, we confirmed that the generated phase differences were similar
to the horse’s gaits of walk and trot. These results suggest that quadruped robots
can spontaneously generate gaits according to the environment by our proposed
mechanism. Furthermore, it shows that animals may generate gait using a similarly
simple method because P-HNM mimics biological neurons’ function. In the future,
we intend to use a kinetic simulator to determine the basis of how the robotic
system generates gait.

Video materials

Additional video materials available at: https://bit.ly/3i91Lbl
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Chapter 3

From Insect Vision to a Novel
Bio-Inspired Algorithm for Image
Denoising

Manfred Hartbauer

Abstract

Night active insects inspired the development of image enhancement methods that
uncover the information contained in dim images or movies. Here, I describe a novel
bionic night vision (NV) algorithm that operates in the spatial domain to remove noise
from static images. The parameters of this NV algorithm can be automatically derived
from global image statistics and a primitive type of noise estimate. In a first step,
luminance values were In-transformed, and then adaptive local means’ calculations
were executed to remove the remaining noise without degrading fine image details
and object contours. Its performance is comparable with several popular denoising
methods and can be applied to grey-scale and color images. This novel algorithm can
be executed in parallel at the level of pixels on programmable hardware.

Keywords: night vision, spatial integration, contrast enhancement, noise reduction,
denoising, image enhancement, image processing, local means calculation

1. Introduction

Some insect species have attracted the attention of researchers due to their
astonishing visual abilities under extremely dim light conditions [1-3]. These
insects cope with noise that degrades visual information and has multiple origins:
the sparsity of photons results in shot noise, which is overlaid by transducer
noise. To increase the sensitivity of compound eyes, the clusters of photoreceptor
cells direct light on to a certain part of the associated rhabdom in order to gather
the photons from a wide field of view. In other, nocturnal insect species (e.g.,
Megalopta genalis) neurons in the brain sum up the information provided by
individual ommatidia forming the apposition eye. Insects equipped with such
neural apposition eyes can even see at star light conditions [3]. Filtering in the
spatial [4] and temporal domains is mirrored in some denoising algorithms that
are available for cleaning up noisy films (e.g., [5]). However, there is still a lack
of image enhancement methods that improve the quality of underexposed static
images while avoiding artifacts and preserving image sharpness. The elimination of
noise from static images is usually a challenging task for any denoising algorithm,
because the temporal domain is not available for filtering.

The quality of images taken under dim light conditions is also often reduced by
imperfections in the sensor itself (‘sensor grain noise’) and shot noise. Generally,
dim images have a very limited luminance range, which limits the content of
available information. If any measure is undertaken to improve image contrast,
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such as the traditional method of histogram stretching, sensor noise is unavoidably
amplified. Therefore, the goal of image enhancement is to preserve as many image
details as possible while eliminating noise. Typically denoising can be achieved

by the application of linear and nonlinear filters. Linear filters take the forms of
smoothing or low-pass, sharpening, Laplacian, un-sharp masking, or high-boost
filters. Nonlinear filters include order statistic filters such as minimum, median,
and maximum filters (for a review of methods see [6, 7]).

Simple denoising techniques, such as linear smoothing or median filtering, can
reduce noise, but at the same time smooth away edges, so that the resulting image
becomes blurry. A popular alternative denoising method is total variation (TV)
denoising, which has been described by Rudin et al. [8]. This method minimizes the
total variation of the luminance values that can mainly be attributed to noise. The TV
regularization method preserves salient edges while effectively removing noise. Lee
et al. [9] published a framework for a Moving Least Squares Method with Total Variation
Minimizing Regularization and Yoon et al. [10] improved the preservation of fine image
details by developing an adaptive, TV-minimization-based image enhancement method
(ATVM). Bilateral filtering described by Tomasi and Manduchi [11] is another powerful
non-linear denoising algorithm that preserves object contours. Here, denoising is
based on the spatial distance of surrounding pixels relative to an output pixel and its
grey value difference. Bilateral filtering is fast but the tuning of parameters is rather
difficult (see Zhang and Gunturk [12]) and staircase effects and inverse contours are
known possible artifacts. Another possibility is the operations that are performed on a
Fourier transform of the image rather than on the image itself. The techniques that fall
under this category include low pass, high pass, homomorphic, linear and root filtering.
Fourier-transformed images are filtered and inverse transformed to reduce noise and
prevent blurring effects. The disadvantages of frequency domain methods are that they
introduce certain artifacts and cannot simultaneously enhance all parts of the image
very well. In addition, it is difficult to automate the image enhancement procedure.
Despite these drawbacks, frequency filtering of similarity maps has proved to be a
powerful method for image denoising (BM3D, published by Maggioni et al. [13]; see
original work of Dabov et al. [14]). This method divides the image into small pieces (2D
blocks) and, after 3D transformation of similar blocks, the filtering process eliminates
noise while leaving the object details mostly untouched. In addition, wavelet-domain
hidden Markov models have been applied to image denoising with fascinating results,
especially when applied to diagnostic images [15-17].

