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Editorial
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Biomimetics research on living systems attempts to transfer their properties and
functions to engineering applications. Biological materials, structures, and processes
are predominantly based on the combination of various effects at different scales: from
the nano- through to the micro-, meso-, and, finally, the macroscale. This Special Issue
is devoted to the latest advances in biomimetics in all its subfields: (1) materials and
structures; (2) designs, constructions, and devices; (3) surfaces and interfaces; (4) locomotion
and bioinspired robotics; and (5) development of biomimetic methodology. The Special
Issue contains papers from biological fields focusing on the proper identification of the
underlying structure and functional principles in nature, which explains the observed
properties of biological systems. Manuscripts that apply these to modern technologies have
been included as well.

Two important review papers are included: the first is on scaffold-based blood vessel
tissue engineering by Elisabetta Rosellini and coworkers (2024) [Contribution 1] and the
second is on metachronal motion of biological and artificial cilia by Zhiwei Cui et al. (2024)
[Contribution 2]. The first review provides the state of the art of vascular tissue engineering,
specifically focusing on scaffolds designed by following a biomimetic approach. By mimick-
ing native vessel properties, and particularly the complexly layered structure of the vascular
wall, tissue-engineered scaffolds demonstrate improved long-term patency and promising
clinical results. Moreover, modern biomimetic research is focused on enhancing the use of
innovative scaffold materials, surface functionalization strategies, and the use of bioreactors
mimicking the physiological microenvironment. Finally, this paper provides an overview of
the latest advancements and future directions of vascular tissue engineering, with emphasis
on the use of biomimetics to generate systems capable of reproducing the structure–function
relationships present in the arterial wall (Rosellini et al., 2024) [Contribution 1]. The second
review focuses on biological and artificial cilia. Biological cilia are slender, hair-like cell
protrusions present in numerous organisms from protozoans to humans. They generate
fluid flow, participate in locomotion, and support feeding. Their coordinated beating
resulting in wavelike motions (so-called metachrony) supports flow generation and mucus
transport. Researchers have meanwhile undertaken numerous attempts to fabricate artifi-
cial cilia and develop innovative approaches to mimic the metachronal motion observed in
nature. In this review, different types of metachronal motion generated by both biological
and artificial cilia are analyzed (pneumatically, photonically, electrically, and magnetically
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driven). Numerous possible applications of artificial cilia are proposed, and potential future
directions within this field are suggested (Cui et al., 2024) [Contribution 2].

The simulation and experimental study by Fang et al. (2024) [Contribution 3] is
focused on the role of tail dynamics on the climbing performance of gecko-inspired robots.
They claim that the majority of research that has focused on the adhesion mechanisms of
geckos has ignored that the tail plays a critical role in maintaining balance and stability
during locomotion on the wall and ceiling. The authors systematically explore the role
of tails on the climbing performance of gecko-inspired robots using both simulation and
experimental approaches and developed a simulation system that predicts the robot’s
contact failures (Fang et al., 2024) [Contribution 3]. Their work provides an important step
for further optimizing climbing robot performance.

The paper by Casagualda et al. (2024) [Contribution 4] reports on novel mussel-
inspired multifunctional polyethylene glycol nanoparticle interfaces. The authors devel-
oped a bioinspired catechol-based strategy to obtain biocompatible and multifunctional
coatings based on a previously developed polymerization methodology under mild ox-
idative conditions. Two types of nanoparticles were made: (1) mesoporous-silica-based
nanoparticles and (2) magnetite-based nanoparticles. The authors have not only demon-
strated the feasibility of their approach in obtaining coatings by using different types of
nanoparticles but also incorporated fluorescein functionalities into their coatings that confer
biocompatibility and excellent cell internalization and can be used for the imaging and track-
ing of nanoparticles in various biological and medical applications (Casagualda et al., 2024)
[Contribution 4].

Sponges are well recognized as an archive of multi-scaled skeletal constructs
with superficial micro-ornamentation patterned by biopolymers (Ehrlich et al., 2024)
[Contribution 5]. In their study, Ehrlich et al. (2024) [Contribution 5] desilicified spicules
and skeletal frameworks of some selected sponge species using 10% HF and obtained
isolated axial filaments consisting of F-actins. These F-actins, called silactins, are presum-
ably pattern drivers in skeletal constructs of sponges, and their understanding may open
(1) the way to the fundamental understanding of the skeletogenesis of sponges and (2) the
biomimetic potential towards the synthesis of poriferan biosilica patterned by silactins
(Ehrlich et al., 2024) [Contribution 5].

Winand et al. (2024) [Contribution 6] have developed a robotic gripper (TriTrap
gripping device) inspired by insect tarsal chains. In their paper, they highlight the potential
of the tarsal chain principle. Just like its biological counterpart, the TriTrap utilizes strongly
underactuated digits that function using morphological encoding and passive conformation.
This results in a gripper that is versatile, robust, and low cost. The gripping performance
of the TriTrap is demonstrated on a variety of 3D objects of different sizes, weights, and
shapes (Winand et al., 2024) [Contribution 6]. The future potential of the insect tarsus
principle in robotics in general is discussed.

The paper by Chen et al. (2024) [Contribution 7] is devoted to the liquid interaction
with Heliamphora minor mimicking mesoscopic trichome arrays. It is well known that driven
by the phenomenon of capillarity, a liquid can spread on rough lyophilic surfaces (capillary
wicking). In this paper, the authors were inspired by the pitcher plant H. minor, which is
capable of spreading water on its inside wall covered by anisotropically oriented trichomes.
In the next step, the authors used a 3D printing technique to fabricate similar surface
structures and investigated their capillary wicking capability. They also demonstrated the
mass transportation on this biomimetic surface and suggested potential applications of their
development in the design of low-cost, high-flux open fluidic devices (Chen et al., 2024)
[Contribution 7].
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The paper by Saint-Sardos et al. (2024) [Contribution 8] discusses the importance of
the taxonomy-driven exploration of biodiversity for potential bioinspired innovations. The
recent problem of searching for bioinspiration is due to the presentation of open-access
biodiversity databases that are often adapted to life scientists rather than to bioinspired
designers and engineers. In this paper, the authors suggested a new tool called “Bioinspire-
Explore” capable of navigating biodiversity data to uncover biological systems of interest
for different areas of bioinspired engineering. This tool allows for searching biological
models using a taxonomy approach and provides information on the taxon’s position, its
distribution, and its ecological niche (Saint-Sardos et al., 2024) [Contribution 8]. This novel
tool has strong potential for biologists, but especially for bioinspired designers in gathering
quick and reliable information about the organisms and their features that are potentially
important for biomimetics.

Wang et al. (2024) [Contribution 9] reported on the target-following control of a
biomimetic autonomous system inspired by the fish swimming in a group with improved
hydrodynamic efficiency. In the established model, the follower robotic fish keeps a
certain distance and orientation from the leader fish. Then a nonlinear predictive con-
troller was designed that can be selected for the follower together with the predictive
reinforcement learning (Wang et al., 2024) [Contribution 9]. After extensive simulations,
the authors demonstrated the effectiveness of the cooperative control for underwater
swarm locomotion.

The mechanisms that coordinate leg movement patterns are especially complex in
organisms moving at the water–air interface. Meshkani et al. (2023) [Contribution 10]
assumed the presence of compensatory factors, which are involved in the maintenance of
the water strider posture after the amputation of individual legs. The authors studied load
distribution among the legs and analyzed the effects of leg amputation on the locomotory
behavior. A stable posture was quickly recovered by animals by using leg position modifi-
cations and load redistribution to the remaining legs. These experiments may assist the
bioinspired design of robust aquatic robots (Meshkani et al., 2023) [Contribution 10].

Thanks to the theoretical, experimental, and review contributions provided by re-
searchers in the fields of biology, physics, material science, engineering, this Special Issue of
Biomimetics will certainly find its broad readership among all researchers who are engaged
in this fast-growing field of science.

Conflicts of Interest: The authors declare no conflict of interest.
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Role of Tail Dynamics on the Climbing Performance of
Gecko-Inspired Robots: A Simulation and Experimental Study
Shengchang Fang 1,2 , Guisong Chen 1, Tong Liu 1,2 , Weimian Zhou 1,2, Yucheng Wang 1,* and Xiaojie Wang 1,*

1 Institute of Intelligent Machines, Hefei Institutes of Physical Science, Chinese Academy of Sciences,
Hefei 230031, China; scfang@iamt.ac.cn (S.F.); chengs@iim.ac.cn (G.C.); lt1997@mail.ustc.edu.cn (T.L.);
wmzhou@mail.ustc.edu.cn (W.Z.)

2 University of Science and Technology of China, Hefei 230026, China
* Correspondence: ycwang@iamt.ac.cn (Y.W.); xjwang@iamt.ac.cn (X.W.)

Abstract: Geckos are renowned for their exceptional climbing abilities, enabled by their specialized
feet with hairy toes that attach to surfaces using van der Waals forces. Inspired by these capabilities,
various gecko-like robots have been developed for high-risk applications, such as search and rescue.
While most research has focused on adhesion mechanisms, the gecko’s tail also plays a critical
role in maintaining balance and stability. In this study, we systematically explore the impact of
tail dynamics on the climbing performance of gecko-inspired robots through both simulation and
experimental analysis. We developed a dynamic climbing simulation system that models the robot’s
specialized attachment devices and predicts contact failures. Additionally, an adjustable-angle force
measurement platform was constructed to validate the simulation results. Our findings reveal the
significant influence of the tail on the robot’s balance, stability, and maneuverability, providing
insights for further optimizing climbing robot performance.

Keywords: gecko-inspired robots; tail dynamics; dynamic simulation; climbing performance

1. Introduction

Geckos are natural climbing experts, capable of agile movement across various rugged
environments. This ability is primarily due to their specialized feet, which feature hairy
toes that can uncurl to attach to surfaces using van der Waals forces and peel off within
milliseconds [1,2]. As a result, geckos have become a significant source of inspiration
for the development of climbing robots, such as Geckobot [3] and Stickybot [4,5]. These
bio-inspired robots have demonstrated immense potential and importance in a range of
applications, particularly in high-risk tasks such as search and rescue, inspection and
maintenance, and military reconnaissance.

Currently, most research has focused on developing adhesion mechanisms, including
suction cups [6–8], magnets [9–11], micro-spines [12,13], and dry adhesive materials [14,15].
Based on these mechanisms, many climbing robots have demonstrated reliable climbing
capabilities. However, the gecko’s remarkable climbing ability is not solely due to the setae
on its toe pads [16]; its tail also plays a crucial role. For instance, when a gecko slips during
rapid climbing, it quickly presses its tail against the vertical surface to prevent its head
from pitching backward. Even if the backward pitch cannot be fully prevented, the gecko
positions its tail like a bicycle kickstand to avoid falling [17]. Additionally, some geckos
use their tails to adjust their direction while gliding, allowing them to navigate through
trees [18]. Geckos can also increase their speed by adjusting the amplitude and frequency
of lateral undulations in their bodies and tails [19,20]. These biological phenomena suggest
that the tail has significant potential for further enhancing the locomotion performance of
climbing robots.

In this paper, our aim is to systematically explore the impact of the tail on the climbing
performance of robots through experimental research. However, conducting experiments
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on climbing robots designed for high-risk tasks is often challenging, as it typically requires
large-scale equipment to ensure the safety of both the robot prototypes and the operators.
To address this, we developed a climbing dynamics simulation system designed to replicate
the robot’s real climbing behavior in a simulated environment. Unlike existing dynamic
climbing models that simplify the interaction between the robot’s feet and the wall as
stable contact [21–23], the core design of our simulation system focuses on dynamic contact
modeling of the robot’s specialized attachment devices. The model effectively predicts
contact failures during the climbing process and outputs key parameters such as the robot’s
motion trajectory, contact forces, and joint torques.

Additionally, we developed an adjustable-angle force measurement platform to test
the robot’s climbing performance in real-world environments, further validating the effec-
tiveness of the simulation model. By comparing the robot’s performance with and without
a tail, this paper explores the impact of the tail on the balance, stability, and maneuverability
of climbing robots. The insights gained from the simulations and experimental results,
along with the subsequent analysis, will contribute to the further optimization of the robot’s
climbing performance.

2. Construction of a Climbing Dynamics Simulation System

In our previous work, we designed a gecko-inspired climbing robot, WCQR-III [24],
by mimicking the body structure of a gecko. Based on parameters such as the robot’s
dimensions, weight, and attachment mechanism, we constructed a climbing dynamics sim-
ulation system. This system was used to simulate the robot’s climbing behavior in a virtual
environment and to predict potential climbing failures in both tailed and tailless states.

2.1. Overall Structure of the WCQR-III Robot

Figure 1a shows the overall structure of a gecko, with its body connected to four
legs and a tail. Each leg consists of three main parts: the thigh, crus, and claw, which are
connected by various joints. The thigh is connected to the body via a hip joint, allowing
for two degrees of freedom in spherical motion. The thigh and crus are connected by a
knee joint, which provides one degree of freedom in rotational motion. The claw at the
end is used for climbing surfaces. The tail is connected to the body through a tail joint.
By abstracting the gecko’s configuration, we designed the climbing robot WCQR-III, as
shown in Figure 1b. The robot features four legs and a tail, with a flat body. The body
is equipped with a circuit board, and the onboard battery is mounted at the bottom of
the body to keep the center of gravity as close to the wall as possible, minimizing pitch
moments caused by shifts in the center of gravity. Each leg of the robot has three active
joints, each driven by an actuator (Model HV0916, Yobotics Co., Ltd., Jinan, China) with
a rated output torque of 6.07 N·m. Unlike the gecko’s hip joint, which has two degrees
of freedom, we designed a combination of a lateral hip joint and a forward hip joint to
achieve multi-degree-of-freedom control. The lateral hip joint controls the up-and-down
movement of the crus, while the forward hip joint controls the forward and backward
movement of the crus. The robot’s tail is connected to the body via a torsion spring, and
a roller is attached to the end of the tail to reduce friction with the wall. The tail can be
manually removed to simulate the condition of “tail loss”. The robot’s body components
are made of lightweight carbon fiber and nylon materials, keeping the total weight of the
robot under 3 kg. Table 1 provides the parameters of key components.

In addition to the setae structures used for climbing on smooth surfaces, geckos
possess sharp claws that provide adhesion on rough surfaces. To mimic this, we designed
spiny claws as the robot’s attachment devices, enabling it to climb rough surfaces, as shown
in Figure 1c. An under-actuated compliance ankle connects the spiny toepad array to the
crus, allowing the spiny claw to easily contact wall surfaces. Each spiny claw consists of
an array of 50 spiny toepads, with each spiny toepad design adapted from reference [25],
inspired primarily by the spines on insect legs (as shown in Figure 1d). The steel hooks
at the top can engage with microscopic particles on rough surfaces, forming a mechanical
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interlock that generates adhesion. The rigid linkage is made of nylon and is connected using
flexible polyurethane material. This hybrid configuration of rigid and flexible components
effectively enhances adhesion stability.
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Figure 1. (a) Overall structure of the gecko, (b) Overall structure of the gecko-inspired robot WCQR-III,
(c) The structure of the spiny claw, and (d) The structure of a single spiny toepad.

Table 1. Physical parameters of the robot.

Part Mass (g) Length (mm)

Body 2200 288 × 137
Hip 40.1 53

Thigh 203.5 100
Crus 72.9 100
Claw 231.1 100
Tail 20.3 300

After obtaining the overall structural parameters of the robot and the adhesion mecha-
nism of the attachment devices, we will develop a multibody dynamics model of the robot’s
body structure and a dynamic contact model of the attachment devices. Finally, we will
integrate these models to construct a comprehensive climbing dynamics simulation system.

2.2. Multibody Dynamics Modeling

Based on the parameters provided in Table 1, the overall structure of the robot can
be simplified into links of different lengths with masses, connected by rotational joints,
as shown in Figure 2. Considering that the robot is a complex multi-joint system, we
use Kane’s method for multibody dynamics modeling. Unlike the Newton-Euler and
Lagrange’s methods, Kane’s method does not calculate constraint forces and energy, signif-
icantly reducing the computational load of the dynamics [26]. This makes it particularly
suitable for systems with multiple degrees of freedom.
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For a complete system composed of n particles with m generalized degrees of freedom,
the twist of the j-th degree of freedom in the body frame [Lij] of the i-th particle is:

uij =

[
qij ×ωij

ωij

]
, i = 1, 2, . . . , n; j = 1, 2, . . . , m (1)

where ωij and qij respectively represent the unit vector in the positive direction and the
generalized coordinate vector of the j-th degree of freedom in the body frame [Lij] of the ith
particle. The generalized active force Fj and the generalized inertia force F∗j of the system
on the j-th degree of freedom is





Fj =
n
∑

i=1
Ki · uij,

F∗j =
n
∑

i=1
K∗i · uij,

i = 1, 2, . . . , n; j = 1, 2, . . . , m

(2)

Thus, we can obtain the Kane equation of the j-th degree of freedom of the system:

Fj + F∗j = 0. (3)

Next, we calculate the active wrenches for each link. Based on the different force
conditions, the robot’s links can be categorized into the body, links not in contact with the
wall, and links in contact with the wall. First, we calculate the active wrenches Kij for the
links not in contact with the wall:

Kij =

(
Mij
Rij

)
=

(
τijωij − τi(j+1)ωi(j+1)

mijg

)
, i = 1, 2, 3, 4; j = 1, 2. (4)

8
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where τij is the j-th joint torque of the i-th leg, ωij is the unit vector in the positive direction
of the j-th joint of the i-th leg, and mij is the mass of the j-th link of the i-th leg.

Considering the contact forces between the foot and the wall, the active wrenches Ki3
for the links in contact with the wall are given by:

Ki3 =

(
Mi3
Ri3

)
=

(
τi3ωi3 + F f i ×

(
r f i − rci

)

mi3g + F f i

)
, i = 1, 2, 3, 4. (5)

where F f i is the contact force between the foot on the i-th leg and the wall, r f i is the position
vector of the end-link on the i-th leg, and rci is the position vector of the center of mass of
the end-link on the i-th leg.

Similarly, the active wrench Kb for the robot’s body is calculated as follows:

Kb =

(
Mb
Rb

)
=


−

4
∑

i=1
τi1ωi1 − τtωt

mbg


 (6)

where τt = ktα, kt is the elastic coefficient of the tail joint torsion spring, α is the rotational
angle of the tail, and ωt is the unit directional vector of the tail joint.

In order to obtain the inertial wrench, the required angular velocity and the angular
acceleration of each link via the following recursive formulas are given as:




ωb
Lij

= RLij Li(j−1)
·ωb

Lij−1
+

.
θij ·ωij

.
ω

b
Lij

= RLij Li(j−1)
· .

ω
b
Li(j−1)

+
..
θij ·ωLij +

.
θij ·

(
ωb

Li(j−1)
×ωLij

)

.
vb

Lij
= RLij Li(j−1)

{ .
vb

Li(j−1)
+

.
ω

b
Li(j−1)

×
(
−li(j−1)

)
+ ωb

Li(j−1)
×
[
ωb

Li(j−1)
×
(
−li(j−1)

)]}

.
vb

Cij
=

.
vb

Lij
+

.
ω

b
Lij
× lb

ij + ωb
Lij
× (ωb

Lij
× lb

ij)

,

i = 1, 2, 3, 4; j = 1, 2, 3.

(7)

where ωb
Lij

and
.

ω
b
Lij

are the angular velocity and the angular acceleration of the j-th link on

the i-th leg in the body frame [Lij],
.
vb

Lij
is the acceleration in the body frame [Lij],

.
vb

Cij
is the

acceleration of the CM in the body frame [Lij], RLij Lij−1 is the rotational transferring matrix
of the frame [Lij] relative to the frame [Li(j−1)], and lb

ij is the distance from the CM to the
joint of the j-th link on the i-th leg.

The inertial wrench of the body can be expressed as:

K∗b =

(
M∗b
R∗b

)
=

(−Ib
.

ωb −ωb × Ib ·ωb
−mb

.
vb

)
=

(−Ib 0
0 −mb

)
..
qb +

(−ωb × Ib ·ωb
0

)
(8)

The inertial wrench of the links can be expressed as:

K∗ij =

(
M∗ij
R∗ij

)
=

(−Iij
.

ωLij −ωLij × Iij ·ωLij

−mij
.
vb

Cij

)
=

(−Iij 0
0 −mij

)
..
qij +

(−ωLij × Iij ·ωLij

0

)
(9)

where Iij is the inertia matrix of link j on the i-th leg with respect to the body frame [Lij],
Ib is the inertia matrix of the robot body in the global frame [Og], and

.
ωbωb

.
vb represents

the angular acceleration, angular velocity, and linear acceleration of the robot body in the
global frame [Og], respectively.

9
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According to Equations (1)~(3), the Kane equations for the robot’s body and the i-th
leg can be obtained. By combining these equations, the complete set of dynamic equations
for the robot is established:





6
∑

i=1
(Fbi + F∗bi) =

6
∑

i=1

([
Mb
Rb

]
· ubi +

[
M∗b
R∗b

]
· ubi

)
= 0,

3
∑

i=1
(Fni + F∗ni) =

3
∑

i=1

(
3
∑

j=1

[
Mni
Rni

]
· uij +

3
∑

j=1

[
M∗ni
R∗ni

]
· uij

)
= 0, (n = 1, 2, 3, 4)

(10)

2.3. Dynamic Contact Modeling

The Contact modeling is a critical aspect of dynamic analysis, especially in climbing
dynamics, where the unique adhesion mechanisms of the foot attachment devices must be
considered. For the spiny claw used by the WCQR-III, it can be simplified into a hybrid
spring-damper linkage model, as shown in Figure 3b. This model represents the moment
when the claw first makes contact with the wall. The model consists of two links, labeled
as Link 1⃝ and Link 2⃝, which are connected by a hinge joint. Link 1⃝ is directly connected
to the robot’s foot, and the end of Link 2⃝ is equipped with a steel hook designed to
make contact with the wall. A torsion spring, with stiffness kβ and damping coefficient
bβ, is installed between the two links. Additionally, a tension spring with stiffness ka and
damping coefficient ba is used to allow for the extension and retraction of Link 2⃝. In the
initial state, Link 2⃝ has a length of a0 and forms an initial angle β0 with the y-axis. Table 2
presents the specific parameters of the model.
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Table 2. Parameters of spiny toepad.

Parameter Value Parameter Value

ka 191 N/m kβ 0.0015 Nm/radian
ba 0.42 Ns/m bβ 0.02 Ns/m
a0 30 mm β0 30◦

µ 0.25 P 20%
βapp 90◦ βdetach 30◦

During the robot’s climbing process, the dynamic contact behavior of the spring-
damper linkage model follows the foot trajectory shown by the blue dashed line in Figure 3c,
progressing through three stages: (a) pressing, (b) dragging, and (c) detachment. In the
pressing stage, the foot moves along the blue dashed line in the −z direction, starting from
the initial point C0(0, z0). When the foot reaches point C1(0, z1), the steel hook at the tip
of the spiny toepad first makes contact with the wall. The foot is then further pressed
against the wall to ensure full contact between the spiny toepad and the wall surface.
Once sufficient contact is achieved, the foot, under load, will move downward along the
−y direction, entering the dragging phase. The steel hook at the end will mechanically
interlock with the micro-particles on the rough wall surface, generating a contact force(

Fa, Fβ

)
. The components of this contact force along the y-axis and z-axis are denoted as(

Fx, Fy
)
. Under the load, the tension spring stretches, causing the length of Link 2⃝ to

change to a(t), with an elongation of y(t) in the y-axis direction. The amount of elongation
is determined by the load applied to the spiny toepad. However, if the load is too large, the
tension spring may break. Therefore, we set a maximum elongation limit for the tension
spring at 10 mm. Specifically, if y(t) < −10 mm, the spring will be overstretched, leading
to breakage and resulting in attachment failure. Due to the directional nature of the spiny
toepad, it does not generate adhesion when moving in the direction opposite to the applied
load [25]. Therefore, during the detachment phase, as the toepad moves upward in the
reverse direction to y(t) > 0, the link returns to its initial length, completing the unloading
process, and the contact force drops to zero.

By analyzing the dynamic contact process of the spiny toepad, the scenarios in which
the contact force becomes zero at different stages can be inferred based on the relative
position of the toepad to the wall. The following equations describe these conditions:

F =





0
0

non− zero

i f z(t) > z1
i f y(t) > 0 or y(t) < −10 and z(t) ≤

i f − 10 ≤ y(t) ≤ 0 and z(t) ≤ z1

z1 (11)

Excluding cases where the contact force is zero, we calculate the changes in the
foot’s contact force at different moments when the spiny toepad forms effective adhesion.
Subsequently, we establish the corresponding dynamic contact mathematical model.