In order to reduce the computational time required by complex image-
processing algorithms such as edge detectors, homomorphic filtering, and image
segmentation, general-purpose computing methods using graphics processing units
were developed [18, 19]. More simple, computationally less demanding algorithms
were developed as another strategy to reduce processing time. For example, the
simple piecewise linear (PWL) function sharpens image edges and reduces noise
simply by evaluating the luminance of pixels in a window of 3 x 3 pixels around
each pixel [20]. Its effects can easily be controlled by varying only two parameters.
Such simple algorithms can be implemented in reconfigurable hardware in the form
of field-programmable gate arrays (FPGA), which is considered a practical way to
obtain high performance when using computationally-intensive image processing
algorithms [21, 22]. Performing parallel operations on hardware significantly
reduces processing time, but simple algorithms are easier to implement on
programmable hardware compared to mathematically complex ones.

Here, I describe a rather simple, bio-inspired algorithm that can be used to
enhance the contrast of dim images and remove noise without affecting fine image
details much. It operates in the spatial domain at the level of pixels and can be run in
parallel on FPGA hardware.
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2. Bionic method of image denoising
2.1 Method overview

This novel night vision (NV) image enhancement method increases the quality
of underexposed pictures by combining three subsequent image processing steps
(see Figure 1). These are executed at the level of pixels which perform simple cal-
culations to mimic the amplification of the transduction process in photoreceptors
and the spatial integration of image information as known from nocturnal insects
[2]. The photoreceptors of Megalopta genalis (Halictidae), a nocturnal bee found in
the Neotropics, has a rather great gain of transduction, which decreases the signal-
to-noise ratio and information capacity in dim light for an increased sensitivity. This
amplification of visual information is mirrored in the first image processing step of
this night vision method by performing a logarithmic transformation of pixel grey
values (luminance values). Logarithmic transformation of luminance values leads
to an increase of small values while high values remain rather constant. Therefore,
image details of dark image regions become visible.

The photoreceptors of nocturnal insects generate slow and noisy visual signals that
are spatially summed by second-order monopolar cells in the lamina [1]. Summing
visual information from a wide angle of view leads to the reduction of noise and,
thus, improves signal-to-noise ratio. The neuronal correlate for this can be found
in large dendritic trees of lamina interneurons in M. genalis. However, to prevent
image blur, spatial summation should be small in image areas where contrast is high
and large in more homogeneous image regions. This “adaptive spatial averaging”

Image load
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Image statistics and noise
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Gain < 60

Gain > 60

Ln transform and amplification 4— Gain }
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N . . . | Variability |
> Adaptive spatial averaging 4—i threshold !
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Figure 1.

Sc%emu of image-processing steps that make up the NV algorithm. Global image statistics and a simple method
of noise estimate were used to devive the parameters “gain” and “variability threshold”. These were used in
subsequent image-processing steps to enhance the quality of dim images and remove noise. Images with average
brightness skip “Ln transformation” and the “contrast enhancement” routine was only applied to images that
exhibited low variance among their luminance values.
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is performed in the second image processing step of this night vision method and
preserves object contours and image sharpness. This procedure assumes a higher
variability of luminance values near object contours as compared to homogeneous
image regions. Thus, circles in which local luminance values can be averaged may

not exceed a critical variability of grey values (threshold_var). Adaptive averaging is
performed at the level of pixels and evaluates the variability of local grey values to
find the dimension of a circle in which the variability of grey values remains below the
predefined variability threshold. After exceeding this threshold, the average of grey
values of pixels belonging to this circle is calculated and stored at the central pixel. As
a final processing step an automatic contrast-enhancement procedure was applied by
means of linear histogram stretching. Two parameters (gain and variability threshold)
are essential for this method and were derived from global image statistics and a
simple kind of noise estimate. The image-enhancement algorithm described here was
developed using Netlogo 5.2 (developed by Uri Wilensky; http://ccl.northwestern.edu/
netlogo/), a multi-agent programming environment that allows the parallel execution
of commands at the level of pixels (named patches in the Netlogo language).

2.2 Import pictures

Dim and noisy images were imported into Netlogo using the command “import-
peolors”, which transformed the luminance values of pixels into the grey values of
patches. This Netlogo function limits the luminance values of grey-scale images to the
range between 0 (black) to 9.9 (white), whereby the total number of possible grey values
is 110. Although image information is reduced by this function, the human eye is unable
to recognize any difference between images having a grey value range of 110 or higher.

2.3 Image statistics

For the automatic adjustment of the two parameters gain and variability
threshold, a simple calculation of the global image statistics was performed and
image noise was estimated. The median and variance of the grey values of all
pixels were analyzed and saved as median_grey and var_grey, respectively. Before
processing ‘rgb’ images, the parameter median-grey was calculated by averaging over
the luminance values of all color channels. In contrast, var_grey was calculated from
the channel with the highest average luminance value. The parameter gain acts as
a factor of In-transformed grey values (adjusts image brightness) and was derived
from median_grey according to Eq. 1. gain cannot be smaller than 1.

gain = 5 - median_grey (1)

2.4 Noise estimation

A rather simple estimation of noise can be obtained by summing up the
differences between the grey values of each pixel and the average grey values of
surrounding pixels in rather homogeneous regions of the image. For this purpose,
the local average luminance value (mean_grey_local) and local variance of luminance
values (var_grey) of surrounding patches were calculated in a circle with a radius of
4 pixels. Since brighter images tend to show a higher variability of grey values, the
noise estimation was restricted to those pixels Xyg having circles in which mean_
grey_local was smaller than the ratio between var_grey and (median_grey — 1) (see
Eq. (2)). Noise estimation was computed according to Eq. (3), whereby X denotes
the number of patches in the homogeneous image regions.
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Xng | mean_grey_local < var_grey! (median_grey - 1) (2)
X

noise_estimate = Y, abs(mean_grey_local - luminance) /X 3)
N

The noise estimation of color images was restricted to the color channel with the
highest average luminance value.

2.5 Parameter estimation

This NV algorithm derives all its parameters from global image statistics
(median_grey and var_grey) and the noise_estimate. Eq. (4) defines the threshold
that was used for the adaptive spatial averaging procedure. It was found empirically
by testing numerous terms that allow to predict the parameters that result in high
quality output images with respect to the conservation of image details and the
(Peak signal-to-noise ratio) PSNR value. Eq. (4) was derived from manually-
adjusted parameter combinations that were obtained from 10 different images
exhibiting various noise levels and brightness values.

threshold _var = 0.0002 x |(noise_estimate + var_grey) * median_grey| + 0.92
+ (gain/10) (4)

If noise_estimate was smaller than 0.01, threshold_var was always set to 0.01,
which is low enough to preserve fine image details, but high enough to remove the
remaining noise.

2.6 Image processing step 1: logarithmic transformation

The logarithmic transformation of luminance values results in disproportionate
amplification of the small grey values. The image contrast of very dim images
was improved by calculating the natural logarithm of the luminance values of
patches of each color channel and multiplication of the result by the gain factor
using Eq. (5). Adding the constant 1.5 to the luminance values prevents them from
becoming smaller than zero after In-transformation. The result of this logarithmic
transformation was stored as greyLn at the focal pixel.

greyLn = In(grey_value + 1.5) * gain (5)
2.7 Image processing step 2: adaptive spatial averaging

Image noise was widely removed by means of ‘adaptive spatial averaging’, a
procedure that is executed by each pixel and evaluates the local variability of the
greyLn values to calculate the radius of the circle in which grey value averaging is
executed (locals means computation). Adaptive spatial averaging was executed in
parallel at the level of pixels. Each pixel expands a circle in steps of one patch as long
as the variability of the average greyLn values of the pixels of each color channel
within this circle remained below threshold_var. Once the dimension of this circle
was found, the greyLn values were averaged and saved asgrey_avg value for the focal
pixel. This averaging of greyLn values in the circle was calculated for each color
channel separately. The maximum radius of the expanding circle was restricted to
10 pixels and the minimum size to 1 pixel.
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2.8 Image processing step 3: enhancement of image contrast

After adaptive spatial averaging, image contrast can be enhanced if the grey
value variability of the resulting image is low (variance <75). This was done by
means of linear histogram stretching, which uses the lowest and highest grey_avg
values of the image to calculate the resulting grey value of each patch. This was
achieved by using Eq. (6), which sets the lowest value to 0 (black) and the highest
value to 9.9 (white) while intermediate values are assigned to shades of grey.

grey_value = {|grey_avg - min (grey_avg)|/ |max (grey_avg)
- min (grey_avg)| } * 9.9 (6)

2.9 Evaluation of performance

The performance of this algorithm was evaluated by calculating the peak
signal-to-noise-ratio (PSNR) using the method described by Russo [20]. The result
is given in dB and quantifies the difference between the noisy input image and
the processed image. Higher dB values indicate better denoising performance. To
evaluate PSNR between the input and the output images, images were exported
from Netlogo in ‘png’ format and a Python script was programmed to execute the
function “compare_psnr” offered in the “skimage.measure” library.