Figure 3d illustrates the deformation of the spiny toepad after stable adhesion has
been achieved. After undergoing the pressing and dragging actions, the length of Link 2⃝
and its angle with the wall can be expressed by the following equations:

a(t) =
√

z(t)2 + (y1 + y(t))2 (12)

β(t) = arctan
z(t)

y1 + y(t)
(13)

Furthermore, the elongation speed of Link 2⃝ and the angular velocity of its angle can
be expressed as follows:

.
a(t) =

z(t) · .
z(t) + (y1 + y(t)) · .

y(t)√
z(t)2 + (y1 + y(t))2

(14)

11



Biomimetics 2024, 9, 625

.
β(t) =

.
z(t) · (y1 + y(t))− z(t) · .

y(t)

(y1 + y(t))2 + z(t)2 (15)

The forces exerted by the steel hook on the rough wall surface are:

Fa = ka · (a(t)− a0) +
.
a(t) · ba (16)

Fβ =
kβ · (β(t)− β0) +

.
β(t) · bβ

a(t)
(17)

After converting the calculation results to the y-z coordinate system, the tangential
force Fy and the normal force Fz on the spiny toepads can be expressed as:

[
Fy
Fz

]
=

[
− sin β(t) − 1

a(t) cos β(t)
cos β(t) − 1

a(t) sin β(t)

]
·
([

ka · (a(t)− a0)
kβ · (β(t)− β0)

]
−
[

ba ·
.
a(t)

bβ ·
.
β(t)

])
. (18)

The lateral force of the spine in the x-direction can be calculated based on static
equilibrium. Figure 3c illustrates the force situation of the spine in the x-y plane. FG
represents the load on the spiny toepad. The contact force of the spiny toepad in the x-axis
direction is:

Fx = µFy (19)

where µ is the friction coefficient between the metal and the rough rock.
Considering the adhesion probability of a spiny claw composed of n spiny toepads,

the dynamic contact model equation for the spiny toepad can be expressed as:

F f = n · P · [Fx, Fy, Fz]
T (20)

Its inputs are the displacement and velocity of the spiny toepad relative to the wall,
while its outputs are the adhesion forces generated by the spiny toepad in the tangential,
normal, and lateral directions.

2.4. Simulation Environment Setup

To visually demonstrate the robot’s climbing process, a simulation environment was
created using the multibody dynamics software RecurDyn (Student Version, FunctionBay),
which can generate simulation animations. In this environment, contact constraints between
the robot’s body and the wall were established. The developed multibody dynamics and
dynamic contact equations were input into MATLAB for mathematical computation. A
co-simulation with RecurDyn was then conducted to calculate the changes in the robot’s
motion parameters during the climbing process.

The robot’s climbing dynamics algorithm is shown as Algorithm 1. First, the desired
motion trajectory is input, and the joint angle parameters of the robot are solved using
inverse kinematics. Then, the center of mass trajectory of the robot is calculated using
the dynamics Equation (10). After determining the current position of the foot through
coordinate transformation, Equation (11) is used to assess whether effective contact has
occurred. If effective contact is confirmed, the dynamic contact model is used to calculate
the contact forces at the foot. Finally, the robot’s foot contact forces, joint torques, and center
of mass coordinates are output.

After constructing the simulation environment, the robot’s climbing motion within
the simulated environment can be observed by inputting the desired motion trajectory.
We modeled the robot’s desired motion trajectory after the movement pattern of a gecko.
For quadrupedal climbing animals like geckos, the primary gait used is the diagonal gait,
where two diagonal legs swing simultaneously in an alternating pattern [20], as shown
in Figure 4a. Unlike the rapid alternating gait used for running on flat ground, during
the climbing process, a gecko first ensures that the two diagonal legs in the air securely
attach to the surface before detaching the legs that were previously in contact with the wall.

12
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This approach ensures that at least two legs remain in contact with the wall at all times,
providing stable adhesion throughout the climb.

Algorithm 1 Dynamic Climbing Algorithm

Input: desired motion trajectory coordinates
Output: contact forces F f ; joint torques τ; CM coordinates xc(t), yc(t), zc(t)
1 #Inverse Kinematics (IK) calculation to obtain joint angles
2 for t = 0; t ≤ T; t++ do
3 θij ← IK(x(t), y(t), z(t))
4 if −10 ≤ y(t) ≤ 0 and z(t) ≤ z1
5 CM coordinates xc(t), yc(t), zc(t)← use Equation (10)
6 Joint torques τ ← use Equation (10)
7 Contact forces F f ← use Equation (20)
8 break;
9 else:
10 Contact forces F f ← 0
11 continue
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Similarly, we adopted this gait pattern for the robot and divided the foot movement
into four phases: attachment, stance, detachment, and swing. To ensure that the robot
always maintains contact with the wall with at least two legs, we introduced a Pause phase,
as illustrated in Figure 4b,c. Figure 4d shows the predefined foot trajectory. We set the
robot’s gait cycle to 4 s. The horizontal displacement (x) is set to zero to ensure that the
robot climbs straight up; the vertical displacement (y), representing the step length, is set to
35 mm; and the normal displacement (z), representing the step height, is set to 15 mm.

3. Simulation Results

To assess the impact of the tail on climbing performance, we tested the robot’s motion
parameters under both tailed and tailless conditions at different inclines. The previously
defined foot trajectory parameters were input into the developed climbing dynamics
simulation system, with the simulation time set to 16 s to simulate the robot’s climbing
behavior over four cycles. The slope variations were simulated by modifying the direction
of the gravitational acceleration parameter g.
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3.1. Maximum Climbing Angle Simulation

Figure 5 presents the time sequence diagrams of the robot climbing in a simulated
vertical environment under both tailed and tailless conditions. In the tailed condition,
the robot successfully climbs vertically along the predefined trajectory without falling.
However, in the tailless condition, the robot begins to pitch backward after 2 s of upward
movement, causing the front claws to gradually detach from the wall. Due to the constraints
of the wall, the rear of the robot’s body tilts to the right side after colliding with the wall,
ultimately leading to a fall at the 3-s mark, preventing further upward climbing.
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more stable adhesion forces in the tailed condition. In contrast, without the tail, the contact 
forces at the feet exhibit noticeable fluctuations, and the magnitudes of these forces in all 
directions are greater than those in the tailed condition. Further comparison of the forces 
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Figure 5. Simulation of the robot’s climbing test on a 90◦ vertical surface: (a) With tail; (b) Without tail.

The robot is unable to climb vertical surfaces without its tail. To determine the
maximum incline the robot can overcome in a tailless state, we gradually reduced the slope
angle, starting from 90◦, and simulated the climbing process at each angle. Only when the
slope was reduced to 86◦ was the robot able to stably climb for four gait cycles without its
tail, as shown in Figure 6.
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Figure 6. The robot stably climbing an 86◦ slope in the simulation environment.

Figure 7 shows the variation in contact forces at each foot of the robot after four gait
cycles of climbing on a 90◦ vertical surface with the tail. It also presents the contact force
variation at each foot while climbing an 86◦ slope without the tail. Solid lines represent
the contact forces in the tailed condition, while dashed lines represent the contact forces
in the tailless condition. Through comparison, it can be observed that the robot generates
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more stable adhesion forces in the tailed condition. In contrast, without the tail, the contact
forces at the feet exhibit noticeable fluctuations, and the magnitudes of these forces in all
directions are greater than those in the tailed condition. Further comparison of the forces in
each direction reveals the following:
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(a) Left front foot (b) Right front foot (c) Left hind foot (d) Right hind foot.

1⃝ For the lateral forces Fx, the left and right claws of the robot generate equal but
opposite lateral forces, indicating that the limbs tend to converge toward the body’s
centerline during the climbing process. Additionally, the front claws generate greater forces
than the rear claws. In the tailed condition, the lateral forces produced by the front and
rear claws are 4.3 N and 3.2 N, respectively. In the tailless condition, the corresponding
lateral forces increase to 5.1 N and 4.2 N.

2⃝ For the tangential forces Fy, regardless of whether the robot has a tail, the front claws
generate greater contact forces than the rear claws. In the tailed condition, the tangential
forces produced by the front and rear claws are 17.3 N and 12.8 N, respectively. In the
tailless condition, these forces increase to 20.4 N for the front claws and 12.5 N for the
rear claws.

3⃝ For the normal forces Fz, the front claws generate greater adhesion forces than the
rear claws. In the tailed condition, the robot’s front and rear claws produce negative normal
forces of −2.9 N and −2.3 N, respectively, indicating adhesion forces directed toward the
wall. In the tailless condition, the robot requires greater normal adhesion forces to achieve
stable climbing, with the front and rear claws generating contact forces of −3.24 N and
−2.5 N, respectively.
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3.2. Performance on Different Slopes

Figure 8 shows the changes in the center of mass (CoM) trajectory of the robot as
it climbs slopes of 0◦, 30◦, 60◦, and 90◦ in the tailed condition. For the lateral direction
(x-direction), although the predefined foot trajectory has no lateral displacement, Figure 8a
reveals that the robot’s lateral deviation increases as the climbing angle increases. No-
tably, during vertical climbing at 90◦, the robot exhibits periodic lateral oscillations of
approximately 2 mm with each upward step.
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Figure 8. Center of mass displacement of the robot in the tailed condition while climbing at different
angles: (a) Lateral displacement, (b) Vertical displacement, (c) Normal displacement, (d) CoM
trajectory in the x-y plane.

Figure 8b shows the variation in tangential displacement (y-direction) over time as
the robot climbs different slopes. Throughout the entire motion, the robot takes a total of
seven steps, with the displacement distance gradually decreasing as the slope increases.
On a 0◦ surface, the robot moves a total distance of 244 mm, with an average step length of
34.8 mm. However, when the slope reaches 90◦, the robot covers a distance of 196 mm, with
an average step length of 28.0 mm, which is less than the planned step length of 35 mm.
This reduction is due to increased slippage with each step as the slope increases.

Figure 8c shows the displacement of the robot in the normal direction (z-axis), where
the robot’s center of mass exhibits periodic oscillations during movement. As the slope
increases, the amplitude of these oscillations also increases. When climbing a 90◦ surface,
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the oscillation amplitude reaches approximately 1 mm. Figure 8d presents the robot’s
movement trajectory in the x-y plane.

Figure 9 shows the changes in the center of mass (CoM) trajectory of the robot as
it climbs slopes of 0◦, 30◦, 60◦, and 86◦ in the tailless condition. As shown in Figure 9a,
compared to the tailed condition, the robot exhibits greater lateral oscillations in the tailless
condition. When the slope reaches 86◦, the maximum lateral amplitude is approximately
6 mm. Conversely, in the tangential direction, the robot’s tangential displacement in the
tailless condition is smaller than in the tailed condition, as shown in Figure 9b. On a 0◦

slope, the total displacement over 16 s is 242 mm, while on an 86◦ slope, it is 179 mm,
corresponding to average step lengths of 34.6 mm and 25.6 mm, respectively. This indi-
cates that the removal of the tail increases slippage with each step. Figure 9c shows the
displacement in the normal direction under the tailless condition. Across different slopes,
the robot’s normal displacement remains consistent, exhibiting a normal oscillation of
approximately 1.5 mm. The reason for this consistent normal trajectory is that the robot’s
rear leg foothold is positioned in the middle of the body rather than at the rear. Without a
tail, the robot is unable to maintain balance in terms of pitch angle, leading to the maximum
normal displacement during climbing on any slope. Figure 9d shows the robot’s movement
trajectory in the x-y plane. Compared to the tailed condition, the robot experiences greater
displacement and lower stability during climbing in the tailless condition.
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4. Experiments

In addition to the analysis conducted in the simulation environment, we further
developed an experimental platform to test the physical prototype in a real-world setting.
This allowed us to analyze the changes in the robot’s performance with and without a tail
under actual operating conditions.

4.1. Experimental Platform

During movement, the ground reaction force (GRF) at the feet can reflect the dynamic
characteristics of animals or robots [27,28]. To analyze the impact of tail removal on
the robot’s dynamic performance, we measured the GRF under both tailed and tailless
conditions at different angles. Given the robot’s large geometric size, a single force sensor
is insufficient to fully capture the contact forces on each leg. Therefore, we employed an
array of multiple force sensors to measure the contact forces at the feet during climbing.
The overall structure of the measurement platform is shown in Figure 10.
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Figure 10. Adjustable angle contact force measurement platform.

The platform’s rough surface is composed of 3 × 4 metal plates coated with rough
sand particles, with each plate mounted on a three-dimensional force sensor to measure the
contact forces as the robot climbs on the rough surface. The parameters of these sensors are
listed in Table 3. The measurement platform has a total length of 1200 mm and a width of
900 mm. The angle can be adjusted from 0◦ to 180◦ using a drive motor. A control cabinet is
used to control the motor’s rotation, while a computer connected to the sensor acquisition
system reads and records the measurement data.

Table 3. Parameters of the measuring platform.

Number of Sensors 3 × 4
Sensors Models DYDW-005

Measurement Range ±100 N
Individual Sensor Size 20 cm × 20 cm

Measurement Accuracy 0.2%F.S
Sampling Frequency 90 Hz

Rotation Angle 0~90◦

The WCQR-III physical prototype uses an open-loop control system and is equipped
with a remote-control system. An STM32h7 chip was selected as the microcontroller. The
servomotors on each joint of the robot are connected via the Controller Area Network
(CAN) communication serial port. A wireless transmission module was designed for 4G
mobile communication based on TDD-LTE, and the main board communicates with the
remote controller through the RS232 protocol. The operator can remotely control the robot’s
direction and speed.

18



Biomimetics 2024, 9, 625

4.2. Experimental Results
4.2.1. Maximum Climbing Angle Test

To assess the impact of the tail on the robot’s vertical climbing ability, we tested
whether the physical prototype could achieve stable climbing on a 90◦ vertical surface
under both tailed and tailless conditions. The robot prototype’s motion parameters were
based on the desired trajectory shown in Figure 4d, with a gait cycle of 4 s and a step length
of 35 mm, matching the input trajectory used in the simulation.

Figure 11a shows the robot’s climbing process on a 90◦vertical rough surface with
a tail. The results indicate that the robot stably climbed 178 mm in 16 s, which is very
close to the simulation value of 196 mm. Figure 11b presents the climbing results without
the tail. After removing the robot’s tail, we used the same motion parameters to control
the robot’s climbing on the vertical wall. The results show that after 3 s of climbing, the
robot’s body began to pitch backward, and the front claws gradually detached from the
wall. Subsequently, at the 4-s mark, the left front claw completely lost contact with the wall,
failing to provide adhesion, which caused the robot to tilt to the left and fall from the wall.
The experimental results are consistent with the simulation: without the tail, the robot is
unable to achieve stable climbing on a 90◦ vertical surface.
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Figure 11. (a) Time sequence of the robot climbing a 90◦ surface with a tail; (b) Time sequence of
the robot climbing a 90◦ surface without a tail; (c) Time sequence of the robot climbing a 82◦ surface
without a tail.

To determine the maximum slope the robot can climb without a tail, we gradually
reduced the platform’s incline angle and tested the robot’s ability to climb stably at different
slopes. For each degree of reduction, three tests were conducted, and the slope angle at
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which the robot did not fall or exhibit significant slippage in all three tests was considered
the maximum climbable slope. The results, shown in Figure 11c, indicate that the robot was
able to climb stably without a tail at an incline of 82◦. Within 16 s, the robot successfully
moved 174 mm along the surface.

4.2.2. Motion Performance Testing on Different Slopes

As shown in Figure 12, we set the platform’s incline angles to 0◦, 30◦, 60◦, and 90◦,
and measured the robot’s ground reaction forces (GRF) during climbing. Since the robot
is unable to climb a 90◦ vertical surface without a tail, the corresponding platform angles
for the tailless condition were set to 0◦, 30◦, 60◦, and 82◦. Considering the potential
uneven distribution of surface roughness particles, which could affect the robot’s foot
forces during each climb, we conducted five climbing tests at each angle and collected the
measurement data.
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Figure 12. The robot climbing on rough surfaces with different incline angles.

Since the robot uses a diagonal gait, the contact forces on the left and right feet are the
same in magnitude but offset by one cycle. After the robot achieved stable attachment, we
measured the GRFs at different angles, conducting five measurements in total. All data are
presented as average values with error bands. Figure 13 shows the ground reaction forces
(GRF) at the robot’s feet while climbing at different angles, both with and without a tail.
The dashed lines represent the simulation values, while the solid lines represent the actual
measured values.

For the lateral forces Fx, the simulation results show that as the incline angle increases,
the lateral forces at the claws increase from 0.5 N to approximately 4 N. This indicates
that as the climbing angle increases, the robot’s limbs tend to draw closer to the body’s
centerline, creating a motion pattern similar to ‘hugging’. In the experimental results,
however, the lateral forces did not vary significantly with the increase in climbing angle,
remaining around 4–5 N. We attribute the higher lateral forces observed in low-angle
experiments compared to the simulation results to the system errors of the robot itself
and the friction between the chassis and the surface, which causes lateral disturbances,
requiring greater force to maintain lateral stability. Both the simulation and experimental
results indicate that the tailless condition generates greater lateral forces compared to the
tailed condition.

For the tangential forces Fy, the simulation results indicate that as the climbing angle
increases, the tangential forces at the feet steadily rise. The tangential force at the front
claws increases from 4–5 N to 17–20 N, while the rear claws see an increase from 4–5 N
to 9–12 N. The difference between the front and rear claws widens as the angle increases,
indicating that the front claws bear a greater dragging force. The experimental results
follow the same trend as the simulation but are slightly higher than the simulation values.
This discrepancy is likely due to the robot’s chassis contacting the rough surface during
actual tests, which requires the robot to overcome additional friction between the chassis
and the surface. The tangential force component typically increases as the slope angle
increases. However, the experimental results in Figure 13d show that the tangential force
on the hind foot decreases between 60◦ and 90◦. We believe this may be due to the moment
generated by the shift in the robot’s center of gravity on steeper slopes, which causes the
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rear part of the robot’s chassis to come into contact with the surface. This contact interferes
with the hind foot’s proper engagement with the wall, reducing the number of spines in
contact and consequently decreasing the tangential force on the hind foot. Additionally,
both the simulation and experimental results show that the robot’s feet typically generate
greater tangential forces in the tailless condition.
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Figure 13. GRF generated by the robot at different angles with and without a tail: (a) Lateral force of
the front claws, (b) Lateral force of the rear claws, (c) Tangential force of the front claws, (d) Tangential
force of the rear claws, (e) Normal force of the front claws, (f) Normal force of the rear claws. Error
bars show standard errors.

For the normal forces Fz, the simulation results show that as the climbing angle
increases, the normal forces at the feet gradually decrease. When the climbing angles
are 0◦, 30◦, and 60◦, the normal forces are positive, indicating that the feet are supported
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by the wall. However, at climbing angles of 86◦ and 90◦, the normal forces become
negative, indicating that the feet are relying on the adhesion of the spiny claws. In the
tailless condition, the normal forces at the rear claws are greater than those at the front
claws, due to the lack of tail support to distribute the load. The experimental results are
similar to the simulation in both trend and magnitude, demonstrating the accuracy of the
simulation results.

In addition to GRF testing, we also evaluated the impact of tail removal on the robot’s
climbing speed. We controlled the robot’s speed by adjusting its step length using a remote
controller and measured the time it took for the robot to cover a certain distance to calculate
its actual speed. Five experiments were conducted at each slope, and the results are shown
in Figure 14. With the tail, the robot achieved maximum speeds of 15.4 cm/s, 14.1 cm/s,
8.5 cm/s, and 2.12 cm/s on slopes of 0◦, 30◦, 60◦, and 90◦, respectively. After removing
the tail, the robot’s maximum speeds at 0◦, 30◦, and 60◦ were 15.2 cm/s, 13.8 cm/s, and
7.9 cm/s, respectively, which are lower than the speeds with the tail. Additionally, the
robot was unable to maintain stable climbing on a 90◦ vertical surface without the tail.
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5. Discussion and Conclusions

Here we developed a gecko-inspired bionic climbing robot and constructed a cor-
responding climbing simulation system. This system allows us to set various motion
parameters and inclination angles in a simulated environment, enabling the simulation
of the robot’s climbing behavior with and without a tail, as well as predicting potential
climbing failures. Additionally, we built an adjustable-angle force measurement platform
to test the contact forces and movement speed of the physical prototype on different slopes.
Through simulations and experimental tests, we observed differences in the robot’s per-
formance with and without a tail. Based on the experimental results, we will discuss
the impact of the tail on the robot’s locomotion ability in terms of balance, stability, and
maneuverability.

Extensive research on gecko tails has shown that the tail plays a crucial role in main-
taining balance during locomotion. When a gecko’s foot slips, its tail moves downward
to maintain balance, preventing it from tipping backward and allowing it to continue
climbing on vertical surfaces [17]. In our tests of the robot’s vertical climbing performance,
we also validated the balancing role of the tail. Both the simulation and experimental
results indicate that after the robot’s tail is removed, the body tends to pitch backward
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during climbing, causing the front claws to slip, which further leads to a loss of adhesion in
the front claws, ultimately resulting in the robot falling from the wall. Furthermore, from
the movement trajectory of the robot’s center of mass in the normal direction, it can be
observed that after the tail is removed, the center of mass exhibits greater amplitude in the
normal direction. During climbing, this normal displacement of the center of mass increases
the pitch moment, significantly raising the risk of pitch failure. The forces experienced
by the robot’s feet during climbing reflect the tail’s role in suppressing the pitch moment.
Compared to the tailless condition, the robot with a tail exhibits a smaller difference in con-
tact forces between the front and rear claws, meaning the front claws require less adhesive
force to maintain the balance of the body.

Geckos can maintain their stability while moving quickly on horizontal and vertical
surfaces by increasing the lateral undulation amplitude and frequency of their bodies and
tails [19,20]. Although the climbing robot we designed does not have an active tail or
flexible body, comparative experiments reveal that, after the tail is removed, the robot
experiences greater slippage in the tangential direction and larger lateral oscillations during
climbing. In the tailless condition, the robot’s increased lateral oscillations are also reflected
in the contact forces at its claws. Both simulation and experimental results indicate that, in
the absence of a tail, the robot generates greater lateral forces at the claws to maintain stable
climbing. These larger lateral forces also make the robot more prone to lateral disturbances.
Since we measured the robot’s average contact forces during stable attachment, and the
robot uses the same gait with similar total displacement, larger GRFs at the foot-end
throughout the climbing process result in greater work being done and, consequently,
higher energy consumption. Compared to the tailless condition, the presence of a tail
reduces the contact forces at the foot-end. Therefore, the tail can improve motion efficiency
to some extent.

In nature, geckos sometimes detach their tails as a defense mechanism to distract
predators [29,30]. However, studies on tailless geckos or lizards have found that losing the
tail reduces their maneuverability and decreases their locomotion speed [31]. This aligns
with our experimental findings. By comparing the climbing speed of the robot with and
without a tail, we observed that the robot’s climbing speed decreases on different slopes
after the tail is removed.

In this study, we utilized a dynamic climbing model and experimental platform to
compare the robot’s performance with and without a tail through both simulations and
experiments. The results indicate that the tail significantly enhances the robot’s performance
in three key areas: balance, stability, and maneuverability. Specifically, the tail helps
maintain balance during climbing, improves the robot’s stability on various slopes, and
enhances its maneuverability. In future studies, we plan to further investigate the effects of
tail length, mass distribution, and material composition on the climbing performance of
the robot. This includes analyzing how different lengths and dimensions of the tail impact
the robot’s balance, stability, and energy consumption. Specifically, tail length may affect
the position of the center of mass, the magnitude of pitch moments, and the distribution of
contact forces, which will influence the robot’s performance on various slopes and surface
conditions. A soft tail material may effectively dissipate impact energy, reduce oscillations,
and better adapt to irregular surfaces. By optimizing the geometric design of the tail, we
aim to further enhance the climbing efficiency and adaptability of the robot.
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Abstract: Nanoparticles (NPs) are receiving increasing interest in biomedical applications. However,
due to their large surface area, in physiological environments, they tend to interact with plasma
proteins, inducing their agglomeration and ultimately resulting in a substantial efficiency decrease in
diagnostic and therapeutic applications. To overcome such problems, NPs are typically coated with a
layer of hydrophilic and biocompatible polymers, such as PEG chains. However, few examples exist in
which this property could be systematically fine-tuned and combined with added properties, such as
emission. Herein, we report a novel mussel-inspired catechol-based strategy to obtain biocompatible
and multifunctional coatings, using a previously developed polymerization methodology based on
the formation of disulfide bridges under mild oxidative conditions. Two families of NPs were selected
as the proof of concept: mesoporous silica NPs (MSNPs), due to their stability and known applications,
and magnetite NPs (Fe3O4 NPs), due to their small size (<10 nm) and magnetic properties. The
PEG coating confers biocompatibility on the NPs and can be further functionalized with bioactive
molecules, such as glucose units, through the end carboxylic acid moieties. Once we demonstrated
the feasibility of our approach to obtaining PEG-based coatings on different families of NPs, we also
obtained multifunctional coatings by incorporating fluorescein functionalities. The resulting coatings
not only confer biocompatibility and excellent cell internalization, but also allow for the imaging and
tracking of NPs within cells.

Keywords: catechol; functional coatings; bioinspired; functional nanoparticles; biocompatible;
magnetite NPs; MSNPs

1. Introduction

The substantial surface area of nanoparticles (NPs) makes them prone to interacting
with plasma proteins in physiological environments, leading to agglomeration and precipi-
tation. NPs are also considered intruders by the innate immunity system and engulfed by
macrophage cells. In both scenarios, the particles are removed from the blood circulation
system and lose their function quickly, leading to a dramatic diagnosis and therapy effi-
ciency reduction. To address these issues, NPs are usually coated with a layer of hydrophilic
and biocompatible polymers, such as dextran [1], dendrimers [2], or mainly PEG chains [3].
In this last case, several approaches have been followed to ensure proper surface function-
alization. Undoubtedly, one of their most common uses is their covalent attachment to
catechol units, drawing inspiration from numerous marine sandcastle worms, barnacles, or
mussels. These organisms firmly attach to underwater surfaces, preventing displacement
by currents and tides while carrying out essential life functions. Their remarkable adhesive
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capabilities stem from catechol-based molecules, serving as a foundational element in the
creation of innovative synthetic coatings in many different laboratories worldwide.