3. Results image denoising

The sequence of image-processing steps illustrated in Figure 1 allowed the
strong enhancement of the image contrast in dim images and simultaneously
removed sensor noise. The performance of this simple, dynamic spatial domain-
filtering algorithm depends on two parameters that can be estimated by evaluat-
ing global image statistics and executing a simple noise estimation method.

Figure 2.

Performance of the NV algorithm using a dim image of a mobile phone camera as input. (A) The

original image is black. (B) After automatic histogram equalization sensor noise was amplified. (C) The
NV-processed image exhibits a high level of image contrast and contains a low amount of noise. PSNR of C:
25.9 dB. Hartbauer holds the copyright of this picture.
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Figure 3.

Pegﬁwmance of the NV algorithm using a dim natural image as input. (A) Noisy image of a village on
Mallovca (printed with permission from Buades; see Buades et al. [6]). (B) Noise was amplified after
histogram stretching. (C) The output of the NV algorithm yielded a reduced amount of noise (PSNR = 35.3 dB)
and shows a higher quality regarding image details and contrast.

Application of this NV algorithm to an underexposed image that was taken in a
very dim room resulted in an output image with a high level of contrast and rather
low noise level (see Figure 2C). On the contrary, the automatic adjustment of
brightness and contrast offered by commonly used image processing software
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either produced a rather dark image (similar as Figure 2A) or a contrasted image
in which sensor noise was greatly enhanced (Figure 2B). The adaptive spatial
averaging procedure preserved fine image details and object contours, while most
noise was removed. This is mirrored in the high PSNR value of 25.9 dB when
Figure 2B was compared with Figure 2C.

The NV algorithm enhanced image contrast and removed noise from the natural
image showing a village (compare Figure 3A and C; PSNR = 35.3 dB), whereas
automatic contrast enhancement amplified image noise greatly (Figure 3B). In
comparison, denoising performed with an improved non local mean algorithm pub-
lished by Buades et al. [6] removed noise slightly more effective (PSNR = 41.1 dB),
but did not improve image contrast.

When Gaussian distributed noise with a standard deviation of 12.75 was added
to an image of a bird (Figure 4A), the NV algorithm removed noise while retaining
many fine image details (Figure 4B). This performance is reflected in a high PSNR
value of 32.1 dB. The same noisy picture processed with a method that is based on
the moving least squares (MLS) algorithm described by Lee et al. [9] resulted in the
production of a rather blurry image.

The noisy grey-scale image, shown in Figure 4C, contains additive Gaussian
noise with a standard deviation of 0.6. The output image of the NV algorithm

Figure 4.

Denoising performance of the NV algovithm using grey scale images as input. (A) The image of a bird (from
Lee et al. [9]) was degraded by Gaussian distributed noise with o = 12.75. (B) The NV algorithm removed
noise (PSNR = 32.1 dB) and preserved many fine image details. (C) Additive Gaussian noise with ¢ = 0.6 was
added to an image of an alarm clock. The NV algorithm removed noise (PSNR = 27.4 dB) without degrading
fine image details (D). The picture was printed with permission from Springer Inc. The picture shown in (C)
was printed with permission from Yoon et al. [10] (Creative Commons License).
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(Figure 4D) contains many fine image details and the noise level was reduced
by 27.2 dB (PSNR). This denoising performance is very similar to the adaptive
total variation minimization-based image enhancement method (ATVM)
described by Yoon et al. [10], which is mirrored in a similar PSNR value of
30.5dB.

Adaptive spatial averaging as described here can also be used to remove noise
from color images (see Figure 5). This NV algorithm successfully removed noise
from the extremely noisy image showing a candle (Figure 5A). Denoising of this
image resulted in a PSNR of 32.0 dB (Figure 5B), which is similar to the denoising
performance of the GSM wavelet denoising described by Portilla et al. [23]. The NV
algorithm also removed most noise from the image showing the face of an ostrich
in Figure 5C, resulting in a PSNR value of 32.7 dB. Interestingly, the resulting
image is rather sharp and still contains many fine image details, such as the hairs.
In contrast, the novel image denoising method described by Liu et al. [4] created

Figures.