Indeed, so far, numerous research examples have showcased the use of catechol-based
polyethylene glycol (cat-PEG) coatings to confer nanoparticles (NPs) with colloidal stability,
antifouling and antimicrobial properties, as well as biocompatibility and biodegradability
in physiological environments. For this purpose, one of the main approaches used is the
polymerization of molecules covalently linking catechol and PEG chains, either with or
without a short spacer in between. The polymerization occurs under oxidative conditions at
basic pH, and surface coating is achieved through ex situ treatments (Figure 1a). Following
this approach, numerous metallic, inorganic, and polymeric surfaces have been coated with
polyethylene glycol dopamine (PEG-DA) polymers [4,5]. For instance, examples of coated
Fe3O4, MnO, and Au NPs dispersed in both aqueous and organic environments have been
reported [6], with those with plasmon resonance responses (Au and Ag NPs) being suitable
for diagnostic and therapy applications [7], or reduced graphene oxide (rGO) coated
with cat-PEG polymers for the controlled release of doxorubicin (DOX) [8]. Overall, with
this polymerization strategy, polymers [9–11], metals [12–14], metal oxides [15–18], and
electrospun nanofiber meshes [19], reduced graphene oxide [20], and glass and polystyrene
beads [21], ceria nanoparticles [22], or iron oxide nanocubes (IONCs) [23], have been
effectively coated.

Biomimetics 2024, 9, x FOR PEER REVIEW 2 of 17 
 

 

attachment to catechol units, drawing inspiration from numerous marine sandcastle 
worms, barnacles, or mussels. These organisms firmly attach to underwater surfaces, 
preventing displacement by currents and tides while carrying out essential life functions. 
Their remarkable adhesive capabilities stem from catechol-based molecules, serving as a 
foundational element in the creation of innovative synthetic coatings in many different 
laboratories worldwide. 

Indeed, so far, numerous research examples have showcased the use of catechol-
based polyethylene glycol (cat-PEG) coatings to confer nanoparticles (NPs) with colloidal 
stability, antifouling and antimicrobial properties, as well as biocompatibility and 
biodegradability in physiological environments. For this purpose, one of the main 
approaches used is the polymerization of molecules covalently linking catechol and PEG 
chains, either with or without a short spacer in between. The polymerization occurs under 
oxidative conditions at basic pH, and surface coating is achieved through ex situ 
treatments (Figure 1a). Following this approach, numerous metallic, inorganic, and 
polymeric surfaces have been coated with polyethylene glycol dopamine (PEG-DA) 
polymers [4,5]. For instance, examples of coated Fe3O4, MnO, and Au NPs dispersed in 
both aqueous and organic environments have been reported [6], with those with plasmon 
resonance responses (Au and Ag NPs) being suitable for diagnostic and therapy 
applications [7], or reduced graphene oxide (rGO) coated with cat-PEG polymers for the 
controlled release of doxorubicin (DOX) [8]. Overall, with this polymerization strategy, 
polymers [9–11], metals [12–14], metal oxides [15–18], and electrospun nanofiber meshes 
[19], reduced graphene oxide [20], and glass and polystyrene beads [21], ceria 
nanoparticles [22], or iron oxide nanocubes (IONCs) [23], have been effectively coated. 

A second alternative synthetic methodology involves first the formation of a catechol-
based coating, typically polydopamine (PDA), followed by functionalization with PEG 
chain derivatives via covalent bonds (Figure 1b). Following this methodology, several 
representative examples have been reported, including, for instance, MoS2 nanosheets for 
drug delivery and photothermal cancer treatment [24], PEGylated carbon nanotubes 
(CNTs) for the intracellular delivery of doxorubicin [25], multi-walled carbon nanotubes 
(MWCNT) [26], and Fe3O4 NPs [27] or catechol-conjugated hydrogels produced by 
thiourea-quinone coupling [28]. 

 

 
Figure 1. Overview of strategies followed in the literature using catechol-based polyethylene glycol
(PEG) coatings to endow nanoparticles (NPs) with colloidal stability and biocompatible properties
in physiological media. (a) Polymerization of cat-PEG-based molecules, where catechol and PEG
chains are covalently bonded or with a short spacer in between. Surfaces are coated via ex-situ
treatments. (b) Preliminary coating of the surface with catechol-based polymers, commonly PDA,
and further functionalization with PEG derivatives through covalent bonds. (c) Copolymerization
through reactive pendant groups between molecules containing catechol moieties and PEG chains.
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A second alternative synthetic methodology involves first the formation of a catechol-
based coating, typically polydopamine (PDA), followed by functionalization with PEG
chain derivatives via covalent bonds (Figure 1b). Following this methodology, several
representative examples have been reported, including, for instance, MoS2 nanosheets
for drug delivery and photothermal cancer treatment [24], PEGylated carbon nanotubes
(CNTs) for the intracellular delivery of doxorubicin [25], multi-walled carbon nanotubes
(MWCNT) [26], and Fe3O4 NPs [27] or catechol-conjugated hydrogels produced by thiourea-
quinone coupling [28].

All in all, numerous examples of cat-PEG coatings have already been described in the
literature. However, the potential for obtaining multifunctional coatings is less frequently
explored despite its interest, bringing the possibility of combining the advantages of PEG
groups with, for instance, fluorescent tags for imaging. For this purpose, we hypothesize
that the copolymerization of catechol moieties bearing PEG chains and other different func-
tional groups represents one of the best scenarios (Figure 1c). With this third approach, the
functionalization of polyether copolymers [29], coating Fe3O4 NPs for bioimaging [30]/gene
therapy [31]/contrast agents [32], SiO2 NPs with cisplatin-controlled release kinetics [33],
AuNPs as smart carriers for the doxorubicin drug [34], and polymeric micelles [35,36] or
nanocarriers [37] as drug delivery systems have already been reported. Further examples
involve multidentate cat-PEG-coated magnetic nanocrystals [38] or NPs [39], the surface
modification of CNTs [40], metal–phenolic networks that reduce the cellular oxidative
stress [41], or increasing the binding affinity of Au@PDA NPs [42]. Nevertheless, despite
these numerous examples, no examples of fine-tuning added properties have been reported
so far, as far as we know. Therefore, there is a strong need for the development of novel
synthetic approaches to address this limitation.

We recently reported a novel family of colorless coatings that relies on a catechol-
grafted polymeric architecture linked through disulfide bridges [43], being the basic frame-
work for the modular design of all monomers, including the pentaerythritol tetrakis(3-
mercaptopropionate). This scaffold is linked to the catechol unit through the addition of
one of the thiol groups to the oxidized o-quinone form. A second thiol group allows for the
simultaneous incorporation of a functional group bearing a terminal vinyl or acrylate group
using a thiol-ene click reaction. Lastly, the remaining two accessible thiols undergo poly-
merization through the formation of disulfide bridges, under mild and selective conditions,
using iodine (Figure 2a). Pursuing this approximation, herein, we report new multifunc-
tional coatings combining methyl-, glucose- or carboxylic acid-caped polyethylene glycol
chains (compounds 1 and 2, and 4 and 5, respectively) with fluorescein fragments (3) (see
Figure 2b). As representative supports, two families of NPs were chosen: (I) mesoporous
silica NPs (MSNPs), selected for their stability and ability to encapsulate and release drugs,
and (II) small (<10 nm) magnetic NPs (MNPs, Fe3O4 NPs), which are relevant in magnetic
resonance imaging (MRI) [44], drug and gene delivery [45], magnetothermal therapy [46],
biosensors and bioseparation [47]. Finally, and for comparison purposes, we also evaluated
related model coatings bearing styrene moieties instead of catechols, to assess their role in
the adhesion and coating capabilities.
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Figure 2. (a) Oligomeric materials previously obtained by our research group [43] by formation
of disulfide bridges between functionalized catechols using iodine as oxidant. (b) Functionalized
catechols, some of which include a PEG chain, used in this work to obtain new functional or multi-
functional coatings.

2. Materials and Methods
2.1. General Procedures

The solvents, chemicals, and reagents were acquired with high quality without any
need for further purification from various commercial chemical companies, such as Merck
(Darmstadt, Germany), Scharlab (Sentmenat, Spain), Apollo Scientific (Cheshire, UK), Alfa
Aesar (Kandel, Germany), and TCI (Zwijndrecht, Belgium). All reactions were monitored
by analytical thin-layer chromatography (TLC) using silica gel 60 pre-coated aluminum
plates (0.20 mm thickness). Flash column chromatography was performed using silica gel
Geduran® SI 60 (40–63 µm). 1H NMR and 13C NMR spectra were recorded at 298 K at 250,
360, 400 MHz, and 90, 100 MHz, respectively. Proton chemical shifts are reported in ppm (δ)
(CDCl3, δ 7.26 or CD3COCD3, δ 2.06 or CD2Cl2 δ 5.32). Carbon chemical shifts are reported
in ppm (δ) (CDCl3, δ 77.16 or CD3COCD3, δ 29.8, and CD2Cl2 δ 53.5. Infrared spectra (IR)
were recorded on a Bruker Tensor 27 Spectrophotometer equipped with a Golden Gate
Single Refraction Diamond ATR (attenuated total reflectance) accessory. Peaks are reported
in cm−1. HRMS were recorded in an Agilent 6454 Q-TP spectrometer with an Agilent
Jetstream Technology (AJT) source using electrospray ionization (ESI) or electronic impact
(EI). The molecular weight distribution determined by gel permeation chromatography
(GPC) was made using an Agilent Technologies 1260 Infinity chromatograph and THF
as a solvent. The instrument is equipped with three gel columns: PLgel 5 µm Guard/
50 × 7.5 mm2, PLgel 5 µm 10,000 Å MW 4 K−400 K, and PL Mixed gel C 5 µm MW
200−3 M. Calibration was made by using polystyrene standards. In each experiment,
the freshly prepared polymer sample of interest was dissolved in THF (1–2 mg/mL) and
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immediately analyzed by GPC (1 mL/min flow; 30 ◦C column temperature). Transmission
electron microscopy (TEM) analyses were performed with a JEOL JEM-1400 transmission
microscope operating at 120 kV. TEM samples were prepared by dipping a carbon copper
grid into a dilute suspension of the particles in freshly sonicated hexane. The average parti-
cle size and its standard deviation were estimated by measuring the edge length of at least
200 particles using the software ImageJ (Fiji). Data were fitted to a log-normal function and
the polydispersity index (PDI) was calculated.

2.2. Synthesis of Monomers

The synthesis of all new monomers considered and their full chemical characterization
are described in the literature [43] (compounds 3 and 6) or in the supporting information
(compounds 1, 2, 4, and 5).

2.3. Synthesis and Characterization of Oligomeric Materials P1, P2, P5, and C2–3

As a general procedure, a solution of 35 mM of resublimed iodine in EtOH 96%
(1.1 equiv.) was added dropwise to a ~7 mM solution of CATPEG bis-thiol 1, 2 or 5 (or a 4:1
mixture of 2 and 3) in EtOH 96%, containing an additional 0.035 equivalents of related cat-
Me-(SH)2 11 as doping reagent to improve crosslinking. The reaction mixture was stirred
for 1 h at rt, after which a yellowish solid precipitated. The supernatant was decanted, and
the solid was washed with fresh EtOH 96% three times and dried under vacuum, yielding
45%, 28%, 55%, and 48% of oligomeric material P1, P2, P5, and C2–3, respectively.

The products obtained from the polymerization reaction were characterized by differ-
ent techniques, such as 1H NMR and gel permeation chromatography (GPC). The 1H NMR
experiments were performed in THF-d8, whereas GPC analyses were performed in THF.
In the 1H NMR, the disappearance of the thiol’s peak of monomers was observed around
1.6 ppm, thus indicating that the disulfide bonds had been formed. To prepare GPC sam-
ples, the derivatives obtained after polymerization were dissolved in THF (1 or 2 mg/mL)
and filtered through 0.22 µm nylon filters.

2.4. Coating of Mesoporous Silica Nanoparticles

As a general procedure, 10 mg of NPs (synthesized as described in Chemistry–A
European Journal 2014, 20 (47), 15443–15450) were dispersed in 1 mL HPLC-grade CH2Cl2,
a solution of ~7 mM of the corresponding oligomer was added, and the mixture was left
to stir at 500 rpm overnight at rt. The final dispersion was centrifuged at 14,000 rpm for 2
min, and the resulting MSNPs were washed with fresh CH2Cl2 three times to remove the
excess of mPEG derivatives.

2.5. Coating of Magnetite Nanoparticles
2.5.1. Preparation of Magnetite NPs (MNPs) [48]

Fe(acac)3 (0.441 g, 1.24 mmol), sodium oleate (0.213 g, 0.68 mmol), and oleic acid (1.485 g,
5.26 mmol) in a mixture of solvents composed of dibenzyl ether (10 mL), 1-octadecene
(10 mL), and 1-tetradecene (3 mL) were heated up to 110 ◦C and kept at this temperature
during 1.5 h under vacuum. During this time, reactive intermediates were formed. The
reaction mixture was then heated up to 290 ◦C with a heating rate of 3 ◦C/min, and kept at
this temperature for 1 h under Ar flow. In this step, nucleation and the subsequent growth
of the NPs took place. Finally, the reaction mixture was cooled down to 50 ◦C. To purify the
MNPs, isopropanol (40 mL) and acetone (40 mL) were added to the reaction mixture, which
was centrifuged (10,000 rpm, 12 min) to separate the MNPs from the supernatant. The
MNPs were resuspended in a mixture of CHCl3 (10 mL), acetone (40 mL), and isopropanol
(40 mL), and the same centrifugation conditions were applied. Finally, the MNPs were
redispersed in CHCl3 (~6.5 mg/mL).
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2.5.2. Coating of MNPs: Synthesis of Fe3O4@P5 NPs

To a suspension of MNPs (6.5 mg/mL, 2.6 mL, 17 mg), a solution of P5 (10 mg,
0.004 mmol) in HPLC-grade CHCl3 (1.1 mL) was added. The reaction mixture was left to
stir at rt for 3–4 days. The final MNPs were transferred to the aqueous phase and washed
with CHCl3 once, and the water removed under vacuum.

2.5.3. Functionalization of Fe3O4@P5 NPs: Synthesis of Targeted Fe3O4@P5-Glucose NPs

To a suspension of Fe3O4@P5 NPs (12 mg) cooled down to 0 ◦C, a solution of amino-
glucopyranose 15 (15.4 mg, 0.09 mmol) in diisopropylethyl amine (DIPEA) (314 mL,
1.8 mmol) was added. After 10 min of stirring at 0 ◦C, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDCI) (0.12 mmol) was added and the reaction mixture was stirred at rt for
3–4 days under Ar atmosphere. The final MNPs were transferred to the aqueous phase
and washed with CHCl3 once, and the solvent was removed under vacuum. The resulting
nanoparticles were treated with DCl 35% w/w in H2O and analyzed by 1H NMR.

In the case of working with protected amino-glucofuranose derivative 8, the procedure
followed was the same, but sugar derivative 8 along with 4-(dimethylaminopropoyl)pyridine
(0.3 equivalents) was directly added into MNPs@P7 suspension.

In the case of the partial deprotection of Fe3O4@P5-ProtecAminoFuranose NPs, to a
~1.5 mg/mL suspension of Fe3O4@P5-ProtecAminoFuranose NPs, a mixture of AcOH/H2O
with the corresponding ratio was added, and the reaction mixture was stirred. Subsequently,
the aqueous phase was washed with CHCl3 (x3) to remove non-polar impurities and
evaporated under vacuum. The resulting NPs were treated with DCl 35% w/w in H2O and
analyzed by 1H NMR.

2.6. Cytotoxicity and Internalization Assays of C2–3 Coated MSNPs
2.6.1. Cytotoxicity Assay

Human SH-SY5Y cells were cultured in DMEM/F-12 culture medium supplemented
with 10% FBS and 1% antibiotic-antimycotic solution (Gibco-BRL, Carlsbad, CA, USA) and
incubated at 37 ◦C in a humidified atmosphere with 5% CO2. Cells were seeded into a
96-well plate at a cell density of 3.0 × 103 cells per well and then incubated for 24 h. C2–3-
coated MSNPs were resuspended in the medium discussed above to achieve the different
concentrations used in this assay: 0, 1, 5, 10, 25, 50, 100, and 200 µg/mL. Next, the cells
were incubated at 37 ◦C, in a humidified atmosphere with 5% CO2 and 98% humidity for
24 h. The cytotoxicity effect was measured after 24 h treatment employing the PrestoBlue
cell viability reagent (ThermoFisher, Waltham, MA, USA). PrestoBlue (10 µL; resazurin-
based solution) was added to each well. After a two-hour incubation period (37 ◦C, 5% CO2,
98% humidity), the fluorescence was quantified using a fluorescent multilabel plate reader
(Victor3, PerkinElmer, Waltham, MA, USA) with excitation at λ = 531 nm and recorded at
λ = 572 nm. Cell cytotoxicity was evaluated in terms of cell viability and expressed as a
percentage of the control conditions. Each experiment was repeated at least three times,
and each concentration was tested in at least three replicates.

2.6.2. Internalization Assay

Human SH-SY5Y cells were cultured as in the previous assay for 24 h. C2–3-coated
MSNPs (200 µg/mL) were added to four of the six wells (the other two were used as a
negative control). One of the wells with C6–8-coated MSNPs was washed with PBS, and
its cells were fixed with 4% paraformaldehyde (PFA) for 15 min at rt. The PFA was then
removed, and PBS was added to the well. This procedure was repeated at 3, 6, and 24 h
with one of the wells with C2–3-coated MSNPs. The same procedure was performed at
6 and 24 h for one of the wells without C2–3-coated MSNPs. Subsequently, the samples
were blocked by adding a blocking buffer (5% bovine serum albumin solution in PBS buffer
supplemented with 0.1% Triton X-100) (1 mL) and incubated for 1 h at rt. The blocking
buffer was then removed, and the samples were washed with PBS for 5 min in agitation.
Next, the samples were incubated with 4′,6-diamidino-2-phenylindole (DAPI; 1/500) for
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10 min at rt. After removing DAPI and washing the samples with PBS for 5 min in darkness,
the samples were mounted on a drop of ProLong Gold.

3. Results and Discussion
3.1. Synthesis of Monomers 1–6 and the Corresponding Oligomeric Materials P1–5

Compounds 3 and 6, intermediate 7, and the corresponding oligomers P3 and P6 were
synthesized in our previous work [43]. Cat-PEG derivatives 1, 2, and 5 were obtained
following the same synthetic methodology (Scheme 1). Thus, the intermediate S-catechol
tris-thiol 7 was coupled with heterobifunctional PEG derivatives 8, 9, and 10, to render the
corresponding cat-PEG monomers 1, 5, and 2, in 78%, 67%, and 62% yields, respectively.
The obtention of 1 and 5 was based on a radical catalyzed thiol-ene reaction between 7
and 8 or 9, and the synthesis of 2 consisted of a thia-Michael reaction between 7 and 10
using dimethylphenyl phosphine as the catalyst. Conversely, compound 4, which contains
a glucose unit, could not be isolated due to the instability of its immediate precursor
(Scheme S1 in the Supplementary Material).

Biomimetics 2024, 9, x FOR PEER REVIEW 7 of 17 
 

 

were blocked by adding a blocking buffer (5% bovine serum albumin solution in PBS 

buffer supplemented with 0.1% Triton X-100) (1 mL) and incubated for 1 h at rt. The 

blocking buffer was then removed, and the samples were washed with PBS for 5 min in 

agitation. Next, the samples were incubated with 4′,6-diamidino-2-phenylindole (DAPI; 

1/500) for 10 min at rt. After removing DAPI and washing the samples with PBS for 5 min 

in darkness, the samples were mounted on a drop of ProLong Gold. 

3. Results and Discussion 

3.1. Synthesis of Monomers 1–6 and the Corresponding Oligomeric Materials P1–5 

Compounds 3 and 6, intermediate 7, and the corresponding oligomers P3 and P6 

were synthesized in our previous work.43 Cat-PEG derivatives 1, 2, and 5 were obtained 

following the same synthetic methodology (Scheme 1). Thus, the intermediate S-catechol 

tris-thiol 7 was coupled with heterobifunctional PEG derivatives 8, 9, and 10, to render the 

corresponding cat-PEG monomers 1, 5, and 2, in 78%, 67%, and 62% yields, respectively. 

The obtention of 1 and 5 was based on a radical catalyzed thiol-ene reaction between 7 

and 8 or 9, and the synthesis of 2 consisted of a thia-Michael reaction between 7 and 10 

using dimethylphenyl phosphine as the catalyst. Conversely, compound 4, which contains 

a glucose unit, could not be isolated due to the instability of its immediate precursor 

(Scheme S1 in the Supplementary Material). 

 

Biomimetics 2024, 9, x FOR PEER REVIEW 8 of 17 
 

 

 

Scheme 1. Synthesis of cat-PEG monomers 1, 5, and 2. 

Next, we proceeded with the polymerization of the synthesized cat-PEG monomers 

1, 2, and 5 under the same reaction conditions as in our previous work. Thus, oligomeric 

materials P1, P2, P3, and P5 were obtained (Scheme 2) in 45%, 28%, 34%, and 55% yields, 

respectively, using iodine as an oxidant in EtOH. For P1, P2, and P3, 3.5% of the related 

cat-(SH)3 7 as the doping reagent was used to enhance crosslinking. These materials, 

insoluble in EtOH but soluble in CHCl3, exhibited 1H NMR and IR spectra (see 

Supplementary Material) consistent with what was expected based on the precursors. In 

the 1H NMR spectrum, a decrease in the intensity of the thiol proton around 1.6 ppm was 

observed, as expected after the formation of disulfide bonds. According to the diffusion-

ordered-spectroscopy (DOSY) NMR experiments, all the materials resulted in oligomers 

between 2 and 3 units. In the case of material P2, characterization was additionally 

performed using the GPC technique with THF as the solvent, revealing that it consisted 

of an oligomer ranging between 2 and 5 units. For materials P1 and P3, GPC analyses were 

not feasible due to their insolubility in THF. Regarding the oligomeric material P5, 3.5% 

of the related cat-Me-(SH)2 11 was used as the doping reagent to enhance crosslinking. 

The GPC analysis of the THF-soluble part of P5 did not show any relevant peaks in the 

spectrum. Conversely, the corresponding precursor 5 displayed a distinct peak indicative 

of the monomeric compound, indirectly suggesting that monomer 5 was absent from the 

P5 material. 

Scheme 1. Synthesis of cat-PEG monomers 1, 5, and 2.

32



Biomimetics 2024, 9, 531

Next, we proceeded with the polymerization of the synthesized cat-PEG monomers
1, 2, and 5 under the same reaction conditions as in our previous work. Thus, oligomeric
materials P1, P2, P3, and P5 were obtained (Scheme 2) in 45%, 28%, 34%, and 55% yields,
respectively, using iodine as an oxidant in EtOH. For P1, P2, and P3, 3.5% of the related cat-
(SH)3 7 as the doping reagent was used to enhance crosslinking. These materials, insoluble
in EtOH but soluble in CHCl3, exhibited 1H NMR and IR spectra (see Supplementary
Material) consistent with what was expected based on the precursors. In the 1H NMR
spectrum, a decrease in the intensity of the thiol proton around 1.6 ppm was observed,
as expected after the formation of disulfide bonds. According to the diffusion-ordered-
spectroscopy (DOSY) NMR experiments, all the materials resulted in oligomers between 2
and 3 units. In the case of material P2, characterization was additionally performed using
the GPC technique with THF as the solvent, revealing that it consisted of an oligomer
ranging between 2 and 5 units. For materials P1 and P3, GPC analyses were not feasible
due to their insolubility in THF. Regarding the oligomeric material P5, 3.5% of the related
cat-Me-(SH)2 11 was used as the doping reagent to enhance crosslinking. The GPC analysis
of the THF-soluble part of P5 did not show any relevant peaks in the spectrum. Conversely,
the corresponding precursor 5 displayed a distinct peak indicative of the monomeric
compound, indirectly suggesting that monomer 5 was absent from the P5 material.
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3.2. Coating of Mesoporous Silica Nanoparticles

Mesoporous SiO2 NPs (MSNPs, Ø~200 nm) were dispersed in a ~7 mM CH2Cl2
solution of oligomers P1 and P2 and the corresponding monomers 1 and 2, for comparison
(Figure 3a). The mixture was then stirred overnight at rt and subsequently centrifuged
at 14,000 rpm. The resulting MSNPs were washed with fresh HPLC-grade CH2Cl2 and
characterized by different techniques, including scanning transmission electron microscopy
(STEM), energy-dispersive X-ray spectroscopy (EDX), dynamic light scattering (DLS), and
ζ-potential measurements. The results are shown in Figure 3.

From the STEM images, the PEGylated coating can be distinguished as thin lighter
layers (ca. 20 nm) surrounding the NPs, whereas the untreated MSNPs did not exhibit
any organic shells (Figure 3b). In the case of MSNPs@P2, the coating was confirmed in the
EDX line scan (Figure 3c), with carbon (red line) across the whole diameter of the coated
particles, while the oxygen signal (blue line) remained circumscribed to their inner sections,
i.e., to the mineral core. Pristine and coated MSNPs (0.5–1 mg) were also dispersed in 1 mL
of aqueous solution at different pHs and analyzed by DLS and ζ-potential measurements.
While both families of NPs were stabilized with sizes around 200–250 nm within the pH
range of 4–12, significant ζ-potential differences were found (Figure 3e), qualitatively
evidencing the effectiveness of the coating. In any case, at pH 2, aggregates larger than
1 µm were formed, which was attributed to the worse electrostatic stabilization and the
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gradual coating disaggregation from the NPs. The coating experiments were repeated
under the same experimental conditions, now using 3 and P3. The STEM images showed
a coating layer surrounding the NPs (Figure 4b, left) associated with bulk fluorescence
under UV light (Figure 4a, left) or an optical microscope using the fluorescence mode and
an Alexa Fluor 488 filter. Moreover, to prove the role of catechol units in the adhesive
properties, the experiments were repeated using 6 and its corresponding oligomer, P6.
The NPs treated with these derivatives did not exhibit any fluorescence (Figure 4a, right),
and the STEM images revealed that MSNPs@P6 resembled pristine MSNPs, devoid of any
organic shells (Figure 4c). Thus, this simple example underscores the significant role of the
catechol moiety as an anchor unit.
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Figure 3. (a) Schematic representation of the procedure for coating onto MSNPs. (b) STEM images of
untreated MSNPs (1), P1-coated MSNPS (2), and P2-coated MSNPS (3). (c) EDX line scan profile along
the line drawn across the diameters of P2-coated MSNPs. (d) DLS analyses of untreated (gray) and
treated (blue and orange) MSNPs at different pH. DLS values are the average of three measurements.
(e) ζ-potential values of untreated (gray) and treated (blue and orange) MSNPs at different pH.
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3.3. Coating of Fe3O4 NPs

To validate both our coating capabilities on different nanoparticle families and their
subsequent use for additional biofunctionalization, we tackled the synthesis of Fe3O4 NPs
functionalized with P4; these are sugars recognized in Biology because of their barrier-
crossing properties (Figure 5). Sadly, all the attempts to synthesize the precursor compound
4 failed (see Scheme S1 in the Supplementary Material). In the last synthetic stages, after
incorporating the catechol and the protected sugar moieties, the resulting product proved
to be unstable. Alternatively, we planned the first coating of the NPs with the oligomeric
material P5, derived from cat-PEG-COOH bis thiol 5, to later couple the carboxylic acid
residues with the suitable aminosugar derivative (Figure 5). Next, the first magnetic NPs
stabilized with oleic acid (Fe3O4@OA NPs) were obtained through the thermal decompo-
sition of Fe(acac)3 in the presence of oleic acid in a mixture of solvents. This procedure
ensured a precise nanoparticle size (average 8 nm in diameter) and monodispersity, as
confirmed by the electron microscopy (TEM) images [48]. Next, the Fe3O4@OA NPs were
suspended in CHCl3 and coated with P5, previously dissolved in the same solvent. Despite
many attempts, isolating the coated NPs through centrifugation proved unfeasible.

However, upon mixing the suspension with water, the NPs were transferred to the
aqueous phase, unlike the uncoated NPs, which remained in the organic phase. This
already represents a qualitative demonstration of the nanoparticle coating. The last step
was the functionalization, performed by covalently attaching the carboxylic acid residues
of the Fe3O4@P5 NPs with a suitable aminosugar derivative. Before this step, the reaction
was optimized with a simple allylamine model, whose incorporation could be easily
monitored by 1H NMR. Hence, a freshly prepared suspension of Fe3O4@P5 NPs in CHCl3
was treated with the coupling reagent EDCI and allylamine overnight. The resulting
Fe3O4@P5-allylamide NPs were transferred to an aqueous phase and evaporated to dryness.
The resulting solid was dispersed in deuterated methanol with some drops of DCl and left
to stand overnight in this acidic medium to degrade the NPs. Finally, a 1H-NMR spectrum
was recorded, revealing the presence of all the expected allyl signals coming from the
linked allylamine, albeit slightly shifted to a lower field, according to the formation of the
amide bond (see Supplementary Material, S7).

Finally, this synthetic procedure was successfully repeated with the protected amino-
furanose derivative 12, obtaining the Fe3O4@P5-ProtecFuranoseAmide NPs (as confirmed
by the 1H NMR spectrum of the degraded NPs, see Supplementary Material, S7). However,
the subsequent treatment of Fe3O4@P5-ProtecfuranoseAmide NPs in water with different
acidic conditions to transform the attached sugar derivative fragments into the correspond-
ing glucose units did not work. Under mildly acidic conditions, the protecting groups
were not fully removed, while in stronger acidic media, an NP degradation was found.
Therefore, the coupling was repeated using free amino-glucopyranose 13 (derived from the
protected amino-glucofuranose 12, see Supplementary Material). In this way, the desired
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Fe3O4@P5-GlucoseAmide NPs (Figure 1) were directly obtained, as confirmed by the 1H-
and 13C NMR spectra (see Supplementary Material, S7). The DLS and zeta ζ-potential
measurements at pH 7,4 (PBS buffer) showed aggregates around 360 nm and α ζ-potential
of −13.9 mv, as well as 930 nm with a ζ-potential value of 3.3 mv for the Fe3O4@P5 NPs
and Fe3O4@P5-Glucose NPs, respectively. These substantial ζ-potential changes and the
tendency to form larger aggregates for the Fe3O4@P5-Glucose NPs agree with the blocking
of the carboxylic acid residues with the glucose units. Interestingly, the addition of the
bovine serum albumin (BSA 10%) in the same PBS buffer to simulate physiological environ-
ments stabilized the monodispersed Fe3O4@P5-Glucose NPs on smaller aggregates around
100 nm, even though their ζ-potential was close to 0 mv.
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3.4. Multifunctional Coatings

Finally, a multifunctional coating (referred to, from now on, as C2–3) was obtained with
a 48% yield by copolymerization of the cat-PEG 2 (80%) and the fluorescein-functionalized
unit 3 (20%), using the polymerization protocol previously described (Figure 6a). The
incorporation of both functionalities was confirmed by 1H NMR, with aromatic signals
from the fluorescein in the 6.5–8.0 ppm range and the characteristic PEG signal at ~3.6 ppm
(see Supplementary Materials for full details). The posterior MSNP coating was confirmed
by STEM analysis, which revealed a thin lighter layer around the surfaces (Figure 6b), and
the fluorescence emission was detected by an optical fluorescent microscope equipped
with an Alexa Fluor 488 filter (Figure 6c). The DLS measurements confirmed a colloidal
stability increase at higher pHs, resulting in smaller sizes due to improved electrostatic
stabilization (Figure 6d). The MSNP@C2–3 formed larger aggregates than the non-treated
MSNPs between pH 4 and pH 10.
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Figure 6. (a) Copolymerization of synthesized building blocks 2 and 3 to obtain a copolymer, C2–3,
which is biocompatible, hydrophilic, and fluorescent, and is suitable for biomedical applications;
(b) STEM image of coated MSNPs@C2–3 showing a lighter outer layer. (c) Image taken from an
inverted optical/fluorescence microscope in fluorescence mode with an Alexa Fluor 488 filter of
MSNPs@C2–3 showing fluorescence. (d) Representation of NPs’ sizes at different pH taken from
DLS analyses.

Finally, an internalization assay was conducted on SH-SY5Y cells. This involved
adding MSNPs@C2–3 (200 µg/mL) to six-well plates containing 105 cells per well. At
different time points (1, 3, 6, 24 h), the cells were fixed and stained (Figure 7b).
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Figure 7. (a) Effect of MSNPs@C2–3 on the cell viability of SH-SY5Y cells (3000 cells per well). These
cells were incubated for 24 h in the presence of indicated concentrations of MSNPs@C2–3. Cell
viability is expressed as a percentage compared to an untreated control. Values are presented as mean
± standard error of the mean (n = 3). (b) Internalization assay on SH-SY5Y cells at 1 h, 3 h, 24 h, and
24 h without MSNPs@C2–3. Blue color shows 4′,6-diamidino-2-phenylindole (DAPI) staining of cell
nuclei. The green color shows fluorescein staining of MSNPs@C2–3. Scale: 100 µm.

After 1 h, MSNPs@C2–3 were observed within the cells. At 3 h, these nanoparticles
were not only internalized but also exhibited an organized distribution within the cellular
compartments. By 24 h, nanoparticles were additionally detected in the nuclei of the cells,
showing an organized arrangement. In contrast, cells without nanoparticles showed no
fluorescence. Furthermore, the cytotoxic effect of the MSNPs@C2–3 on the SH-SY5Y cells
was examined by treating them with varying concentrations of MSNPs@C2–3 for 24 h.
These coated NPs did not exhibit a cytotoxic effect compared to the control at any of the
concentrations tested (Figure 7a).

4. Conclusions

We have developed a novel mussel-inspired strategy to obtain multifunctional PEG-
based biocoatings by deploying the polymerization of catechol-based functionalized units
using disulfide bridges under mild oxidative conditions. Thanks to its universal character,
we successfully coated two families of NPs, mesoporous silica NPs (MSNPs) and magnetic
NPs (MNPs, Fe3O4 NPs), both of which are receiving increasing recognition for their
biomedical uses. The PEG coating confers biocompatibility and colloidal stability to the NPS
and is used as a primer for further functionalization through the carboxylic acid moieties
with bioactive groups. In this case, and as a representative example, we introduced glucose
units with potential barrier-crossing capabilities. Finally, and as a proof of concept, we have
also shown the possibility of achieving multifunctional coatings combining PEG chains and
fluorescein fragments, allowing for the optical tracking of additional cell internalization,
with excellent biocompatibility.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomimetics9090531/s1: S1: experimental part of synthesis of monomers;
S2: experimental part synthesis of amino glucopyranose; S3: experimental part of synthesis of
intermediate 21; S4: 1H, 13C NMR and IR spectra of new compounds; S5: 1H NMR and IR spectra of
oligomers and copolimers; S6: GPC spectra; S7: other 1H, 13C NMR spectra.
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Abstract: Sponges (phylum Porifera) were among the first metazoans on Earth, and represent a
unique global source of highly structured and diverse biosilica that has been formed and tested over
more than 800 million years of evolution. Poriferans are recognized as a unique archive of siliceous
multiscaled skeletal constructs with superficial micro-ornamentation patterned by biopolymers. In the
present study, spicules and skeletal frameworks of selected representatives of sponges in such classes
as Demospongiae, Homoscleromorpha, and Hexactinellida were desilicified using 10% HF with the
aim of isolating axial filaments, which resemble the shape and size of the original structures. These
filaments were unambiguously identified in all specimens under study as F-actin, using the highly
specific indicators iFluor™ 594-Phalloidin, iFluor™ 488-Phalloidin, and iFluor™ 350-Phalloidin.
The identification of this kind of F-actins, termed for the first time as silactins, as specific pattern
drivers in skeletal constructs of sponges opens the way to the fundamental understanding of their
skeletogenesis. Examples illustrating the biomimetic potential of sophisticated poriferan biosilica
patterned by silactins are presented and discussed.

Keywords: biosilica; sponges; actin; spicules; hierarchical biocomposites; biomimetics

1. Introduction

Biosilica is one of the main globally distributed biominerals, present in a broad di-
versity of microorganisms, protists, diatoms, sponges, and plants (for overview see [1–5]).
Sponges (phylum Porifera), with a more than 800 MYR-long history [6,7], represent an
outstanding source of biosilica-based skeletal constructs, found in numerous representa-
tives of such classes as Hexactinellida, Demospongiae, and Homoscleromorpha. The sizes
of such biosilica formations in sponges range from several micrometers or millimeters
up to 3 m in length [8]. At the same time, the sophisticated ornamentation features of
their surface are striking in their structural diversity, especially in the case of spicules
(microscleres) and reticulate skeletons with a complex geometry and ordered symmetry
(for an overview, see [9–12]). The main functions of biosilicates of a poriferan origin are to
create a microporous, mechanically stable skeleton for the optimal distribution of a number
of special cells, and an aquiferous system responsible for the flow of water with the accom-
panying natural feed and oxygen [13]. Some, especially the hook-like microscleres, help
retain the organic matrix of the sponge body, while others, with a ray-like morphology (i.e.,
anchoring spicules), specialize in retaining the entire sponge skeleton in muds and sandy
bottoms [14–16]. The inorganic chemistry of such forms of poriferan biosilica is not so
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complex as their structural diversity suggests. Most skeletal constructs of silica-producing
sponges are made of pure, amorphous silica with inclusions of Na and K [17]; however,
in the case of some deep-sea glass sponges, calcitic nanocrystals have also been found
within highly specialized spicular formations (for details, see [18]). In contrast, the organic
phases reported within sponges’ glassy skeletons and spicules have been a hotly debated
topic since 1888 [19,20] up to the present day [3,9,16,21–23]. According to the enzymatic
view, such highly specialized biomolecules as silicateins, glassins, hexaxilins, and perisilins
(for an overview, see [23]) are responsible for biosilicification as well as spicule formation
in sponges. Alternatively, the view that the process is based on corresponding activities
of such structural biopolymers as chitin, collagen, and actin is also represented in the
literature [3,16,21,22,24,25].

Recently, it was shown with strong evidence (using special phalloidin staining, pro-
teomics, immunostaining, inhibition tests, Western Blotting, Fast Fourier Transformation,
HRTEM, and Raman spectroscopy) [24] that axial filaments within diverse skeletal con-
structs in numerous representatives of two sponge classes (Hexactinellida and Demospon-
giae) are made of F-actin. It is suggested that the epitaxy of uniquely structured biosilica
in sponges is due to the presence, growth, and characteristic branching of actin filaments.
Being immured in a glass frame, actin exhibits a patterning function in the sophisticated
architecture of poriferan biosilica [22]. Similar results have been obtained previously for
diatoms. For example, in large-sized species such as Coscinodiscus granii and Cyclotella
cryptica, actin has been shown to control biosilica patterning in the frustule on the meso-
and micro-scale [26,27].

As recently reported [22,24], actin has been identified within skeletal formations of
11 and 4 representatives of Hexactinellida and Demospongiae, respectively. However,
despite the fact that actin was discovered in skeletons of these sponge species, the presence
of various structural and molecular features of actin cannot be ruled out, causing this
structural protein to be associated with a specific species or genus. To assign actins found
in the biosilica skeletal structures of sponges to a special group and to avoid confusion with
actins from other organisms, it is proposed here to call them silactins. A similar approach
was taken previously with cathepsins: those identified as being involved in biosilicification
in sponges were renamed silicateins (for overview see [28]).

The aim of this study is to identify silactins in the spicules and skeletal networks
of selected representatives of freshwater and marine demosponges and in hexactinellids
and homoscleromorphs. Hypotheses on the functioning of actin in poriferan biosilica and
explanations for the formation of complex bioarchitectures and symmetries in sponges will
be proposed and discussed. Also included is a discussion of the biomimetic potential of
this kind of ancient biocomposites with their highly specific structural ornamentation.

2. Materials and Methods
2.1. Sample Origins

Freshwater sponges:

Ephydatia muelleri (Lieberkühn, 1856) (Demospongiae, Spongillida, Spongillidae) spec-
imens were collected in the Moscow Channel (Moscow region, Russia) in July 2019.

Lubomirskia baikalensis (Pallas, 1776) and Baikalospongia bacillifera (Dybowsky, 1880)
(Demospongiae, Spongillida, Lubomirskiidae) were collected during an expedition in
June 2010 on the southeastern coast of Lake Baikal near the Bolshie Koty settlement
(51◦54′25′′ N–105◦04′14′′ E) at a depth of 10–15 m, using SCUBA diving equipment. The
apical parts of specimens over 30–40 cm tall were collected and immediately placed in
containers with Baikal water and ice for transportation.

Metania reticulata (Bowerbank, 1863) (Demospongiae, Spongillida, Metaniidae) sam-
ples were collected in the Negro River (Amazon Central Basin region) during the
dry season.
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Drulia uruguayensis (Bonetto and Ezcurra de Drago, 1968) (Demospongiae, Spongillida,
Metaniidae) samples were received from the scientific collection of Museu de Ciências Natu-
rais, Fundação Zoobotânica do Rio Grande do Sul, Porto Alegre, RS, Brazil (MCN-POR1152).

Ochridaspongia rotunda (Arndt, 1937) (Demospongiae, Spongillida, Malawispongiidae)
demosponges were collected from the locality of Velidab in the eastern part of Lake Ohrid
(for details see [29]).

Marine sponges:

Suberites domuncula (Olivi, 1792) (Demospongiae, Suberitida, Suberitidae) sponges
were collected from Roscoff region (Brittany, France) at a depth of 9–12 m using SCUBA
diving equipment.

Axinella damicornis (Esper, 1794) (Demospongiae, Axinellida, Axinellidae) sponges
were collected in July 2020, in the Gulf of Lion, Mediterranean Sea, at a depth of 14–18 m
using SCUBA diving equipment.

Petrosia ficiformis (Poiret, 1789) (Demospongiae, Petrosiidae) sponges were collected
in July 2020, in the Gulf of Lion, Mediterranean Sea, at a depth of 5–8 m using SCUBA
diving equipment.

Polymastia arctica (Merejkowsky, 1878) (Demospongiae, Polymastiida, Polymastiidae)
was collected in the White Sea, Onega Bay, 64◦57′0–65◦10′8 N, 35◦29′4–35◦51′6 E, 9–22 m,
in summer 1877.

Sphaerothylus borealis (Swartschewsky, 1906) (Demospongiae, Polymastiida, Polymasti-
idae) was collected in the White Sea by Dr. A. Plotkin, Norway.

Tethya norwegica (Bowerbank, 1872) (Demospongiae, Tethyida, Tethyidae) was collected
in coastal waters of northern Norway by Dr. A. Plotkin.

Geodia cydonium (Linnaeus, 1767) (Demospongia, Geodiida, Geodiidae) sponges were
collected in Marseille, France, Cave Coral, Maire island, 43◦12′37.60′′ N 5◦20′24.86′′ E.

Erylus granularis Topsent, 1904 (Demospongia, Geodiida, Geodiidae) Topsent, 1904,
UPSZMC 191573 (PC1384), and Pachymatisma normani Sollas, 1888 (Demospongia, Geodiida,
Geodiidae) Sollas, 1888, UPSZMC 191572 (PC196) were received from the Museum of
Evolution, Uppsala, Sweden (UPSZMC)

Biemna sp. (Demospongiae, Biemnida, Biemnidae)—dry-preserved freeze-dried sam-
ple was received from Western Australian Museum (WAM Z35650).

Euplectella aspergillum Owen, 1841 (Hexactinellida, Lyssacinosida, Euplectellidae)—collected
in the Philippines, about 150 m depth, purchased from INTIB GmbH, Freiberg, Germany.

Pheronema nasckaniense (Tabachnick, 1990) (Hexactinellida, Amphidiscosida, Pheronema-
tidae)—RV Ichthyander 25◦46.5′ W, 86◦28.5′ S, 395 v depth.

Plakortis halichondroides (Wilson, 1902) (Homoscleromorpha, Homosclerophorida,
Plakinidae) specimens were collected in Jamaica in March 2005 from a coralligenous reef at
depth of 15 m at Pear Tree Bottom using SCUBA equipment.

Plakina jamaicensis (Lehnert and van Soest, 1998) (Homoscleromorpha, Homoscle-
rophorida, Plakinidae) specimens were collected in Jamaica from vertical walls of a coral-
ligenous reef at depth of 28 m at Chalet Caribe, west of Montego using SCUBA equipment.

2.2. Sample Preparation and Phalloidin Staining

The isolation of axial filaments from the investigated sponge spicules was performed
using the “sliding drop technique” [24]. Selected spicules were first treated with 70% HNO3
at room temperature for 72 h for removal of possible organic impurities. Then spicules
were rinsed in distilled H2O up to pH 6.5, dried in air at room temperature, and placed
on Nunc™ Permanox™ (Thermo Fisher Scientific, Rochester, NY, USA) plastic microscope
slides (27/75 mm) in small drops of water. After water evaporation, one drop of 10% HF
acid was added to each sample; the slide was placed in a Plexiglas Petri dish at an angle of
about 10◦ and closed to prevent HF evaporation. Samples were left for 7–10 h to allow the
silica to dissolve. The residual demineralized axial filaments of spicules were then rinsed
with water and dried in air.
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For larger amounts of demineralized spicules of E. muelleri and S. domuncula, dialysis
through the membrane was used additionally for purification.

For fluorescence staining of demineralized spicules, Cell Navigator™ F-Actin label-
ing kits (AAT Bioquest, Pleasanton, CA, USA) were used: *Red Fluorescence* iFluor™
594-Phalloidin (Cat#22664), *Green Fluorescence* iFluor™ 488-Phalloidin (Cat#22661), and
*Blue Fluorescence* iFluor™ 350-Phalloidin (Cat#22660). To prepare a working solution, 10
µL of iFluorTM Phalloidin (Component A) was added to 10 mL of Labeling buffer (Com-
ponent B). To the demineralized spicules fixed on Nunc™ Permanox™ (Thermo Fisher
Scientific) plastic microscope slides, iFluor™ Phalloidin working solution was added in a
quantity of 100 µL per sample. Samples were stained for 60 min at room temperature in
the dark. Afterwards the plates were carefully washed five times with distilled water to
remove excess dye, dried, and observed using light and fluorescent microscopy. Unused
iFluor™ Phalloidin stock solution was stored at −20 ◦C and protected from light.

2.3. Digital Microscopy

Organic-freed spicules of freshwater and marine sponges before and after deminer-
alization were observed using a Keyence VHX-7000 digital optical microscope with the
following zoom lenses: VHX E20 (magnification up to 100×) and VHX E100 (magnification
up to 500×) (Keyence, Osaka, Japan).

2.4. Scanning Electron Microscopy (SEM)

Morphology of the spicules and asters isolated from G. cydonium as well as tylostyles
of S. domuncula were analyzed using scanning electron microscope (XL 30 ESEM, Philips,
Eindhoven, The Netherlands). Prior to scanning, the samples were coated with a gold layer
using the Cressington Sputtercoater 108 auto, Crawley (GB) (sputtering time 45 s).

2.5. Fluorescence Microscopy

Fluorescent microscopy images were obtained using a Keyence BZ-9000 digital optical
microscope (Keyence, Osaka, Japan) with the zoom lenses CFI Plan Apo 10× and CFI
Plan Apo 40× using DAPI channel (Ex/Em = 360/460 nm) for blue-stained samples, GFP
channel (Ex/Em = 470/525) for green-stained samples, TxRed channel (Ex/Em = 560/630)
for red-stained samples, and the bright field for comparison and/or overlay.

2.6. SDS-PAGE

An amount of 300 µg of demineralized and dialyzed spicules of E. muelleri was
dissolved in 37.5 µL 0.1 M Tris-HCl (pH 7.1) and 12.5 µL NuPAGE® LDS Sample Buffer
(Thermo Fisher Scientific, Carlsbad, CA, USA). The sample was vortexed for 3 h, then
placed at −20 ◦C overnight. The samples were heated at 70 ◦C for 10 min and then
centrifuged (5 min, 10,000× g). After, 40 µL (for coomassie blue staining) and 10 µL (for
silver staining) of the samples were electrophoresed in mPAGE™ 4–20% Bis-Tris Precast
Gel (Merck, Germany). ROTI®Mark TRICOLOR (Carl Roth, Karlsruhe, Germany) was
used as the marker and Actin from rabbit muscle (Sigma-Aldrich, Burlington, MA, USA) as
the standard. The gel was run at 200 V and stained with ROTI®Blue Colloidal Coomassie
Staining (Carl Roth, Karlsruhe, Germany) and ROTI®Black P Silver Staining kit for proteins
(Carl Roth, Karlsruhe, Germany).

3. Results
3.1. Actin within Spicules of Freshwater Demosponges

Phalloidin is a bicyclic heptapeptide toxin isolated from the mushroom Amanita phal-
loides which, with high specificity, binds stoichiometrically to F-actin [30]. Already recog-
nized as a “gold standard F-actin marker” [31], it is able to prevent the depolymerization of
actin due to filament stabilization [32], even in paraffin-embedded or formaldehyde-fixed
samples [33,34]. Also, proteins including actin which were isolated from the biosilica of
diatoms’ cell walls [26,35] and spicules of sponges [22,24], after demineralization with
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HF, have been shown to survive such harsh treatment and can be stained with diverse
phalloidins. The preservation of the stability of actins of various origins after treatment
with HF has been experimentally proven (for details, see [24]). To confirm the selectivity
of phalloidins for actin identification after the HF treatment of poriferan biosilica, such
recognized bioanalytical methods as immunostaining, Western blotting techniques, and
Raman spectroscopy have been alternatively and successfully used [24]. Thus, the reliability
of using phalloidins to identify actin is beyond doubt [36]. Consequently, in this study, we
used three different phalloidin markers to confirm the presence of F-actin-based filaments
within spicules of selected representatives of both freshwater and marine demosponges, as
well as within hierarchically structured skeletal (dictyonal) frameworks of glass sponges.

The aforementioned freshwater sponges belong to eight families of the class Demo-
spongiae (subclass Heteroscleromorpha, order Spongillida,) and include approximately 250
species [37]. For our investigation, we selected seven species from four different families,
some of which, like Spongillidae, are cosmopolitan, while others such as Malawispongiidae
and Lubomirskiidae are endemic to ancient lakes (Figure S1).

The demineralization of organic-freed spicules, called oxeas, isolated from the worldwide-
distributed Ephydatia muelleri freshwater demosponge (Figure 1) as a typical representative of
the Spongillidae family using both the “sliding drop technique” [22,24] and in bulk treatment
with 10% HF, led to the obtaining of corresponding axial filaments (see Figures 2 and 3,
respectively). These fibrillar structures were identified as F-actin filaments using characteristic
phalloidin staining (Figures 2b,d,f and 3b). Moreover, the presence of actin together with
silicateins within these formations was confirmed using SDS-PAGE (Figure 3c). Previously,
only silicateins have been recognized as the main proteins localized in axial filaments of
demosponges and being responsible for biosilicification (for a modern overview, see [23]).
The data obtained are in good accordance with those reported for axial filaments of Spongilla
lacustris, another broadly distributed representative of freshwater demosponges, where both
proteins have also been identified using SDS-PAGE [24].
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Figure 1. Digital microscopy imagery of Ephydatia muelleri freshwater demosponge oxeas with
symmetrical tips after removal of organic material using HNO3 treatment. Desilicification of
such spicules with HF led to isolation of organic axial filaments, which were identified as F-actin
(see Figure 2).