The NV algorithm reduced the noise level in extremely noisy color images. (A) Noisy color image of a camera
taken at candle light conditions. The NV algorithm removed most noise (PSNR = 32.0 dB) (B). (C) Noisy
color image of an ostrich with 10% additive Gaussian noise. (D) Noise reduced output of the NV algorithm
(PSNR = 32.7 dB). Pictures printed with permission from IEEE (see Liu et al. [4]).
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patchy regions of homogeneous color, when the same noisy image was used as
input. Furthermore, GSM wavelet denoising of this image resulted in image blur.

4, Discussion

The first two image-processing steps of this novel bionic NV algorithm were
inspired by the transducer gain of photoreceptor cells of nocturnal insects and
the spatial integration of image information in lamina neurons of M. genalis [2].
The combination of them allowed the strong enhancement of the contrast of
dim images and effectively removed noise that would have been amplified after
performing histogram stretching (see Figures 2 and 3). A drawback of many
denoising algorithms is obvious by the loss of fine image details and sharp object
contours, which leads to image blur and staircase effects. In contrast, spatial
domain-filtering by means of ‘adaptive spatial averaging’ showed an unexpected
denoising performance, which removes noise without affecting fine image details
and object contours. The denoising performance of the NV algorithm is comparable
to the performance of well-known denoising techniques such as wavelet, bilateral,
TV, ATVM, BM3D filtering as long as the noise level of the input image remains
below a critical value. If noise dominates the input image, the output image may
contain small artifacts in the form of grain noise in homogeneous image regions
(see Figure 2C).

Automatic parameter estimation as described here was sufficient to improve
the quality of 12 pictures having different average brightness and noise levels. The
method used here for noise estimation is similar to that described by Forstner [24]
who estimated the noise level from the gradient of smooth or fine-textured regions,
whereby these authors estimated signal-dependent noise level for each intensity
interval. Similarly, Stefano et al. [25] described three methods to estimate the noise
levels of natural images, and a noise estimation method based on mean absolute
deviation was described by Donoho [26].

It will be possible to modify the bionic NV algorithm to improve the contrast
of image sequences in dim films such as those generated by surveillance cameras
operating at low light levels or digital night vision goggles. To reduce the noise of
input images, it may be helpful to insert an additional processing step that performs
a temporal summation of grey values by averaging across subsequent frames. A
bionic method that operates in the spatial and temporal domains was described by
Warrant et al. [5]. The night vision method described there is based on a smoothing
kernel that is constructed for each pixel in three dimensions (two in space and one
in time). In contrast to this complex algorithm, the NV algorithm described in this
study is computationally less demanding and even runs on FPGA hardware due to
the pixel-wise operations employed.

FPGA hardware can process images almost in real time due to its parallel
architecture [19, 20]. To compute histogram statistics and equalization in
parallel on a FPGA chip [27], non-conventional schemes for real-time histogram
equalization have been discussed and implemented by Alsuwailem and Alshebeili
[28]. Furthermore, several studies have investigated the implementation of the
brightness control, contrast stretching, and histogram equalization algorithm on
FPGA [29, 30], which has become a competitive alternative for high-performance
digital signal processing (DSP) applications. Bittibssi et al. [31] addressed the
hardware implementation of five image-enhancement algorithms in the spatial
domain using FPGA: median filter, contrast stretching, histogram equalization,
negative image transformation, and power law transformation. Recently, this NV
algorithm was successfully implemented on a Trenz Electronic FPGA hardware
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platform for the purpose of denoising mammography images (prototype of the
Mammobee project that was funded by the AWS Austria).

5. Conclusions

This bee-eyes inspired NV algorithm is based on rather simple calculations and
operates in the spatial domain to suppress sensor noise in static images. It is applica-
ble to a great variety of dim images differing in their brightness and degree of noise.
Such a simple algorithm is suitable for FPGA technology, which allows image pro-
cessing steps to be executed in parallel at the level of pixels. Since all parameters can
be derived from the statistics of the input images, its use in the form of digital night
vision goggles, medial applications and real-time fluorescence imaging systems is
possible. In the future, this method will be adapted for night vision cameras that
almost operate in the dark. For this task, subsequent video frames will be averaged
to improve visual information. Another project is dedicated to the enhancement of
dim X-ray images. This approach is based on the assumption that X-ray exposure
during breast cancer screenings can be reduced by the amplification and denois-
ing of slightly underexposed diagnostic raw data images. This is a challenging task
because the resolution of such images as well as the range of grey values (16 Bit) is
high and the procedure used for the noise estimation as well as the calculation of the
threshold for “adaptive spatial averaging” needs to be modified.
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