For comparative purposes, with the aim of identifying F-actin, we also investigated
axial filaments isolated from spicules of such freshwater Amazonian demosponges as
Metania reticulata and Drulia uruguayensis (both of the Metaniidae family), two sponges of
the Lubomirskiidae family (L. baikalensis and B. bacilifera), and the endemic Ochridaspongia
rotunda (Malawispongiidae) demosponge inhabiting Ohrid lake in North Macedonia and
Albania. The results are presented, respectively, in Figures 4, 5 and S2–S9.
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Figure 2. Bright field (a,c,e) and fluorescence microscopy imagery of the axial filaments obtained 
after demineralization of oxeas of E. muelleri freshwater demosponge using HF under the conditions 
of the “sliding drop technique” [24] and stained with 594-Phalloidin (b); also with 488-Phalloidin 
(d) and 350-Phalloidin (f) for comparison. 

  

Figure 2. Bright field (a,c,e) and fluorescence microscopy imagery of the axial filaments obtained
after demineralization of oxeas of E. muelleri freshwater demosponge using HF under the conditions
of the “sliding drop technique” [24] and stained with 594-Phalloidin (b); also with 488-Phalloidin (d)
and 350-Phalloidin (f) for comparison.
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well visible after both Coomassie blue (left gel) and silver reagent (right gel) staining of the axial
filaments sample of E. muelleri under study.
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Figure 4. Digital microscopy images of organic-freed acantoxeas and oxeas isolated from the endemic
O. rotunda freshwater demosponge. Demineralization of such spicules with HF led to isolation of
organic axial filaments, which were identified using such diverse phalloidin indicators as F-actin
(see Figure 5).
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Figure 5. Bright field (a,c,e) and fluorescence microscopy imagery of the axial filaments obtained
after demineralization of acantoxeas and oxeas of the O. rotunda freshwater demosponge with HF
under the conditions of the “sliding drop technique” [24] and stained for comparative purposes with
594-Phalloidin (b), 488-Phalloidin (d), and 350-Phalloidin (f).

Thus, all representatives of the freshwater demosponges considered in this study,
which belong to diverse families and inhabit different and distant geographical regions,
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produce spicules with axial filaments which certainly contain F-actin. This does not exclude
the presence of other proteins that are associated with actin or are simply present in the axial
channels of spicules in order to perform their special functions, for example, to participate
in biosilicification.

3.2. Actin within Spicules of Marine Demosponges

Among 30 orders of Heteroscleromorph marine demosponges [38], we selected repre-
sentatives of seven families from seven orders for our study. The results are presented in
Figures 6–8 and S10–S14.
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overview, see [28,39,40]), but the existence of actin inside the spicules of this sponge as 
well as the potential involvement of actin was not appreciated or not observed by previous 
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Figure 6. Bright field images of Biemna sp. marine demosponge spicules (a) and their axial filaments
isolated in bulk after HF treatment (b). Fluorescence microscopy image (c) of dialyzed axial filaments
stained with 594-Phalloidin showing the red color characteristic for phalloidin labeled F-actin. (d) SDS-
PAGE: bands indicating the presence of both actin (45 kDa) and silicateins (25 kDa) in axial filaments
extracted after HF-based desilicification of Biemna sp. remain well visible after silver reagent staining
in two selected samples. For comparison, see Figure 3c.
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Figure 7. HF-based desilicification of the S. domuncula marine demosponge tylostyle (a) led to
isolation of the axial filaments (b), which were identified as F-actin using 594-Phalloidin staining
(fluorescence microscopy image (c)). F-actin branching of the axial filament fragment within the
“club-like” structure is well visible. See also Figure S10.

Thus, axial filaments isolated from spicules of the marine demosponge Biemna sp. are
also made of both actin and silicateins (Figure 6). The SDS-PAGE data obtained are similar
to those presented above for the freshwater sponge E. muelleri (see Figure 3c).

Another focus of this research was the marine demosponge Suberites domuncula, which
for many years served as a model organism for the study of silicateins. The discovery
of these biosilica-related proteins has been repeatedly reported in the literature (for an
overview, see [28,39,40]), but the existence of actin inside the spicules of this sponge as
well as the potential involvement of actin was not appreciated or not observed by previous
researchers. Figure 7 presents with strong evidence the actin-based nature of the axial
filament isolated from this sponge species using the techniques described above. Even the
branching—typical for F-actin [41]—of the axial filament fragment originally located within
the spicule “club” became visible after corresponding staining with 594-phalloidin. It is
suggested here that this kind of branching is responsible for the patterning of the biosilica
with respect to the formation of the “club-like” structure.

Similar results (Figure 8) concerning the identification of such axial filaments of
spicules as F-actin-based filaments have also been obtained in the case of such strongly psy-
chrophilic Arctic marine demosponges as Polymastia arctica (Polymastiidae), Sphaerothylus
borealis (Polymastiidae), and Tethya norvegica (Tethyidae). Analogously to freshwater demo-
sponges, marine species contain F-actin in their spicules, regardless of their geographical
habitat and the specific temperature regime of the corresponding marine environment.

In contrast to the simple structured spicules of the demosponges described above,
marine sponges belonging to the family Geodiidae can present even up to four types of mm-
sized large spicules known as megascleres in combination with small µm-sized spicules
(microscleres) [42]. Traditionally, the ball-shaped sterrasters with sizes of 30–560 µm, with
their sophisticated surface micro-ornamentations (Figure 9), are the most striking, and
thus researchers have been motivated to investigate the peculiarities of their structural
organization. Despite the lack of experimental evidence for the presence of silicateins
in these sterrasters, these proteins have previously been proposed as the only organic
template [21].
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Figure 8. Bright field images of axial filaments isolated from spicules of marine demosponges
P. arctica (a), S. borealis (c), and T. norvegica (e) using HF-based treatment as presented above (see
Figure 5). Right: fluorescence microscopy images of respective species’ axial filaments stained with
594-Phalloidin (b), 488-Phalloidin (d), and 350-Phalloidin (f).
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3.3. Actin in the Skeleton of Glass Sponges 

Figure 9. Polybranched microarchitecture of Geodia cydonium marine demosponge spicules are well
visible, especially in SEM image (a). Both types of spicules, radially oriented sterrasters as well as
linear megascleres after demineralization using HF, show the presence of correspondingly structured
axial filaments, which have been identified as F-actin-based filaments through specific staining with
594-Phalloidin for Erylus granularis (Geodiidae) (b) and 350-Phalloidin for G. cydonium (c).

However, the results of our study on the desilicification of sterrasters and megascleres
from the Geodia cydonium, Erylus granularis, and Pachimatisma normani demosponges, as
typical representatives of the Geodiidae family, demonstrate that the organic phase within
them belongs to F-actin (Figure 9b,c). These data echo previously reported findings con-
cerning the presence of actin in Geodia biosilica [24]. The fact of the existence of this kind
of radially oriented actin filaments is beyond doubt, and they will be discussed in detail
below (see Section 4: Discussion).
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3.3. Actin in the Skeleton of Glass Sponges

The basic triaxonic (six-rayed) symmetry of the skeletal formations found in a diverse
range of more than 600 species of glass sponges (Hexactinellida) is one of the characteristic
structural features [43,44]. It is well recognized that these sponges produce microporous
biosilica-based 3D hierarchical constructs with highly sophisticated network-like geome-
tries [3,15,45]; however, the identity of the biopolymer that may be responsible for the
patterning of such structures is still under investigation [23].

Figure 11 presents the results of HF-based desilicification, using the “sliding drop
technique” [24], of selected fragments isolated from the Euplectella aspergillum glass sponge.
For demineralization, fragments of the square architecture were precisely selected and
cut out from the glass skeleton with a scalpel. This architecture remained visible after
demineralization (see Figure 11b,d,f). The corresponding square-formed elements were
clearly stained with diverse phalloidins (Figure 11c,e,g), confirming the presence of F-actin.
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spicule of Tretodictyidae sponge; (c) cortical axon branching [47]; (d) discoscopule spicule (Hexacti-
nellida, Tretodictyidae); (e) actin branching in lamellipodia of Xenopus laevis keratocytes [48]; (f) 
oxyhexactin spicule (Hexactinellida, Euretidae); (g) astrocytes actin branching in rat nervous system 
[49]; (h) discohexaster spicule (Hexactinellidae, Tretodictyidae); (i) endothelial actine cytoskeleton 
in mouse retina [46]; (j) farreoid skeleton (Hexactinellida, Farreidae, Farrea sp.); (k) honeycomb actin 
structures in mouse lenses [50] and within diatom frustule [26]; (l) honeycomb skeleton of Aphro-
callistidae glass sponge Aphrocallistes sp. (see also [22]). 

Figure 11. Cell-free 18 cm-long skeleton of E. aspergillum glass sponge (a) used in the study. Bright
field (b,d,f) images of selected skeletal fragments demineralized with HF, with characteristic square
geometry of organic filaments. These filaments are identified as F-actin structures using fluores-
cence microscopy after staining with 488-Phalloidin (c), 350-Phalloidin (e), and 594-Phalloidin (g),
corresponding to the bright field images.

At first glance, the discovery of this kind of square architecture of actin filaments in the
skeleton of the glass sponge under study seems unexpected. However, actin structures of
this type have been described previously, for example, in the endothelial actin cytoskeleton
in mouse retinas [46] (Figure 12). The results obtained in our work confirm previously
published data on the identification of actin filaments in various hexactinellid species [22,24],
but differ from those recently published for the Euplectella curvistellata and Vazella pourtalesii
glass sponges [23]. We do not exclude that the difference in the results obtained is due to
different methods for isolating the corresponding proteins.
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of Tretodictyidae sponge; (c) cortical axon branching [47]; (d) discoscopule spicule (Hexactinellida,
Tretodictyidae); (e) actin branching in lamellipodia of Xenopus laevis keratocytes [48]; (f) oxyhexactin
spicule (Hexactinellida, Euretidae); (g) astrocytes actin branching in rat nervous system [49]; (h) dis-
cohexaster spicule (Hexactinellidae, Tretodictyidae); (i) endothelial actine cytoskeleton in mouse
retina [46]; (j) farreoid skeleton (Hexactinellida, Farreidae, Farrea sp.); (k) honeycomb actin structures
in mouse lenses [50] and within diatom frustule [26]; (l) honeycomb skeleton of Aphrocallistidae
glass sponge Aphrocallistes sp. (see also [22]).

As in the SDS-PAGE analysis of the axial filaments of a hexactinellid origin [16,24], in
the case of the studied E. aspergillum glass sponge, no silicateins were found.

4. Discussion

It has recently been shown [22,24,25] that actin as a unique pattern driver leads to
the occurrence of superficial ornamentation and specific network connectivity (monaxons,
triaxons, and tetraxons) in certain sponge species, which represent more than 46 and
80 morphotypes in Hexactinellida and Demospongiae, respectively. The experimental data
presented here strongly confirm that F-actin is the main biosilica patterning biopolymer
in a diverse range of simple structured spicules in freshwater and marine demosponges
(Figures 1–8 and S2–S14) and in hierarchically structured skeletal networks of glass sponges
(Figures 11 and S15) and spicules of Homoscleromorphs (Figures S16 and S17). The
following are the arguments supporting this conclusion.

(a) Genomic data. There is no evidence of silicatein genes, but those for glassin, as
well as collagens and actins, have been reported in the genome of the reef-building
psychrophilic glass sponge Aphrocallistes vastus (order Sceptrulophora) [51]. Also, in
the genome of the Mediterranean Oopsacas minuta (order Lyssacinosida) glass sponge,
there is no evidence of silicatein, silintaphin, or galectin genes, but actin and glassin
genes have been recently reported [52].

(b) Data on inhibition of actin polymerization. It is well recognized that latrunculin B
binds to actin monomers and inhibits F-actin polymerization [53]. In recent experi-
ments involving the cultivation of the Spongilla lacustris freshwater demosponge from
its gemmules, it was shown with strong evidence that actin inhibition by latrunculin B
prevents spicule formation [24]. In the samples of hatched gemmules, in the presence
of latrunculin B, siliceous spicules never appeared; however, the young sponges grew.
To our best knowledge, there are no data on the inhibitory effects of latrunculins
against the biosynthesis or self-assembly of silicateins. Consequently, the occurrence
of silicateins within sclerocytes of demosponges did not lead to the formation of
spicules, but the absence of actin had a decisive impact on spiculogenesis. Put simply,
the implication is no actin, no spicules!

(c) Data on structural features characteristic only of actin. Such phenomena known from
structural biology as bifurcation, dichotomic growth, and branching represent character-
istic features only of actin [48,54]. They are also responsible for the formation of a broad
range of higher-order 3D suprafilamentous structures of F-actin: bundles, aggregates,
branched, cross-linked, and dendritic filamentous constructs [55–57] (see Figure 11). It
should be noted that the micrometer size and the quantity of actin filaments that have
been isolated from the skeletal formations of diverse demosponges (see Figure 9 as an
example) and hexactinellids (see the corresponding images in [22,24]) are not surprising.
For example, up to 500 actin filaments have been found in the actin bundles in bristle
sprouts of Drosophila fruit flies [58]. Also, in the same organism, the bristle cell extension
is supported by up to 400 µm-long F-actin bundles assembled together [59,60]. The
unique surface ornamentation and sophisticated microarchitecture of some star-like
microscleres in demosponges (i.e., sterrasters of Geodia sponges) [11,21,24] may seem
somewhat extraordinary, and the possible participation of radially oriented actin in this
kind of spiculogenesis seems doubtful in principle. However, such a radial structural
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orientation has already been reported for intracellular actins in Drosophila S2 and in
Xenopus XTC cells [61], as well as in filopodia [62] or lamellipodia of motile cells [63], in
flagella [64], and in diverse neurons [65–67]. Regarding biosilica-producing organisms,
the occurrence of radially oriented actin filaments has been reported within the frustules
of such diatoms as Coscinodiscus granii and Cyclotella cryptica [26,27]. A fundamental
remark should be made here: none of the above-mentioned proteins involved in biosili-
cification in sponges (i.e., silicateins, glassins, etc.) or in diatoms (i.e., silaffins, silacidins,
etc.) possess structural features similar to those of actin.

A possible mechanism behind actin-driven pattern formation in poriferan biosilifica-
tion has already been proposed as follows: “The sponge spicule is initially formed in the
silicoblast in the form of a silica-free ‘proteic rodlet’, which is produced in a great vacuoles.
This axial rodlet was electron-dense and of fibrillary nature, with spiral fibres 70–100 Å
in diameter. The axial filament of F-actin does not mineralize itself but rather provides
the base for the mineralization around it. Moreover, while the distal tip of the spicule is
open F-actin can elongate, thus driving growth of the spicule. This may continue until the
closure of the end of the spicule by mineralization, which stops spicule growth” [24]. If this
is the case, the intriguing question of the influence of diverse ecological factors, including
contamination with metals, on actin polymerization and spicule formation needs to be
addressed. Recently, the number of structural anomalies of spicule-like T-shaped, bulbous
enlargements, sharply bent, scissor- and cross-like, and bifurcated formations have been
studied in Eunapius fragilis freshwater demosponges collected at Markovac (Velika Morava
river) in Serbia in relation to water quality [68]. The identification of silactins within such
spicule malformations may open the door to a better understanding of the principles of
biosilica patterning by these actins under changing environmental conditions.

Our identification of F-actin-based axial filaments within spicules of Plakortis halichon-
drioides and Plakina jamaicensis (Figures S16 and S17), as typical representatives of more
than 130 species [69] which belong to the class Homoscleromorpha [70], is also important.
Despite advances in the molecular systematics and evolutionary biology of homosclero-
morphs [71,72], the nature and origin of the organic phase within their mostly tetractinal
spicules (calthrops) remain unknown. We are hopeful that our results will motivate ho-
moscleromorph researchers to attempt to confirm the structural role of silactins in this class
of biosilica-producing sponges as well.

An analysis of the literature regarding the role of actin in the biosilicification of various
organisms reveals the existence of only six relevant publications. Moreover, only two
of them are related to sponges [22,24]; the other four concern unicellular biosilicifying
organisms. For example, in these studies, the central role of actin in regulating silica
morphogenesis in the diatoms Rhizosolenia setigera [73] and Coscinodiscus granii [26] as
well as in biosilica-producing haptophytes Prymnesium neolepis [74] was experimentally
confirmed and described. It is hoped that actin will now become a focus of research, and
that the sponge-derived silactins will receive particular attention. There are numerous open
questions regarding the mechanisms of silactin patterning in diverse poriferan siliceous
structures (Figure 12), and there are also plans to carry out in vitro experiments with actin
molecules and filaments in the presence of silica sources to create artificial silica-based
constructs with and without the addition of silicateins or other recognized substances [23]
described previously as biosilicificators (Figure 13). Such studies remain challenging, but
crucial for both structural and functional biomimetics. Without a doubt, the modern design
strategies of a new generation of engineering materials related to poriferan multiscale
hierarchical structures remain a significant trend (Table 1). It is well recognized that they
are based on unifying naturally occurring design strategies in sustainable skeletal systems
of demosponges, homoscleromorphs, and hexactinellids [45].
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Figure 12. State-of-the-art overview on silactins’ distribution within skeletal structures of three po-
riferan classes. (a) Unique radial orientation of silactin microfilaments of Pachymatisma normani (Ge-
odiidae) marine demosponge became well visible after HF-based desilicification of corresponding 
sterrasters and following staining with 488-phalloidin marker. 

  

Figure 13. State-of-the-art overview on silactins’ distribution within skeletal structures of three
poriferan classes. (a) Unique radial orientation of silactin microfilaments of Pachymatisma normani
(Geodiidae) marine demosponge became well visible after HF-based desilicification of corresponding
sterrasters and following staining with 488-phalloidin marker.

Table 1. Biomimetic potential of sophisticated poriferan biosilica.

Biomimetic Directions References

Mimicking biosintering [75]
Bioinspired selective laser melting [76]

Bio-based generative honeycomb design [22]
Multifunctional design [77,78]

Bioinspired architecture:
next generation of high-performance buildings, skyscrapers, and bridges [79,80]

Biomimetics of lightweight structural biomaterials [15,81–84]
Deep-sea sponge-inspired tubular metamaterials [85]

Crashworthiness design of a sponge-inspired multicell tube [86]
Architectured ceramic fibers and damage evolution [87,88]

Computational modeling of spicule-inspired nested structures [89,90]
Artificial intelligence-enhanced bioinspiration [91]

Analytic modeling, finite element modeling, and experimental validation [92]
3D printing of sponge spicule-inspired flexible bioceramic-based scaffolds [93,94]

Bioinspired stereolithography [95]
Bioinspired models for tissue engineering scaffolding [96]

5. Conclusions

The results of the experimental studies on the detection of actin filaments in biosilica-
based formations of sponges representing three poriferan classes clearly show their in-
volvement in spiculogenesis, regardless of the complexity of the glassy bioarchitecture. It
was shown that the axial filaments within the spicules of five freshwater and ten marine
demosponges contain F-actin as well as silicateins, but only F-actin was identified as a
patterning driver of hierarchically structured biosilica in hexactinellids using the example
of the Euplectella aspergullim glass sponge. For the first time, F-actin has been visualized
using highly sensitive phalloidin markers in spicules of Homoscleromorpha, a still poorly
investigated class of sponges. To avoid possible confusion and to draw attention to F-actins
related to biosilica, it is proposed to call them silactins. The further study of silactins in
the skeletal structures of modern as well as fossil sponges—representing the first multicel-
lular organisms on the planet, with a long evolutionary history of more than 800 million
years—appears to be an extremely relevant and promising direction of modern bioinspired
material science and biomimetics.
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Supplementary Materials: The following supporting information may be downloaded at
https://www.mdpi.com/article/10.3390/biomimetics9070393/s1. Figure S1: Demosponge species
selected for this study within the schematic tree of the systematic selection of freshwater sponges.
Figure S2: Digital microscopy of Drulia uruguayensis (Metaniidae) freshwater demosponge fusiform
oxeas after organic material removing using HNO3. Figure S3: Bright field (a,c) and fluores-
cence microscopy images of the axial filaments isolated from 10% HF-demineralized oxeas of
Drulia uruguayensis (Metaniidae), which have been stained with 594-Phalloidin (b) and with 488-
Phalloidin (d). Figure S4: Digital microscopy images of Metania reticulate (Metaniidae) freshwater de-
mosponge stronglyoxeas and birotulate gemmoscleres after organic material removing using HNO3.
Figure S5: Bright field (a,c) and fluorescence microscopy images of the axial filaments isolated from
10% HF-demineralized spicules of Metania reticulate (Metaniidae) freshwater demosponge, which
was stained with 594-Phalloidin (b) and with 350-Phalloidin (d). Figure S6: Digital microscopy
of Baikalospongia bacilifera (Lubomirskiidae) freshwater demosponge monaxon megascleres (tilotes)
with spiny tips after organic material removing using HNO3. Figure S7: Fluorescence microscopy
imagery of the axial filaments isolated from 10%HF-demineralized spicules of Baikalospongia bacilifera
(Lubomirskiidae) freshwater demosponge: (b) 594-Phalloidin stained; (d) 488-Phalloidin stained
(f) 350-Phalloidin stained; (a,c,e)—bright field images for comparison. Figure S8: Digital microscopy
images of Lubomirskia baikalensis (Lubomirskiidae) freshwater demosponge spiny megascleres (acan-
toxeas) after organic material removing using HNO3. Figure S9: Fluorescence microscopy imagery
of the axial filaments isolated from with 10% HF-demineralized spicules of Lubomirskia baikalensis
(Lubomirskiidae) freshwater demosponge: (b) 594-Phalloidin stained; (d) 488-Phalloidin stained
(f) 350-Phalloidin stained; (a,c,e)—bright field images for comparison. Figure S10: Fluorescence
microscopy imagery of the axial filaments isolated from with 10% HF-demineralized spicules of
Suberites domuncula (Suberitidae) marine demosponge: (b) 594-Phalloidin stained; (d) 488-Phalloidin
stained; (a,c)—bright field images for comparison. Figure S11: Fluorescence microscopy image
(b) of the axial filaments isolated from with 10%HF-demineralized spicules of Axinella damicornis
(Axinellidae) marine demosponge after staining with 594-Phalloidin. (a)—bright field image for
comparison. Figure S12: Fluorescence microscopy image (b) of the axial filaments isolated from with
10%HF-demineralized spicules of Petrosia ficiformis (Petrosiidae) marine demosponge after staining
with 488-Phalloidin. (a)—bright field image for comparison. Figure S13: Fluorescence microscopy im-
age (b) of the axial filaments isolated from with 10%HF-demineralized spicules of Sphaerotylus borealis
(Polymastiidae) marine demosponge after staining with 594-Phalloidin. (a)—bright field image for
comparison. Figure S14: Fluorescence microscopy imagery of the axial filaments isolated from with
10%HF-demineralized spicules of Tethya norvegica (Tethyidae) marine demosponge after staining with
594-Phalloidin (b) and 488-Phalloidin (d). (a)—bright field images for comparison. Figure S15: Fluo-
rescence microscopy images of the axial filaments isolated from with 10%HF-demineralized spicules
of Pheronema glass sponges (a) and stained with 488-Phalloidin (b) and 594-Phalloidin (c). Figure S16:
Fluorescence microscopy imagery of the axial filaments isolated with 10%HF-demineralized spicules
of Homoscleromorph sponge Plakina jamaiscensis (Plakinidae) stained with (b) 594-Phalloidin and
(d) with 350-Phalloidin. (a)—bright field image of the axial filaments for comparison. Figure S17:
Fluorescence microscopy image (b) of the axial filament isolated from with 10%HF-partially dem-
ineralized spicules of Homoscleromorph sponge Plakortis halichondroides stained with 594-Phalloidin.
(a) Image in bright field for comparison.
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68. Andjus, S.; Tubić, B.; Vasiljević, B.; Nikolić, V.; Paunović, M. Anomalies of Sponge Spicules: Exploring Links to Environmental
Pollution. Water 2024, 16, 332. [CrossRef]

69. de Voogd, N.J.; Alvarez, B.; Boury-Esnault, N.; Cárdenas, P.; Díaz, M.-C.; Dohrmann, M.; Downey, R.; Goodwin, C.; Hajdu, E.;
Hooper, J.N.A.; et al. World Porifera Database. Homoscleromorpha. 2024. Available online: http://www.marinespecies.org/
porifera/index.php (accessed on 23 May 2024).

70. Gazave, E.; Lapébie, P.; Renard, E.; Vacelet, J.; Rocher, C.; Ereskovsky, A.V.; Cárdenas, P.; Borchiellini, C. No longer Demospongiae:
Homoscleromorpha formal nomination as a fourth class of Porifera. Hydrobiologia 2012, 687, 3–10. [CrossRef]

71. Ruiz, C.; Ereskovsky, A.; Pérez, T. New Skeleton-Less Homoscleromorphs (Porifera, Homoscleromorpha) from the Caribbean Sea:
Exceptions to Rules Are Definitely Common in Sponge Taxonomy. Zootaxa 2022, 5200, 128–148. [CrossRef]

72. Stillitani, D.; Ereskovsky, A.V.; Pérez, T.; Ruiz, C.; Laport, M.S.; Puccinelli, G.; Hardoim, C.C.P.; Willenz, P.; Muricy, G. Solving
a taxonomic puzzle: Integrative taxonomy reveals new cryptic and polymorphic species of Oscarella (Homoscleromorpha:
Oscarellidae). Invertebr. Syst. 2022, 36, 714–750. [CrossRef]

73. Van de Meene, A.M.L.; Pickett-Heaps, J.D. Valve morphogenesis in the centric diatom Rhizosolenia setigera (Bacillariophyceae,
Centrales) and its taxonomic implications. Eur. J. Phycol. 2004, 39, 93–104. [CrossRef]

74. Durak, G.M.; Brownlee, C.; Wheeler, G.L. The role of the cytoskeleton in biomineralisation in haptophyte algae. Sci. Rep. 2017, 7,
15409. [CrossRef]

75. Manning, L. Mimicking Biosintering: The Identification of Highly Condensed Surfaces in Bioinspired Silica Materials. Langmuir
2021, 37, 561–568. [CrossRef]

76. He, M.; Li, Y.; Yin, J.; Sun, Q.; Xiong, W.; Li, S.; Yang, L. Compressive performance and fracture mechanism of bio-inspired
heterogeneous glass sponge lattice structures manufactured by selective laser melting. Mater. Des. 2022, 214, 110396. [CrossRef]

77. Chen, H.; Jia, Z.; Li, L. Lightweight lattice-based skeleton of the sponge Euplectella aspergillum: On the multifunctional design.
J. Mech. Behav. Biomed. Mater. 2022, 135, 105448. [CrossRef]

78. Chen, H. Multiscale Structures and Mechanics of Biomineralized Lattices in Hexactinellid sponges and Echinoderms.
Ph.D. Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA, 2023.

62



Biomimetics 2024, 9, 393

79. Fernandes, M.C.; Aizenberg, J.; Weaver, J.C.; Bertoldi, K. Mechanically robust lattices inspired by deep-sea glass sponges. Nat.
Mater. 2021, 20, 237–241. [CrossRef] [PubMed]

80. Heidarzadeh, S.; Mahdavinejad, M.; Habib, F. Bio-inspiration from sponge for high-performance building. Naqshejahan 2023, 13,
86–101.

81. Sarikaya, M.; Fong, H.; Sunderland, N.; Flinn, B.D.; Mayer, G.; Mescher, A.; Gaino, E. Biomimetic model of a sponge-spicular
optical fiber—Mechanical properties and structure. J. Mater. Res. 2001, 16, 1420–1428. [CrossRef]

82. Aizenberg, J.; Sundar, V.C.; Yablon, A.D.; Weaver, J.C.; Chen, G. Biological glass fibers: Correlation between optical and structural
properties. Proc. Natl. Acad. Sci. USA 2004, 101, 3358–3363. [CrossRef] [PubMed]

83. Ehrlich, H.; Maldonado, M.; Parker, A.R.; Kulchin, Y.N.; Schilling, J.; Köhler, B.; Skrzypczak, U.; Simon, P.; Reiswig, H.M.;
Tsurkan, M.V.; et al. Supercontinuum Generation in Naturally Occurring Glass Sponges Spicules. Adv. Opt. Mater. 2016, 4,
1608–1613. [CrossRef]

84. Zhang, X.; Luan, Y.; Li, Y.; Wang, Z.; Li, Z.; Xu, F.; Guo, Z. Bioinspired design of lightweight laminated structural materials and
the intralayer/interlayer strengthening and toughening mechanisms induced by the helical structure. Compos. Struct. 2021, 276,
114575. [CrossRef]

85. Zhang, X.; Luan, Y.; Li, Y.; Wang, Z.; Li, Z.; Xu, F.; Guo, Z.Z. Unveiling the mechanics of deep-sea sponge-inspired tubular
metamaterials: Exploring bending, radial, and axial mechanical behavior. Thin-Walled Struct. 2024, 196, 111476. [CrossRef]

86. Li, Y.; Wang, Z.; Zhang, X.; Xu, F.; Guo, Z.Z. Crashworthiness design of a sponge-inspired multicell tube under axial crushing. Int.
J. Mech. Sci. 2023, 244, 108070. [CrossRef]

87. Morankar, S.; Sundar Sundaram Singaravelu, A.; Niverty, S.; Mistry, Y.; Penick, C.A.; Bhate, D.; Chawla, N. Tensile and fracture
behavior of silica fibers from the Venus flower basket (Euplectella aspergillum). Int. J. Solids Struct. 2022, 253, 111622. [CrossRef]

88. Morankar, S.K.; Mistry, Y.; Bhate, D.; Penick, C.A.; Chawla, N. In situ investigations of failure mechanisms of silica fibers from the
venus flower basket (Euplectella Aspergillum). Acta Biomater. 2023, 162, 304–311. [CrossRef]

89. Tavangarian, F.; Sadeghzade, S.; Davami, K. A novel biomimetic design inspired by nested cylindrical structures of spicules.
J. Alloys Compd. 2021, 864, 158197. [CrossRef]

90. Xiao, H. Nested structure role in the mechanical response of spicule inspired fibers. Bioinspir. Biomim. 2024, 19, 046008. [CrossRef]
[PubMed]

91. Du, X.; Zhang, Y.; Li, J.; Chen, P.; Liu, Y. Artificial intelligence-enhanced bioinspiration: Design of optimized mechanical lattices
beyond deep-sea sponges. Extreme Mech. Lett. 2023, 62, 102033. [CrossRef]

92. Sharma, D.; Hiremath, S.S. In-plane elastic properties of the Euplectella aspergillum inspired lattice structures: Analytic modelling,
finite element modelling and experimental validation. Structures 2023, 48, 962–975. [CrossRef]

93. Yang, Z.; Xue, J.; Li, T.; Zhai, D.; Yu, X.; Huan, Z.; Wu, C. 3D printing of sponge spicules-inspired flexible bioceramic-based
scaffolds. Biofabrication 2022, 14, 035009. [CrossRef] [PubMed]

94. Robson Brown, K.; Bacheva, D.; Trask, R.S. The structural efficiency of the sea sponge Euplectella aspergillum skeleton: Bio-
inspiration for 3D printed architectures. J. R. Soc. Interface 2019, 16, 965. [CrossRef] [PubMed]

95. Tavangarian, F.; Sadeghzade, S.; Fani, N.; Khezrimotlagh, D.; Davami, K. 3D-printed bioinspired spicules: Strengthening and
toughening via stereolithography. J. Mech. Behav. Biomed. Mater. 2024, 136, 105485. [CrossRef]

96. Martins, E.; Rapp, H.T.; Xavier, J.R.; Diogo, G.S.; Reis, R.L.; Silva, T.H. Macro and Microstructural Characteristics of North Atlantic
Deep-Sea Sponges as Bioinspired Models for Tissue Engineering Scaffolding. Front. Mar. Sci. 2021, 7, 613647. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

63



Citation: Rosellini, E.; Giordano, C.;

Guidi, L.; Cascone, M.G. Biomimetic

Approaches in Scaffold-Based Blood

Vessel Tissue Engineering.

Biomimetics 2024, 9, 377.

https://doi.org/

10.3390/biomimetics9070377

Academic Editor: Hermann Ehrlich

Received: 30 April 2024

Revised: 15 June 2024

Accepted: 19 June 2024

Published: 22 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomimetics

Review

Biomimetic Approaches in Scaffold-Based Blood Vessel
Tissue Engineering
Elisabetta Rosellini * , Cristiana Giordano , Lorenzo Guidi and Maria Grazia Cascone *

Department of Civil and Industrial Engineering, University of Pisa, Largo Lucio Lazzarino 1, 56122 Pisa, Italy;
cristiana.giordano@phd.unipi.it (C.G.); lorenzo.guidi@phd.unipi.it (L.G.)
* Correspondence: elisabetta.rosellini@unipi.it (E.R.); maria.grazia.cascone@unipi.it (M.G.C.)

Abstract: Cardiovascular diseases remain a leading cause of mortality globally, with atherosclerosis
representing a significant pathological means, often leading to myocardial infarction. Coronary artery
bypass surgery, a common procedure used to treat coronary artery disease, presents challenges due
to the limited autologous tissue availability or the shortcomings of synthetic grafts. Consequently,
there is a growing interest in tissue engineering approaches to develop vascular substitutes. This
review offers an updated picture of the state of the art in vascular tissue engineering, emphasising the
design of scaffolds and dynamic culture conditions following a biomimetic approach. By emulating
native vessel properties and, in particular, by mimicking the three-layer structure of the vascular
wall, tissue-engineered grafts can improve long-term patency and clinical outcomes. Furthermore,
ongoing research focuses on enhancing biomimicry through innovative scaffold materials, surface
functionalisation strategies, and the use of bioreactors mimicking the physiological microenvironment.
Through a multidisciplinary lens, this review provides insight into the latest advancements and
future directions of vascular tissue engineering, with particular reference to employing biomimicry to
create systems capable of reproducing the structure–function relationships present in the arterial wall.
Despite the existence of a gap between benchtop innovation and clinical translation, it appears that
the biomimetic technologies developed to date demonstrate promising results in preventing vascular
occlusion due to blood clotting under laboratory conditions and in preclinical studies. Therefore, a
multifaceted biomimetic approach could represent a winning strategy to ensure the translation of
vascular tissue engineering into clinical practice.

Keywords: biomimicry; natural polymers; three-layered blood vessel; functionalisation; bioreactor;
vascular tissue engineering

1. Introduction

Cardiovascular diseases remain the leading cause of death in industrialised countries,
accounting for an estimated 17.8 million deaths in 2017, with projections indicating a
rise to 23.3 million annually by the year 2030 [1]. One of the most severe cardiovascular
pathologies is atherosclerosis, a process that leads to the narrowing of arteries. In the case
of coronary arteries, this leads to the weakening of the myocardium, i.e., the heart wall,
eventually leading to myocardial infarction. As the disease progresses, there is a reduction
in coronary blood flow and an alteration of fluid-dynamic conditions.

Once the narrowing of the arteries has progressed to the point where myocardial in-
farction is imminent or has already occurred, surgical intervention of aorto-coronary bypass
becomes necessary [2]. Approximately 500,000 aorto-coronary bypass surgeries are per-
formed annually in the United States. Bypass surgery is also performed to treat aneurysms
or trauma. Currently, surgeons use either autologous tissue or synthetic biomaterials as
vascular prostheses.

The transplantation of natural tissue, mainly the saphenous vein or internal mammary
artery, is the preferred choice for coronary artery replacement. Indeed, the results of this
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procedure are quite favourable, with a success rate ranging from 50 to 70% [3]. Failures can
be caused by various factors including intimal thickening (largely due to vessel adaptation
in response to increased pressure and shear stress on the walls), vascular compression,
inadequate vessel diameter, and disjunction near anastomoses [3]. However, many patients
requiring aorto-coronary bypass surgery do not possess suitable autologous vessels, either
due to illness or previous use during other procedures. Furthermore, even if available,
the removal of autologous vessels from their native position in the vascular system is far
from desirable. Given these considerations, it is clear how the need to construct alternative
vascular substitutes for natural tissues arises.

The development of plastics and other polymers in the 1950s led to the use of the
first synthetic materials to build vascular prostheses [4]. Such synthetic materials include
polyesters, polyethylene terephthalate (PET, Dacron), and expanded polytetrafluoroethy-
lene (ePTFE, Gore-Tex). However, the success rate of synthetic grafts was found to be
substantially lower than that of natural vessels, particularly in small-diameter applications
such as coronary arteries [5]. Issues associated with synthetic vessels include platelet adhe-
sion, aggregation, and lower compliance compared to adjacent arterial tissues. The surface
of synthetic materials is not as biocompatible as that of natural tissues, resulting in greater
platelet activation and blood clotting. Despite their durability, synthetic materials can
degrade over time, producing particles that may cause inflammation or other complications
at the implant site. Unlike natural tissues, synthetic materials cannot integrate or reshape
themselves within the body, potentially leading to long-term problems such as failure
to adapt to changes in blood flow and pressure, and inability to grow with the patient,
which is particularly relevant in pediatric cases. Additionally, synthetic materials cannot
mimic the complexity of natural blood vessel functions, such as responses to vasodilation
and vasoconstriction.

Conversely, allografts, although more biologically compatible than synthetic materials,
can still trigger an immune response in the recipient, leading to transplant rejection. Even
with immunosuppressive treatment, the risk of rejection cannot be completely eliminated.
Allografts may lose their mechanical and functional properties over time, especially if
not properly treated, and can undergo calcification, particularly if derived from animal
tissues or inadequately processed. This calcification can result in loss of elasticity and vessel
functionality. Although vessels treated with aldehydes to prevent reactivity have been used,
they have exhibited thrombogenicity comparable to synthetic grafts. These challenges have
driven the research and development of engineered vascular substitutes [6].

The fundamental concept of vascular tissue engineering involves designing a tubular
scaffold using a biodegradable polymer which is then seeded with patient-specific cells.
Following this, the graft matures within a dynamically simulated microenvironment before
being implanted into the patient. Over time, the polymeric graft degrades with a precisely
regulatable dynamic, allowing for the gradual replacement by a newly formed extracellular
matrix (ECM). This process maintains the structural integrity of the graft while facilitating
the development of native-like regenerated tissue. Compared with traditional prosthe-
ses, tissue-engineered vascular grafts (TEVGs) created in the laboratory can emulate the
properties of autografts with remarkable accuracy.

Starting from the foundational work of Weinberg and Bell in 1986 [7], the field of
vascular tissue engineering has demonstrated significant growth over the past few decades.
Researchers have explored numerous approaches aimed at developing small-diameter
blood vessels suitable for clinical applications, leading to substantial advancements in our
comprehension of vascular biology and engineering principles.

Current research endeavours in this field are heavily focused on incorporating native-
like features of autologous vessels into tissue-engineered grafts, to facilitate their clinical
translation. As the development of biomimetic grafts requires a multifaceted approach,
this review aims to provide an updated overview of the different biomimetic approaches
investigated so far for vascular tissue engineering purposes, from scaffold material, archi-
tecture, and functionalisation cues, to bioreactor design. By these means, this review can
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significantly contribute to the existing literature by introducing novel insights and perspec-
tives on multidisciplinary technologies that could facilitate vascular tissue engineering
transition from bench to bedside.

2. Anatomy and Functions of Healthy Blood Vessels

The engineering of biomimetic blood vessel substitutes should begin with a careful
understanding of the anatomy and functions of the native tissue.

Blood vessels constitute closed circulatory systems that penetrate most of the body tis-
sues. They are categorised into arteries, capillaries, and veins, based on their structure and
function [8]. Large vessels, such as arteries and veins, primarily facilitate efficient transport
to distant sites, while small vessels like capillaries and arterioles enable optimal exchange
of nutrients, oxygen, and waste within organs and tissues. Consequently, engineering large
vessels (>6 mm) requires different design requirements and approaches when compared to
manufacturing small vessels (<6 mm).

The wall of natural arteries comprises three distinct layers of tissue: the intima, the
media, and the adventitia (Figure 1). Each layer contributes significantly to the vessel’s
overall function, fulfilling essential roles in haemostasis, regulating vascular tone, and
maintaining hemodynamic balance throughout the circulatory system. Collaboration
between cells and ECM components is vital for preserving the dynamic environment of the
artery wall.
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The intima, the inner layer, is in direct contact with the blood. It is lined with a single
layer of endothelial cells (ECs), collectively referred to as the endothelium. The primary
functions of the endothelium include providing an anti-thrombogenic layer, preventing
platelet aggregation, and regulating vascular permeability and homeostasis. In vivo, the
endothelium is subjected to constant shearing forces caused by blood flow. In response to
these forces, ECs elongate in the direction of blood flow. ECs produce their ECM, called the
basal lamina, during development and in response to injury. This basal lamina acts as a
continuous boundary between the endothelium and underlying structures. The intima is
separated from the media by a thin layer consisting of elastin and type IV collagen (COL),
known as the internal elastic lamina [10]. This lamina is porous, facilitating the diffusion
of nutrients from the vessel lumen to the underlying tissues. The primary function of the
internal elastic lamina is associated with maintaining the elastic resilience of the vascular
wall to sustain blood pressure [11,12].
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The media represents the middle layer. Smooth muscle cells (SMCs) constitute the
predominant cellular population within the medial layer of blood vessels. Their main
role is to synthesise ECM components and regulate vascular tone throughout the cardiac
cycle. SMCs are influenced by the secretion of small molecules and growth factors by ECs,
establishing a paracrine signalling loop between ECs and SMCs. The ECM composition of
the medial layer consists primarily of COL and elastin. In the medial layer, SMCs, COL and
elastin fibres are concentrically organised along the axis of the vessel, thereby representing
the main component of the vessel’s mechanical strength [11,12].

The outer layer of the vessel is the adventitia, which is made of connective tissue and
contains fibroblasts. Fibroblasts within the adventitia deposit an ECM that is rich in COL
content, with collagenous fibres typically circumferentially arranged. Due to the high tensile
strength of COL, its abundant presence, and its circumferential alignment, the adventitia
emerges as the mechanically strongest layer in the vessel wall. Consequently, it plays a
crucial role in preventing vessel rupture beyond physiological pressures. Additionally, the
adventitia houses the vasa vasorum, a network of small blood vessels supplying nutrients
and oxygen to all cells within the vessel wall [11,12]. In large-diameter arteries, an external
elastic lamina is positioned between the media and the adventitia.

As it appears, vascular tissues represent intricate and constantly changing structures.
In the vessel wall, the correct structure, composition, and function of each layer are vital for
sustaining vascular homeostasis. The initiation and advancement of cardiovascular disease
(CVD) disrupt the normal functioning of each layer, such as nutrient delivery and immune
signalling, leading to severe clinical consequences. It is clear that the complexity of native
blood vessels should be considered during vascular tissue engineering, as considering the
recreation of all layers of the arterial wall, or at least the inner and middle layers, and their
properties would be beneficial in obtaining a functional vascular substitute and achieving a
good degree of success.

3. Challenges and Requirements of an Ideal Tissue-Engineered Blood Vessel

Although the engineering of blood vessels has significantly advanced since the first
attempts, in the late 1980s, to produce the first in vitro TEVGs from vascular cells cultured
on a COL matrix [7], several challenges still exist. Graft patency is still compromised due
to thrombosis, most likely stemming from post-implantation endothelial cell retention
or alteration of endothelial cell function following in vitro culture. Additionally, there
is a possibility of graft failure due to post-implantation rupture in a physiological flow
environment, which would lead to catastrophic consequences. Finally, it has been observed
that the mechanical properties of engineered vascular grafts are inferior to those of natural
arteries. Therefore, various approaches are being considered in terms of cell sourcing, scaf-
fold materials, and culture conditions, to manufacture an optimal and clinically employable
vascular substitute.

The ideal arterial substitute should fulfil the following criteria:

• Be biocompatible and non-immunogenic;
• Be resistant to infections and chronic inflammation;
• Offer an adequate microenvironment to support cell growth and ECM regeneration;
• Be able to acquire structural function immediately after implantation;
• Be devoid of cracks and thrombus-resistant, but with adequate porosity for effective

metabolic exchange with the external environment, healing and angiogenesis. These
attributes are generally provided by an artery possessing an intact endothelium, which
also acts as a secretory tissue and barrier with selective permeability;

• Have appropriate mechanical properties (in terms of graft tensile strength, elastic
modulus, burst pressure, compliance, and suture retention strength), in consideration
of the high pressure to withstand after implantation [13]. Graft tensile strength is a
crucial property in retaining graft integrity as it expresses the resistance of the graft to
breakage caused by the mechanical forces, exerted on it during and after implantation.
Elastic modulus is an equally critical parameter referring to the ability of the graft to
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mimic the elastic properties of natural blood vessels, which is essential for long-term
functioning and compatibility with the cardiovascular system. The balance of these
parameters is essential to guarantee adequate resistance and flexibility of the graft. Su-
ture retention strength is also essential to retain sutures during the surgical procedure
for implantation. Graft compliance was demonstrated to be beneficial for long-term
patency, as compliance mismatch at the anastomosis between the native vessel and the
engineered substitute is associated with adverse biological responses and long-term
graft failure. A high burst pressure is fundamental to sustain physiologic variations in
pressure without rupture. There is still a lack of consensus regarding its ideal value,
as it depends also on the implantation site. In general, a burst pressure value above
2000 mmHg is desirable [14];

• Possess appropriate vasoactive physiological properties, including the ability to con-
tract or relax in response to neural and chemical stimuli;

• Be economically manufacturable within a short timeframe, meeting various patient-
specific parameters, such as diameter and length;

• Be able to remodel in vivo.

In native blood vessels, all of these ideal requirements are provided by the compo-
sition and arrangement of cells and ECM across the different layers of the blood vessel
wall [15]. This is the reason why a biomimetic approach in blood vessel tissue engineering
is paramount to obtaining a functional replacement.

4. Significance and Importance of Scaffold-Based Blood Vessel Tissue Engineering

A significant hurdle in vascular tissue engineering consists of identifying strategies
for effectively distributing, arranging, and maturing different cell types within a tubular
structure. One of the most significant challenges in creating blood vessels lies in effec-
tively distributing cells within vascular tissue to mimic their natural arrangements [16].
Various techniques have been devised to tackle this challenge, for instance by employing
cell sheet engineering techniques, or by exploiting the predefined ECM organisation by
decellularising vascular tissue sourced from xenogeneic origins and using them as support
for subsequent cell culture. Another investigated strategy is the creation of scaffolds using
methods such as electrospinning or moulding, followed by cell seeding [9]. Scaffold-based
tissue engineering strategies involve utilising a scaffold material to provide a structural
framework for cell attachment, proliferation, and differentiation. Scaffolds can be fabricated
using both natural and synthetic polymers. An important advantage of scaffold-based
approaches is their ability to guide cell colonisation and proliferation along predefined
pathways within the scaffold structure. This can help mimic the natural organisation of
vascular tissues and promote the formation of functional blood vessels. [17]. Scaffold-
based methods are therefore receiving significant attention due to their versatility, the wide
availability of both synthetic and natural polymers, and the obtainable three-dimensional
porous structures, which facilitate cell growth, nutrient diffusion, tissue regeneration, and
scaffold biodegradation [18–25].

The report by Niklason et al. [26] marked a significant milestone in scaffold-based
vessel tissue engineering, particularly in the field of small-diameter blood vessel regenera-
tion. By seeding bovine aortic SMCs onto a polyglycolic acid (PGA) scaffold and culturing
them dynamically in a bioreactor for 8 weeks, they were able to obtain an engineered
tissue with mechanical properties comparable to native vessels. This interesting result has
stimulated research on scaffold-guided vessel regeneration, especially for small-calibre
vessels. However, to date, there are no clinically available scaffolds for tissue engineering
of small-diameter blood vessels.

Certainly, significant progress has been made by moving on from monolayer scaffolds
to multilayer scaffolds, given that the arterial wall is an intrinsically multilayered structure
in which each layer performs specific functions. In recent years, there has been a shift
towards accurately mimicking the native arterial geometry, as will be further discussed
in Section 6. This approach aims to address the limitations of current scaffold-based
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strategies by better replicating the complex structure and functionality of natural blood
vessels. By developing multi-layer scaffolds that emulate the distinct properties of each
layer in the arterial wall, scientists hope to improve the outcomes of tissue engineering for
small-diameter blood vessels [27].

4.1. Scaffold Cell Seeding

Once the scaffold for vessel regeneration has been produced, the next particularly
critical step is correct cell seeding, to produce a system capable of reproducing vascular
functionality.

Static seeding, a standard procedure, comes with drawbacks, including the uneven
distribution of cells within the scaffold, a strong reliance on cell migration within the scaf-
fold, and the porosity of the biomaterial utilised to construct the scaffold [28]. To address
the shortcomings of static seeding, dynamic seeding techniques have been devised, notably
through the implementation of rotational systems [29] in which centrifugal forces aid in the
uniform transfer of cells into a porous scaffold. Researchers have observed improved seed-
ing efficiency and homogeneity compared to static or spinner flask techniques. However,
they also acknowledged a potential negative impact on cellular viability and morphology,
although the extent of this impact was not quantified.

An alternative seeding method has been devised by utilising magnetic fields. This
approach relies on directing magnetically labelled cells through a magnetic field gradient,
facilitating their seeding into tubular structures [30]. The different vascular layers are
created by repeating this procedure with various cell types.

As an alternative to in vitro cell seeding, in vivo scaffold cellularisation and tissue
growth were investigated. In this approach, a scaffold without cells is implanted into
the host, where it should promote cell colonisation [22,31–36]. Unfortunately, the major
limitation of this method is that there is a lack of control over the interaction of the scaffold
with the different types of host cells, therefore it is not possible to predict what may
happen to the scaffold and processes like fibrosis, thrombosis, pore obstruction and slow
degradation can occur [37–39].

4.2. Moulding Cellularised Biomaterials

Several studies have demonstrated that moulding cellularised biomaterials can enable
the manufacturing of custom-shaped structures [40–43]. This technique involves pouring a
biomaterial solution into a mould with a custom external shape, allowing it to solidify or
crosslink, and then removing the mould to obtain the desired structure. The versatility of
this method lies in its ability to produce a wide range of shapes, simply by modifying the
mould architecture.

A step-by-step casting technique was applied by Helms et al. to create a tri-layered
blood vessel [44]. They first differentiated adipose-derived stem cells (ASCs) into SMCs,
which were then embedded into a tubular fibrin matrix compacted in a mould to form
the media layer. Then, a fibrin matrix was moulded around the media layer to mimic the
adventitial layer. Finally, human umbilical vein endothelial cells (HUVECs) were seeded
onto the luminal surface to cellularise the intimal layer. However, because of the static
nature of the process, a non-uniform seeding of the cells was obtained, leading to an uneven
cell distribution within the structure.

Another moulding technique was developed by Keita Kinoshita et al., who fabricated
multilayered vascular tissue models by depositing cell layers in an agarose hydrogel
mould [41]. SMCs were embedded into an agarose mould, and ECs were seeded on
the lumen. This method allowed for the creation of complex-shaped constructs, but the
problem of cell distribution inhomogeneity persisted.

Therefore, at the moment, it can be said that while moulding cellularised biomaterials
allows for the fabrication of customised structures, challenges such as non-uniform cell
distribution and gelation homogeneity need to be addressed to optimise the technique for
tissue engineering applications.
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4.3. 3D Bioprinting

The technique known as 3D bioprinting enables the fabrication of intricate and func-
tional heterocellular structures, offering the potential for precise deposition of cells with
anatomical morphology [45]. The bioink used in 3D bioprinting is represented by cell-laden
hydrogels, where hydrogels serve as a scaffold to support cells. More recently, aggregates of
thousands of individual cells called spheroids have emerged as a bioink for application in
3D bioprinting. Spheroids are deemed an optimal bioink since they enable cells to establish
cell–cell junctions and construct their ECM [46].

In 2009, a study was conducted [47] in which an attempt was made to bioprint small-
calibre vessels using spheroids of human skin fibroblasts bioprinted on agarose-based rods.
The same researchers also demonstrated the construction of a vascular tube consisting of
an internal layer generated from human umbilical vein SMC spheroids and an external
layer obtained from human skin fibroblast spheroids.

Another research group created multicellular spheroids in 2015 [48] containing HU-
VECs (40%), human aortic SMCs (10%), and human dermal fibroblasts (50%). These
multicellular spheroids were inserted into a needle array where they formed tubular
structures. After four days of incubation, the needle array was removed and the tubular
structures were perfused within a bioreactor for another four days. These TEVGs were
successfully implanted into the abdominal aorta of nude rats and remained patent until the
study endpoint, postoperative day 5. Histological examination revealed post-implantation
endothelialisation. Recently, the same research group introduced a method to cryopre-
serve spheroids using a 10% Me2SO4 solution that would enable large-scale production of
spheroids, increasing the potential feasibility of 3D bioprinted TEVGs for clinical use [49].

Today, various bioprinting techniques are available; however, not all of them are
suitable for producing vascular tissues, comprising three different cell layers within tubular
architectures. The most suitable technology is microextrusion-based bioprinting [50], a
method in which a bioink containing an appropriate biomaterial and cells is loaded into
a printing cartridge and extruded through a nozzle using a mechanical or pneumatic
system. Microextrusion-based bioprinting offers the advantage of utilising a wide range of
biomaterials and cells, which aids in replicating the complexity of vascular tissue structure.

Another technique facilitating the rapid and straightforward reconstruction of a multi-
layered vascular tissue is the coaxial technique [51–53], which employs specialised coaxial
nozzles. This method enables the encapsulation of one bioink within another and it is
particularly useful in vascular tissue engineering for creating multiple concentric layers
within a tubular structure.

A triple coaxial bioprinting technique was used to construct a biomimetic blood vessel
using vascular tissue-derived extracellular matrix (VdECM) mixed with vascular smooth
muscle cells (VSMCs) and alginate mixed with ECs as bioinks, to form the media and intima
layers, respectively. After 3 days of static culture and 2 weeks of maturation under pulsatile
stimulation, the constructs, cross-linked with a CaCl2 solution, were fixed for histological
analysis and good endothelialisation was demonstrated. The authors also evaluated the
constructs in vivo using a rat model and observed that the implants remained patent for
3 weeks [52]. The triple coaxial bioprinting technique was further implemented by the
same group, printing directly into a pre-gel bath containing fibroblasts [54]. In this way,
the adventitia layer (which was missing in the previous system) was formed around the
extruded tube.

While the coaxial extrusion technique currently stands as the most advanced method
for generating vascular tissue with a three-layer structure, limitations persist concerning
the dimensions and architecture of the produced vessels. These constraints primarily stem
from the size of the coaxial nozzle.
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5. Biomimicry in Scaffold Material

In recent years, research activity related to the design of scaffolds has moved in
the direction of replicating the native characteristics of arteries. The development of a
scaffold capable of mimicking the structure–function relationships present in the arterial
wall offers significant advantages, particularly in addressing key limitations observed in
current synthetic grafts, such as mechanical incompatibilities and thrombogenicity [27].
The biomimetic approach could be particularly advantageous in the engineering of small-
diameter functional blood vessels. Although biomimicry is not a new concept, it has
garnered considerable attention in tissue engineering in recent years. To date, synthetic
and/or natural materials have been used in the literature to create double- and trilayer
scaffolds [54]. However, to create a structure that closely mimics natural tissue, the use
of natural materials (such as natural polymers and decellularised matrix) proves advanta-
geous. Various multilayer approaches, which exclusively employ natural materials, and
hybrid approaches that incorporate both synthetic and natural materials have been reported
in the literature [27]. An overview will be provided in the next paragraphs.

5.1. Natural Polymers

Natural polymers, in particular ECM proteins, such as COL, fibrin, elastin, etc., have
been widely investigated for the production of blood vessel scaffolds, thanks to their
biocompatibility and numerous bioactive cues. These proteins offer a favourable 3D
microenvironment with suitable binding sites for cellular populations, and various methods
can be used for the proper production of tubular scaffolds by employing these proteins,
such as electrospinning, freeze-drying, and mould casting [55–65].

Among these ECM proteins, COL has been used for decades to produce
TEVGs [42,55,56,66,67]. COLs are a family of particularly abundant proteins that can
be easily isolated, manipulated, and used for the production of scaffolds. COL I is the most
abundant type in mammalians and offers a great number of integrin-binding sites, which
can control cell adhesion, differentiation, and overall cellular behaviour. Several studies
have attempted to replicate the features of blood vessels through the production of scaffolds
using COL, but the results were less than satisfactory due to the low mechanical properties
of COL gels [55,66]. The mechanical properties of COL-based scaffolds can be improved by
cross-linking. However, the use of chemical cross-linking agents, such as glutaraldehyde
(GTA), while improving the mechanical properties, leads to severe cytotoxicity risks [55,66].

Alternative strategies to chemical cross-linking have been developed to enhance the
poor mechanical properties of COL-based TEVGs, resulting in notable improvements in
the integrity of the grafts [66–69]. Alternative methods of chemical cross-linking include
physical and enzymatic approaches. UV or Gamma radiation can be used to induce
cross-linking through the formation of free radicals that create covalent bonds between
COL molecules. The thermal dehydration-based method involves heating COL under
moisture-free conditions to promote cross-linking of the fibres. Freeze-drying followed by
heating can also lead to the physical cross-linking of COL fibres, improving the mechanical
stability of the material. Enzymatic methods instead involve the use of enzymes, such as
transglutaminase, which catalyses the formation of covalent bonds between the amino
groups and the carboxyl groups of COL molecules, creating a stable and biocompatible
network, or such as Lysyl oxidase, which can be used to induce cross-linking, exploiting
the natural stabilisation mechanisms of COL [66–69].

Strategies incorporating cells, matrix components, and intracellular biomolecules have
also been employed to enhance the mechanical strength of COL-based constructs through
the compacting and reorganisation of COL fibril architecture. Seliktar et al. [56] have shown
that seeded cells and mechanical conditioning can rearrange COL fibrils circumferentially,
resulting in increased strength. However, currently, the obtainable tensile strengths, burst
pressures, and strength at the anastomosis of COL grafts remain much lower than those of
native vessels.
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Another natural polymer that has emerged as an interesting alternative to COL is fibrin,
a protein produced through the cleavage of fibrinogen [70] and a rich source of growth
factors, cytokines, and chemokines. Its natural role in wound healing, widespread clinical
acceptance as a tissue sealant, and its potential to generate an autologous biomaterial from
the patient’s blood make it particularly appealing [71].

The first employments of fibrin involved the creation of coatings in COL-based vas-
cular grafts [72]; subsequently, considerable efforts were made to develop vascular grafts
based solely on fibrin [60,62]. It has been observed that these grafts require a pulsatile
bioreactor system for correct maturation. Approaches involving the use of ECs and SMCs
in fibrin-based vascular grafts have also been proposed [73]. Swartz et al. [61] analysed re-
cellularised fibrin-based vascular grafts exhibiting compromised biomechanical properties,
which possessed an average burst pressure of 543 ± 77 mmHg, insufficient to withstand
the physiological pressures of blood flow. A recent study by Yang et al. [74] demonstrated
that the mechanical properties of these grafts can be improved by incorporating polycapro-
lactone (PCL). Electrospun hybrid PCL/fibrin vascular grafts were tested for mechanical
properties, cytotoxic effects, and biocompatibility in vivo. The burst pressure of these
hybrid vascular grafts was 1811± 101 mmHg, similar to native blood vessels (2000 mmHg),
and no cytotoxic effects or immune responses were reported in vivo. Furthermore, fibrin
gels have been shown to stimulate SMCs to synthesise elastin, a vital component of the
artery wall often overlooked in many COL-based tissue-engineered blood vessels [55].

Elastin is another interesting protein for vascular scaffold fabrication purposes, con-
sidering its role in native vessels. Elastin plays a crucial role in preserving the elasticity of
blood vessels, preventing dynamic tissue creep by stretching under pressure and reverting
to its original shape after the load is removed [75]. This property helps prevent permanent
deformation under pulsatile flow and is advantageous for maintaining long-term compli-
ance. Additionally, elastin exhibits anti-thrombogenic and anti-inflammatory properties,
further contributing to the functionality of blood vessels. These properties are particu-
larly essential for small-diameter TEVGs [63]. Similar to COL, elastin can enhance EC
proliferation, viability, and endothelialisation of the lumen surface [76]. Besides providing
cell-binding sites, elastin is also associated with activating pathways that regulate the
proliferation and differentiation of vascular cells. Specifically, elastin has been shown to
stimulate the gene expression of SMC markers in vitro [77,78] and it was found to modulate
the phenotype of SMCs towards a contractile state [79].

The long-term failure of TEVGs is primarily linked to thrombosis, intimal hyperplasia,
and aneurysm formation, which are often attributed to the scarcity of elastin.

To address the issue of constructive remodelling of implanted TEVGs, current ap-
proaches focus on incorporating elastin into the grafts before implantation. Therefore, one
potential strategy is to cultivate SMCs in TEVGs to enable the synthesis of new elastin within
the grafts. However, adult SMCs have limited capacity for elastin production, prompting
researchers to turn to stem cell-derived SMCs which show promising improvements in
tropoelastin production and assembly in response to biomechanical cues [80]. In an ideal
scenario, a biodegradable TEVG would be seeded with patient-specific stem cells-derived
SMCs and matured in a dynamic bioreactor environment alongside bioactive factors (trans-
forming growth factor-beta 1 (TGF-β1), fibronectin, NO, miRNA-29A, and stromal vascular
fraction (SVF) [65]), which stimulate the production of elastin by SMCs. This approach
could produce an implantable graft with sufficient and well-organised elastin, thereby
enhancing its functionality and durability in vivo. Alternative solutions involve integrating
engineered elastin, such as recombinant tropoelastin and elastin-like recombinamers, into
TEVGs. Another approach is to incorporate insoluble elastin extracted from native arteries
into TEVGs. Utilising native decellularised vessels that maintain elastin organisation is
another viable option. These strategies aim to enhance the elastin content and organisation
within TEVGs, ultimately improving their performance and biocompatibility in vivo.

Natural polymers which are not derived from the ECM, such as chitosan (Ch) and silk
fibroin (SF), have also found extensive use in the production of TEVGs. Systems based on
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Ch and SF are characterised by easily controllable mechanical properties. Ch is a linear
polysaccharide derived from the shells of shrimps and crabs and finds widespread appli-
cation in tissue engineering. It has mild antibacterial properties, making it advantageous
for in vivo use. In scaffold fabrication, Ch can be blended with degradable polymers like
PCL and polylactic acid (PLA). In vascular graft development, electrospinning technology
is used to create conduits with favourable properties for cell adhesion and proliferation.
In a recent study [59], it was observed that by regulating the concentration of Ch it was
possible to obtain a balance between adequate mechanical resistance to physiological
stress and adequate compliance to prevent adverse hemodynamic conditions. Wang et al.
realised a PCL/Ch hybrid vascular graft with anti-thrombogenic and antibacterial prop-
erties. Similarly, Yao et al. developed electrospun PCL/Ch grafts combined with heparin
(Hep-PCL/Ch), enhancing patency and endothelialisation in vivo. These findings suggest
the potential of Ch in crafting functional small-diameter vascular grafts (SDVGs) when
combined with degradable polymers.

SF is also attractive because it is compatible with various manufacturing processes,
including electrospinning, spinning and weaving techniques. Its thickness can vary greatly
and it has customisable mechanical properties, a slow degradation rate, and good biocom-
patibility for cell infiltration. Fibroin has antithrombogenic properties and can degrade
over time. Enomoto et al. [81] successfully developed fibroin-based SDVGs and compared
their patency with ePTFE vascular conduits in vivo. They showed that, for over 64 weeks,
fibroin-based SDVGs remained patent at a rate of 85%, while ePTFE grafts remained patent
only 48% of the time. Furthermore, a greater number of SMCs and ECs were observed in
fibroin-based SDVGs compared to ePTFE grafts, indicating better overall functionality of
the former.

Blends of natural polymers, of both protein and polysaccharide type, can also be used
to produce a scaffold more closely mimicking the composition of the natural vascular ECM,
as proposed by Rosellini et al. [82]. Tubular scaffolds were produced using a specially
designed mould, starting with a gelatin/gellan/elastin blend, selected to mimic the compo-
sition of the ECM of native blood vessels. Scaffolds were obtained through freeze-drying
and subsequent cross-linking. Results of the in vitro characterisation showed good porosity,
which could promote cell infiltration and proliferation, and a dense external surface, which
could avoid bleeding. Moreover, the developed scaffolds showed good hydrophilicity, an
elastic behaviour similar to natural vessels, suitability for sterilisation by an ISO-accepted
treatment, and adequate suture retention strength. Additionally, the inclusion in the blend
of a polysaccharide component increased the number of functional groups available for
subsequent scaffold functionalisation.

5.2. Decellularised Tissues

Decellularisation is among the most used methods to produce vascular scaffolds. It
consists of removing the totality of the cells from the tissue while maintaining its ECM
intact by preserving its shape and characteristics [83]. The preservation of the natural
components of vascular ECM confers a natural structure and native vessel-like mechanical
properties to the resulting scaffold. Furthermore, proteins and glycosaminoglycans (GAGs)
located in the natural vascular ECM provide various cell adhesion and development
domains [73]. Decellularised scaffolds can be obtained from various sources, both allogeneic
and xenogeneic, such as animals (e.g., porcine, sheep) or cadaver donors when effectively
decellularised and used immediately. However, the use of animal-derived grafts poses
challenges due to the potential immune response triggered by the presence of alpha-gal
epitopes (Galalpha1-3Galbeta1-(3)4GlcNAc-R) in non-primate tissues. Efforts to mitigate
this immune response include cleaving alpha-gal epitopes or using transgenic animals
lacking these epitopes [84]. Cellular and antigenic material must be completely removed
to avoid the risk of the immune and/or inflammatory response [27,85]. Vascular grafts
have been obtained starting from various types of decellularised vessels such as carotid
artery [86], aorta [87,88], internal mammary artery [89], umbilical artery [90], saphenous
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vein [91], coronary artery [92], femoral vein [83], and vena cava [93]. Human-derived
vascular grafts, obtained from cadaver femoral veins or umbilical vessels, have also been
explored. While human umbilical arteries (hUAs) offer potential as SDVGs, challenges such
as technical difficulties and lack of elasticity need to be addressed. Nonetheless, efforts to
produce decellularised hUAs have shown promise, with studies demonstrating long-term
patency and successful in vivo remodelling [94–96].

The protocols for vessel decellularisation include the use of chemical methods, physical
methods, and enzymatic methods. For instance, surfactant detergents such as sodium
dodecyl sulphate (SDS), TritonX-100 (TX) and tributylphosphate can be used, but also
different types of enzymes such as DNase and trypsin. Detergents serve to remove cells
from tissues through the solubilisation of the lipid bilayer of cell membranes and the
dissociation of DNA from proteins [97]. On the other hand, enzymes are responsible for
the proteolysis process. Trypsin acts on native COL and elastin, while nucleases, such as
DNase, cleave nucleic acid sequences and can assist in the removal of nucleotides after
cell lysis [97]. In addition to these agents, hypotonic and hypertonic solutions can also
be utilised. Hypotonic solutions induce cell lysis through simple osmotic effects, while
hypertonic saline solutions dissociate DNA from proteins [97]. For cell lysis, a freeze–
thawing method can also be used, given its effectiveness in preserving the nature of ECM
components (e.g., COL, elastin, and fibronectin) and the native mechanical strength when
compared to detergent-based methods [98]. Nonetheless, it should be followed by further
treatment since it does not allow the complete removal of all cellular components (e.g.,
90% of DNA) [99]. The success of a protocol for vascular decellularisation stems from
the use of adequate quantities of agents and treatment repetitions to allow the complete
removal of cells without damaging or altering the ECM. The choice of the best method
depends on various factors, such as original tissue thickness, cellularity, density and lipid
content. Ineffective decellularisation may lead to inflammatory response and antigenicity,
increasing the risk of graft failure [87]. Therefore, it is vital to adhere to specific criteria
to ensure satisfactory tissue decellularisation. According to Crapo et al., decellularised
tissues, including vessels, should exhibit < 50 ng dsDNA/mg ECM dry weight, <200 bp
DNA fragment length, and a lack of visible nuclear material in stained tissue sections [97].

Some investigations employ physical methods alongside chemical or biological agents
to enhance the penetration and efficacy of decellularisation in vascular tissue [100]. For
instance, Simsa et al. examined the decellularisation of vena cava using TX-100, tri(n-
butyl) phosphate (TnBP), and DNase under static, agitation, and perfusion conditions.
They found that all three methods effectively reduced DNA content, with agitation and
perfusion at velocities up to 100 mL/min proving optimal for promoting vessel decellu-
larisation [93]. In their investigation, Omid et al. also combined chemical and physical
decellularisation techniques on ovine coronary arteries. By inducing osmotic pressure
with hypertonic/hypotonic solutions, cellular membranes were dissociated and removed
effectively without the need for detergents or other chemical agents. A solution of 0.025%
trypsin was then used to eliminate any remaining debris, followed by a final cleansing with
1% TX-100. Performing all decellularisation steps at 4 ◦C resulted in minimal damage to
the ECM ultrastructure, as evidenced by similar mechanical strength and swelling ratio to
native vessels, as well as robust cell attachment, migration, and proliferation observed via
optical and scanning electron microscopy (SEM). Furthermore, cytotoxicity assessments
via MTT assay confirmed the absence of cytotoxic effects, and the resulting biological
scaffold proved to be storable at −20 ◦C. This decellularisation method yielded a biological
scaffold with intact ultrastructure which meets both mechanical and cellular property
requirements [101].

Evaluation of decellularised vascular scaffolds should also extend beyond cell removal
and mechanical properties to include cytotoxicity and cytocompatibility assessment. For
example, Campbell et al. decellularised porcine coronary arteries and seeded them with
bovine aortic ECs and SMCs, resulting in successful cell adherence and endothelial layer
formation [102]. Similarly, Lin et al. observed the adhesion and proliferation of rat ASCs
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and HUVECs on decellularised arteries and demonstrated in vivo endothelisation in a rat
abdominal aorta repair model [92].

Lastly, to enhance scaffold success, researchers have modified decellularised vessel
surfaces with biomolecules like heparin (Hep) to improve endothelisation and prevent
hyperplasia and thrombogenesis [85,88,103]. Dimitrievska et al. immobilised Hep on
decellularised aorta arteries, reducing platelet adhesion and supporting HUVEC adhesion
and proliferation [103].

Refinements in the decellularisation process have led to the near-complete removal
of immunogenic components; however, achieving physiologically relevant mechanical
properties without further processing, such as maturation through a bioreactor, remains
a challenge [27]. Despite progress in decellularisation, several factors contribute to this
difficulty. Firstly, there is no universal standardised protocol for decellularisation, and
different methods can variably affect the structure and mechanical properties of the tissue.
Additionally, cell repopulation and remodelling are complex processes that do not always
succeed in fully restoring the physiological mechanical properties. Lastly, the intrinsic
variability between tissue samples, due to genetic differences, age, and health status of
donors, can influence the mechanical properties of decellularised tissues. Nonetheless,
interesting approaches have been adopted. For instance, Gong et al. [104] adopted a unique
approach by decellularising a rat aorta to preserve its histocompatibility and biomechanical
properties, followed by electrospinning a circumferentially aligned layer of PCL to reinforce
the decellularised vessel. The donor aortic vessels underwent decellularisation using a
combination of detergents and were dehydrated through vacuum freeze-drying. PCL
nanofibres were electrospun around the acellular aortic grafts to reinforce the decellularised
matrix. Mechanical testing demonstrated that the addition of electrospun PCL significantly
enhanced the biomechanics of the decellularised vessels. Vascular ultrasound and micro-CT
angiography confirmed satisfactory patency of all grafts implanted in a rat model for up to
6 weeks. Furthermore, electrospun PCL effectively prevented vasodilation and aneurysm
formation post-transplantation and reduced inflammatory cell infiltration. Building upon
this work, other groups have reinforced decellularised vessels with electrospun layers,
offering promising results by combining the biological advantages of natural materials
with improved mechanical properties [104].

Another strategy to enhance the mechanical properties and patency of decellularised
vessels involves re-cellularisation. A complete, continuous, and functional layer of ECs
along the vessel wall is essential for the safe use of decellularised scaffolds in clinical appli-
cations. Thus, identifying the best cell source and the optimal recellularisation process is of
great importance. The choice between in vitro pre-seeding and in vivo cell proliferation
for decellularised engineered vascular grafts depends on various factors, including the
efficacy of regeneration, the immune response, and the complexity of the process. In vitro
pre-seeding offers several advantages: precise control of culture conditions, uniform distri-
bution of cells, real-time monitoring and optimisation, and the ability to evaluate tissue
functionality before implantation. However, it is a complex procedure involving a greater
risk of contamination and longer preparation times. Conversely, in vivo cell proliferation is
simpler and less expensive, with reduced risks of contamination and a natural regeneration
response. Nevertheless, it offers less control over environmental conditions, potentially
adverse immune responses, and longer, less predictable regeneration times [83,91]. In vivo
performance studies have shown that, while decellularised vascular grafts lack proper
function and are prone to thrombus formation and graft failure, cellularised engineered
grafts exhibit improved properties, including a lower risk of thrombus formation and
rejection. Recellularised TEVGs with uniform coverage of ECs and VSMCs offer superior
outcomes compared to non-cellularised grafts [27,83,105]. Various cell types, including
peripheral blood mononuclear cells, ECs, and endothelial progenitor cells (EPCs), have
been used for reseeding to promote patency. In a particularly promising study, pre-seeding
resulted in 100% patency after 30 days of implantation [105]. However, long-term patency
studies exceeding one year are lacking.

75



Biomimetics 2024, 9, 377

Despite advances in decellularisation, mechanical reinforcement strategies, and cell
reseeding, the clinical use of decellularised vessels remains limited by several factors. Batch-to-
batch variability in mechanical, biochemical, and biological properties—influenced by donor
age, health status, and manufacturing processes—poses a significant challenge [104–107]. One
issue with using decellularised vessels is the potential for limited recellularisation in living
organisms, possibly due to the vessel wall’s dense ECM or chemical damage to the ECM
during the decellularisation process. The limited success of currently available commercial
decellularised grafts can be partly attributed to their lack of cellularity upon implantation. A
functional endothelium, which is is essential to prevent thrombosis in smaller calibre vessel
grafts, is particularly important for decellularised grafts with their exposed COL luminal
surface [83]. While studies have shown promising patency rates for implanted decellu-
larised vessels, they have not demonstrated superiority over synthetic grafts [5,6,104,108].
Thus, further research is needed to address these limitations and optimise the clinical utility
of decellularised vessels.

6. Biomimicry in Scaffold Architecture

An ideal TEVG is biocompatible, matches the mechanical properties of native vessels,
and promotes endothelialisation and tissue integration. Mimicking the structure of native
arteries, with layers such as tunica intima, tunica media, and adventitia, is crucial for
functional replication. Various techniques, including electrospinning, self-assembly, and
3D bioprinting, have been explored for TEVG fabrication. However, the challenge remains
in replicating the intricate structure of the native ECM, which is pivotal for functional tissue
regeneration [100,109,110].

Electrospinning offers a method to fabricate fibrous scaffolds with controlled architec-
ture and mechanical properties resembling the native ECM. These scaffolds provide a high
surface-to-volume ratio and adjustable porosity, promoting cell adhesion and angiogene-
sis [111]. Multilayered scaffold designs aim to mimic the hierarchical organisation of blood
vessel walls and incorporate various materials or functionalities to control cell behaviour
and tissue development [27,110]. Additive manufacturing technologies such as 3D printing
allow precise control over the geometry of the scaffold and the distribution of bioactive
components, facilitating cellular organisation, vascular network formation, and tissue
maturation [110]. Furthermore, the design of TEVGs must consider the microstructure of
native arteries, incorporating suitable porosity and pore sizes to facilitate cell migration
and metabolic exchange. Bioprinting technologies, including extrusion and light-based
approaches, offer the possibility to fabricate complex, patient-specific tubular structures
with high precision and reproducibility, enhancing the translatability of TEVGs to clinical
settings [27,100,110].

In summary, the quest for small-calibre vascular grafts has spurred innovative method-
ologies in tissue engineering, driven by the need for alternatives to autologous grafts with
improved patency rates and reduced complications. Mimicking the complex structure and
function of native vessels remains a key challenge in TEVG development, emphasising the
importance of biomimetic approaches and advanced scaffold design techniques.

6.1. Fibre-Based Scaffolds

Fibre-based scaffolds fabricated through electrospinning techniques have garnered
significant attention in the field of vascular tissue engineering due to their ability to mimic
the intricate structure of native ECM. It is important to evaluate the technical intricacies
of controlling topological fibre arrangement in electrospun tubular scaffolds tailored for
vascular applications. Processing parameters such as applied voltage, feed rate, needle-to-
collector distance, and mandrel rotation speed affect the final properties of the scaffold [100].
In addition, it is important to consider not only the technical aspects of scaffold fabrication
but also the functional requirements for the production of effective tissue-related constructs.
The microstructural requirements, including porosity, pore size, and interconnectivity, are
crucial in facilitating cell movement and metabolic sharing, which are critical for tissue
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integration. Electrospinning emerges as a promising technique for precisely controlling the
microstructure of scaffolds, particularly by regulating pore size and fibre alignment, which
are critical for promoting tissue healing and integration after implantation. Electrospinning
provides precise control over fibre diameters (50–500 nm) and mimics the ECM architecture
of natural blood vessels. Challenges include poor cell penetration, surface properties that
affect viability, and difficulties in regulating mechanical properties [100,109].

In recent years, significant progress has been made with electrospun vascular grafts
(ESVGs). They have evolved from single-layer, single-component structures to multi-layer,
multi-component designs. These grafts can be produced by spinning fibres onto a rotating
mandrel or by forming a sheet that is subsequently rolled up. The production of tissue-
engineered blood vessels by electrospinning may involve the use of a single polymer or
a polymer mix, the use of two different polymers by a co-electrospinning process, or the
use of two materials electrospun through coaxial systems [112]. Figure 2 illustrates the
electrospinning technique and possible variations in the setup to fabricate tissue-engineered
blood vessels.
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Figure 2. Experimental set-up for the production of tissue-engineered blood vessels using electrospin-
ning. Various approaches are employed: a single polymer or a blend of polymers can be dispensed
from a single syringe, or two distinct polymer filaments can be electrospun simultaneously using the
co-electrospinning technique [113]. Coaxial needles are utilised to enable the electrospinning of two
different materials via the co-axial electrospinning method, resulting in the formation of core-shell
filaments. Different types of collectors can be used for the deposition of fibres, including static and
rotating collectors [114].

The most investigated materials to produce vascular scaffolds by electrospinning
include gelatin (Gt) [115] and PCL, among synthetic components [116].

For example, Kong et al. [113] developed biomimetic Gt/PCL composite nanofibres
containing different amounts of chondroitin sulfate (CS) via electrospinning technology.
All solutions were electrospun at room temperature and controlled humidity. The resulting
nanofibres exhibited suitable porosity (~80%) and could absorb PBS solution up to 650%.
Composite nanofibres of Gt/PCL with a specific proportion of CS demonstrated reduced
thrombogenicity and enhanced EC response, suggesting their potential as a scaffold for
tissue engineering in blood vessel repair and regeneration.

Elsayed et al. [114] developed a new approach for creating electrospun Gt fibre scaf-
folds, with a precisely controlled fibre orientation and optimised Gt cross-linking, to achieve
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not only compliance equivalence with the coronary artery but also resistance equivalence of
the wet tubular acellular scaffold (swollen with absorbed water) to that of the tunica media
of coronary artery in both circumferential and axial directions. Solutions containing Gt type
A in 2,2,2-Trifluoroethanol (TFE) were electrospun. To create scaffolds with multi-layer fibre
alignment at±45 degrees, spinning occurred for 4 min before pausing to flip the collector by
180 degrees. Most importantly, this study represents the first case of high suture retention
strength among natural scaffolds and, in particular, among Gt scaffolds. Suture retention
strength in the range of 1.8–1.94 N was achieved for wet acellular scaffolds, which is equal
to or better than that of a saphenous vein. The produced scaffolds showed exceptional
efficacy in promoting human SMC proliferation. SMCs seeded onto the upper surface
adhered, elongated, and aligned with nearby fibres, aiding their migration throughout the
scaffold thickness.

Another interesting study in which, through the electrospinning technique, nanofi-
brous tubular scaffolds were obtained was presented by Zhu et al. [117]. They proposed a
polyurethane/Gt nanofibrous tubular scaffold, obtained through electrospinning and Hep
grafting, which demonstrated improved hydrophilicity, adequate mechanical properties,
and enhanced blood compatibility. In vivo studies confirmed that the obtained nanofi-
brous tubular scaffolds effectively promoted vessel regeneration, closely mimicking natural
vessels, thereby holding significant potential for the developed biodegradable composite
vascular grafts to prevent intimal hyperplasia and acute thrombosis.

Various studies in the field of tissue engineering depict electrospinning as a pow-
erful technique to produce tailored scaffolds for the tissue engineering of blood vessels,
offering precise control over structure and alignment and enhancing their efficacy in pro-
moting vascular regeneration. In particular, thanks to its versatility, electrospinning has
also been largely investigated to produce two-layer and three-layer scaffolds, mimicking
the multilayer architecture of native vessels, which will be further discussed in the next
two sections.

6.2. Two-Layer Scaffolds

While various techniques, including cell sheets and synthetic or natural biomaterial
platforms, have been explored, scaffold-based methods stand out due to their versatility
and the abundance of usable synthetic and natural polymers. Biomimicry, and particularly
structural biomimicry, plays a significant role in this domain, aiming to replicate the
structure–function relationships of natural tissues. The multi-layered scaffold approach
represents a solution to mitigate the primary shortcomings of existing synthetic grafts,
namely, their mechanical incompatibility and propensity for thrombosis [100].

The first attempts in this direction are represented by the development of bi-layer
scaffolds, obtained from both synthetic and natural materials [6,27,109–112].

While scaffolds made entirely of natural materials are rare due to their lack of mechan-
ical strength, silk stands out as an exception. Liu et al. [118] demonstrated the potential of
silk-based scaffolds, utilising heparinised braided silk tubes as a non-thrombogenic solid
inner layer, complemented by an SF microporous sponge cast through lyophilisation as the
outer layer. Compared with previously fabricated silk-based vascular scaffolds, the fibre
reinforcement provided a comparable or higher mechanical strength, burst pressure, and
suture retention strength, as well as mechanical compliance, to saphenous veins for vascular
grafts. Additionally, the silk-based scaffold displayed promising hemocompatibility and
biocompatibility in preliminary in vitro assessments [118].

Hybrid scaffolds, integrating ECM proteins with synthetic materials, have also been
developed to enhance the biological activity of scaffolds for vascular tissue engineering.
For instance, Goins et al. created non-thrombogenic inner lumens using a solid polymer
film of poly(1,8 octanediol-co-citrate) (POC) and electrospun polymeric blends of POC,
COL, and elastin as outer layers, aiming to leverage the inherent material properties for
enhanced functionality [100,118].
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In another work, Li et al. [119] proposed a dual–oriented/bilayered electrospun scaf-
fold based on the use of a mixture of PCL, poly(D,L-lactide-co-glycolide) (PLGA), and
Gt. An electrospinning system with a high-voltage power supply, a micropump, and a
rotating stainless steel drum collector (diameter = 10 cm, speed 2500 r/m) was used to
fabricate the scaffold. The resulting nanofibre sheet was then cut into a rectangle, with the
fibres aligned along the longer side, and curled around a stainless-steel cylindrical roller
(diameter = 5 mm). The junction was bonded with an aqueous solution of Gt. The outer
layer was then electrospun onto the stainless-steel roller. This process resulted in a vascular
scaffold with 7 cm length and 5 mm diameter. The morphology of all nanofibres obtained
was fine and smooth and the diameter of the nanofibres in the inner and outer layers was
609 ± 251 nm and 657 ± 220 nm, respectively. In addition, the average pore sizes of the in-
ner and outer layers were measured to be 55.2± 32.1 µm2 and 52.9 ± 35.3 µm2, respectively.
The ultimate tensile stress of the dual-oriented/bilayered scaffold was 2.04 ± 0.15 MPa,
while the elongation at break was 342.48 ± 4.13%. These values were also higher than those
obtained for pure PLGA and Gt scaffolds. All these results indicated that the dual-oriented
and bilayered scaffold had excellent mechanical properties, and the bursting pressure in the
dry state was consistent with the systolic and diastolic pressure of a natural blood vessel.
The results of the biological characterisation showed that the mixed scaffold had excellent
biocompatibility and could promote the proliferation of both SMCs and ECs.

In addition to material selection, scaffold design plays a crucial role [100]. Simulta-
neous seeding of ECs and SMCs can mitigate thrombogenicity issues and aid in tissue
remodelling. Structurally, scaffolds with porous outer layers for cellular infiltration and
solid inner layers for EC attachment have shown promise in creating non-thrombogenic
barriers [109]. Alternatively, scaffolds with porous outer and inner layers, resembling the
arterial wall’s morphology and mechanics, have been fabricated to promote desirable EC
and SMC functions, although these require additional steps to address thrombogenicity
issues [110]. Fabrication techniques influence scaffold properties, with particulate leaching
allowing for controlled pore size, while electrospinning produces nanosized pores resem-
bling the arterial wall’s fibrous layers. Porosity size considerations are vital, varying by
layer to accommodate cell size differences and prevent leakage or pressure drops during
remodelling [120].

In the quest for fabricating biomimetic bilayered vascular scaffolds, researchers have
explored innovative methods. First, Zhou et al. [116] employed an advanced coaxial 3D-
bioplotter platform to create tunable vessels for small-diameter blood vessel replacements.
Their method involved the simultaneous deposition of two types of bioinks containing
methacrylated gelatin (GelMA), poly(ethylene glycol) diacrylate (PEGDA), alginate, and
alginate lyase, cross-linked under UV light. VSMCs and vascular endothelial cells (VECs)
were precisely seeded in the outer layer and lumen, respectively. Post-printing, vessels were
cross-linked and the sacrificial inner core material was leached out, resulting in a hollow
core structure. These vessels exhibited robustness, perfusability, and porous structures
conducive to nutrient exchange and cell proliferation. Notably, VSMCs demonstrated
uniform distribution and proliferation, with vessels containing alginate lyase showing
faster proliferation. Viability assays confirmed high VSMC viability over time.

Meanwhile, Nguyen et al. [64] pioneered an electrochemical fabrication method to
develop biomimetic bi-layered COL scaffolds incorporating insoluble elastin. The process
involved creating a COL lumen via self-assembly triggered by an electric field and syn-
thesising COL-elastin fibres through isoelectric focusing. Optimisation of electrochemical
parameters ensured the formation of a compact, smooth, and bubble-free COL lumen,
which is crucial for scaffold integrity. Mechanical testing revealed that circumferentially
oriented COL-elastin fibres significantly enhanced scaffold mechanics, indicating their
robustness and ability to withstand physiological forces. Furthermore, the scaffolds sup-
ported the expression of functional markers by ECs on the luminal surface, which is crucial
for preventing thrombosis and promoting vascularisation.
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Recent examples of bi-layer design have led to some interesting results and significant
advancements towards clinically relevant tissue-engineered vascular substitutes. Wang
et al. [121] designed a bilayer vascular scaffold to facilitate in situ rapid endothelialisation
and the alignment and infiltration of SMCs (Figure 3). The inner layer of the scaffold,
made of electrospun poly(L-lactide-co-caprolactone) and COL (PLCL/COL) nanofibre, was
loaded with Hep and vascular endothelial growth factors (VEGF), while the outer layer con-
sisted of circumferentially aligned PLCL/COL nanofibre yarns loaded with platelet-derived
growth factors (PDGFs) increasing in concentration from the outermost to the interior of the
scaffold. The fabrication process involved coaxial electrospinning to create the inner layer
and a modified setup integrating coaxial with conjugated electrospinning for the outer layer.
The vascular scaffold was crosslinked using GTA vapours. The compliance of the vascular
scaffold resulted comparable to that of a human saphenous vein (0.7–1.5%/100 mmHg)
and superior to that of a commercial e-PTFE graft (0.1%/100 mmHg). The controlled release
of VEGF and PDGF from the scaffold was investigated, with VEGF showing a continuous
greater release percentage (ca. 15%) relative to PDGF over almost one month in vitro.
The scaffold exhibited promising biological performance, with rapid endothelialisation
observed at the luminal surface and oriented smooth muscles infiltrating inside the vascular
wall at two months post-implantation in a rat abdominal aorta defect model. COL-rich
connective tissues were produced at the outermost layer of the vascular scaffold, indicating
its potential for in situ vascular repair or regeneration [121].
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Figure 3. The design and fabrication of a bilayer vascular scaffold with spatially controlled release of
growth factors from Wang et al. [121]. (A) A diagram depicting how the bilayer vascular scaffold
should foster in situ tissue regeneration by capturing EPCs on the surface and allowing SMCs to infil-
trate. Hep release is used to prevent early thrombus formation, while VEGF boosts endothelialisation
and PDGF to facilitate SMC infiltration. (B) A schematic depiction of how the bilayer vascular scaffold
was created using coaxial and conjugated electrospinning techniques. (C) A photograph displaying
a sample of a vascular scaffold measuring 2 mm in inner diameter and 1 mm in thickness with SEM
images illustrating its cross-section. (D) Graphs displaying the cumulative release of Hep (left), VEGF,
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and PDGF (right) from the vascular scaffold after incubation in a PBS solution on a horizontal shaker
at 37 ◦C and 120 rpm for 45 days. (E) Microscopic images illustrating cross-sections of the bilayer
vascular scaffold stained with Masson’s trichrome after being implanted in a rat abdominal aorta
for two months. (F) Fluorescence micrographs depicting the vascular scaffold after immunohisto-
chemical staining of DAPI and CD31 (lumen), and DAPI and α-SMA (outmost) following 2-month
implantation in a rat abdominal aortic defect model. Open access article distributed under the CC
BY-NC-ND license.

More recently, a scaffold reproducing the endothelial and media layers of blood
vessels was developed by Ding et al. [122], using a combination of beta-sheet-rich silk
nanofibers (BSN) and poly(vinyl alcohol) (PVA). BSN and PVA were blended in an aqueous
solution and processed using a tubular electrode to form tubular scaffolds composed of
circumferentially and axially oriented BSN near the positive electrode and non-crosslinked
PVA. This step was followed by the crystallisation of PVA obtained by freeze–thawing,
with the aim of providing mechanical strength to the construct without altering the aligned
morphology of BSN. The obtained scaffold morphology effectively replicated the structural
characteristics of the vascular intima and media layers. The crystallised PVA provided the
scaffolds with suitable mechanical properties, including adequate suture retention strength.
Compared to homogeneous scaffolds, the preferential alignment of smooth muscle and
ECs induced by the developed scaffolds led to improved cell adhesion and proliferation,
along with enhanced expression of various cytokines. In vivo studies demonstrated that
endothelial layers form within four weeks of implantation, ensuring sustained patency.
Furthermore, after eight months post-implantation, both endothelial and smooth muscle
layers were regenerated, creating hierarchical microstructures and compositions that closely
resemble native vessels.

While the bilayer approach offers benefits in terms of tissue organisation, culture
time can be inhibitory, and addressing concerns regarding cellular infiltration and nutrient
delivery to the scaffold central portion is essential. Additionally, comprehensive studies
assessing mechanical properties, degradation, and in vivo performance are imperative for
the clinical translation of scaffold-based vascular tissue engineering [109].

6.3. Three-Layer Scaffolds

Three-layer scaffolds represent the most closely biomimetic approach in vascular tissue
engineering. The simulation of three-layer structures enables the acquisition of grafts that
closely mimic the anatomy and dynamics of blood vessels (Figure 4). Consequently, there
is an escalating inclination towards the investigation of tissue engineering methodologies
aimed at replicating the three distinct anatomical layers [123,124].

Natural trilayer scaffolds, such as those utilising GelMA and alginate, have been de-
veloped through layer-by-layer deposition techniques [125]. Incorporating ECs within the
intimal layer was shown to enhance endothelialisation, a crucial aspect of scaffold success.
Similarly, hybrid scaffolds combining synthetic and natural materials have capitalised
on the mechanical and biological advantages of each component. For instance, blend-
ing COL and elastin with synthetic polymers like PCL yielded compositionally mimetic
layers with improved mechanical properties [126]. Research efforts have also explored
various combinations of synthetic and natural polymers to fabricate tri-layer scaffolds
with desirable mechanical and biological properties. These efforts include electrospinning
techniques and the incorporation of COL, SF, or Ch into different scaffold layers [127].
In vivo assessments have demonstrated promising outcomes, including neovascularisation
and cellular remodelling, suggesting the efficacy of COL-containing scaffolds in promoting
regeneration [27].

The versatility of synthetic and natural polymers offers numerous possibilities for
fabricating complex scaffold morphologies that mimic native ECM structures. However,
the successful engineering of multi-layer scaffolds for small-diameter vessel applications
necessitates careful consideration of design parameters and fabrication techniques, to
ensure optimal performance and functionality.
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Figure 4. The preparation process of TEVGs using the three-layer technique. First, the outer layer
is prepared, which corresponds to the tunica adventitia, then the second layer is prepared, which
corresponds to the tunica media, and finally the third, which corresponds to the tunica intima. TEVG
is obtained by rolling manipulation of the three layers.

Guo et al. proposed the construction of a biomimetic three-layer vascular scaffold with
spatial alignment features, based on a blend of Gt, PCL, and PLGA [124]. A general strategy
involving sequential electrospinning combined with folding and rolling manipulation was
employed to achieve this. The resulting scaffold possessed three layers with inner and
middle layers arranged perpendicular to each other, closely resembling the multi-layer
structure of natural blood vessels. This architecture was branded essential to obtain inte-
grated vascular remodelling and regeneration, facilitating spatial arrangement guidance for
corresponding cells. Specifically, the inner layer promoted EC adhesion and proliferation,
while the middle layer allowed for VSMC penetration. The outer layer provided mechani-
cal support and biocompatibility. The sequential electrospinning process, combined with
folding and rolling manipulations, ensured the formation of distinct layers with different
fibrous arrangements and laminated structures.

Wu et al. [36] devised a novel tri-layer tubular graft composed of PLCL/COL fibres and
PLGA/SF yarns using a three-step electrospinning approach. The graft had an inner layer
of axially aligned PLCL/COL fibres, a middle layer of PLGA/SF yarns, and an outer layer
of random PLCL/COL fibres. In the fabrication process, the axially aligned PLCL/COL
fibres were first produced using a customised rotating collector under a magnetic field.
Subsequently, PLGA/SF yarns were prepared via electrospinning with a double-nozzle
system and twined onto the inner layer in a circumferential orientation. Finally, a layer
of random PLCL/COL fibres was added on top to fix the entire structure in position.
The obtained graft showed dense fibres on the inner and outer surfaces and a loose yarn
structure in the middle layer. Mechanical testing revealed favourable tensile properties for
each layer, with the inner layer providing structural support, the middle layer facilitating
cell infiltration, and the outer layer fixing the yarns.

An important and often overlooked factor to consider when designing a blood vessel
replacement is the discrepancy in compliance between the host vessel and the artificial
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vascular graft at the site of anastomosis. Compliance, in the context of vascular structures,
refers to the dimensional alteration of a tube in response to changes in intraluminal pressure.
This misalignment of compliance induces haemodynamic flow disturbances within the
vascular graft and concentrates stress on the anastomotic junction. As a result, pressure
changes at the anastomosis can lead to intimal hyperplasia and thrombosis [128,129]. To
obtain grafts with adequate compliance, it is necessary to replicate the biomechanical
characteristics of native blood vessels, and, in their study, Zhang et al. worked on making
grafts that could meet this need [123]. They developed a three-layered vascular graft
utilising a combination of electrospinning and braiding techniques, mimicking the structure
of human blood vessels. The scaffold consisted of three distinct layers: intima, media,
and adventitia. The intima and media layers were formed by electrospinning SF and
PLCL, with varying ratios to match native tissue properties. The outer adventitia layer was
braided using SF yarns to enhance durability against high pressures. Mechanical properties,
including Young’s modulus and compliance, closely resembled those of natural blood
vessels. Dynamic compliance values exhibited superior performance compared to synthetic
Dacron grafts, with attained values indicating the compliance of the graft equivalent to
that of the human saphenous vein. In vitro studies demonstrated cytocompatibility of the
intima and media layers with ECs and SMCs, respectively.

The exploration of three-layered scaffolds for tissue engineering of blood vessels
demonstrates significant promise in mimicking native vascular architecture; however, the
current literature underscores not only the strengths but also the limitations. The versatility
of these scaffolds allows for the replication of intricate vascular structures, fostering cellular
infiltration and promoting tissue regeneration. However, challenges remain in achieving
precise control over scaffold properties to replicate the dynamic mechanical behaviour and
biochemical cues of natural vessels. Addressing these hurdles through continued research
efforts holds the key to advancing the field of biomimetic scaffold architecture in vascular
tissue engineering [9,27].

6.4. 3D Printed Scaffolds

In recent years, 3D printing technology has revolutionised various fields, including
tissue engineering. Specifically, 3D printing techniques enable the fabrication of complex
structures using a range of polymers, including both synthetic and naturally derived ma-
terials. This technology has been instrumental in producing transplantable scaffolds and
tissues, with inkjet, extrusion, and laser-assisted printing being the primary approaches
used (Figure 5). Notably, 3D printing has facilitated the creation of SDVGs through innova-
tive ink formulations and printing techniques [110].

Three-dimensional printing can produce two types of SDVGs: acellular or cellularised.
Acellular SDVGs are vascular grafts that do not contain living cells, these grafts can serve
as scaffolds for tissue regeneration, providing structural support and guiding the growth of
new tissue. In contrast, cellularised SDVGs contain living cells within the scaffold structure
and are produced by 3D bioprinting. Cellularised grafts have the potential to integrate
seamlessly with patient tissues, promoting faster healing and potentially better long-term
functionality [110]. Figure 5 shows the basic elements of the 3D printing technique for the
fabrication of both acellular and cellularised SDVGs.

Using an advanced coaxial 3D bioplotter platform, Zhou et al. created biomimetic
small-diameter blood vessels with two distinct cell layers [131]. A bioink made of VSMCs
laden in GelMA/polyethylene(glycol)diacrylate and alginate lyase was used to fabricate the
vessel wall, using a 3D extrusion-based bioprinter with a coaxial needle extrusion system.
The presence of the coaxial needle enabled the simultaneous extrusion of two materials,
one being the bioink and the other being Pluronic 127, which was used as a sacrificial
material for supporting construction and then removed to generate a lumen structure.
VECs were then seeded in the lumen, forming the inner layer of the vascular matrix. Since
the space for the growth of the loaded cells was limited, lyase was introduced into the
bioink to gradually degrade the alginate in the scaffold matrix. This special design favoured
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nutrient exchange with the environment while leaving more space for cell proliferation in
the matrix. The obtained vessel exhibited significant perfusable properties under different
conditions of flow velocity, flow viscosity, and temperature. The loaded VSMCs grew
faster in the lyase group than in the group without lyase. After seeding the VECs, both the
VSMCs in the matrix and the VECs in the lumen continued to grow steadily over time. This
novel bioprinted blood vessel with biomimetic EC and SMC layers represents a potential
candidate for the future replacement of small-diameter blood vessels.
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In addition to 3D printing, the emergence of 4D printing represents a significant
advance in tissue engineering (Figure 6). In contrast to traditional 3D printing, a fourth
dimension, time, is included, and it stems from materials that can transform in response
to external stimuli such as pH, temperature, light, or humidity [110]. These “smart” mate-
rials dynamically change their shape and properties, enabling improved functionality in
tissue engineering scaffolds [110]. Materials used in 4D printing include thermoresponsive
polymers, pH-responsive polymers, and photoresponsive materials. Hydrogels are the
predominant water-responsive material, while polyelectrolytes respond to electric fields,
and magnetic nanoparticles respond to magnetic fields. Polymers such as COL and keratin
respond to pH by changing the conformation of the polymer chain from a spherical to a
coiled shape [130]. The potential applications of 4D printing are manifold. These include
the development of vascular grafts that can adapt to changes in the body’s environment. A
4D-printed vascular graft could, for example, react to fluctuations in pH or temperature
in the vascular system and possibly release therapeutic agents or adapt its shape accord-
ingly. Although the field of “smart” materials in vascular engineering is still in its early
stages, ongoing research ensures the development of advanced vascular grafts capable of
recognising and responding to changes in the state of the human body [130].

84



Biomimetics 2024, 9, 377

Biomimetics 2024, 9, 377  22  of  41 
 

 

the vessel wall, using a 3D extrusion-based bioprinter with a  coaxial needle extrusion 

system. The presence of  the coaxial needle enabled  the  simultaneous extrusion of  two 

materials, one being  the bioink and  the other being Pluronic 127, which was used as a 

sacrificial material  for supporting construction and  then  removed  to generate a  lumen 

structure. VECs were then seeded in the lumen, forming the inner layer of the vascular 

matrix. Since the space for the growth of the loaded cells was limited, lyase was introduced 

into the bioink to gradually degrade the alginate in the scaffold matrix. This special design 

favoured  nutrient  exchange with  the  environment while  leaving more  space  for  cell 

proliferation in the matrix. The obtained vessel exhibited significant perfusable properties 

under different conditions of flow velocity, flow viscosity, and temperature. The loaded 

VSMCs grew faster in the lyase group than in the group without lyase. After seeding the 

VECs,  both  the VSMCs  in  the matrix  and  the VECs  in  the  lumen  continued  to  grow 

steadily over time. This novel bioprinted blood vessel with biomimetic EC and SMC layers 

represents  a  potential  candidate  for  the  future  replacement  of  small-diameter  blood 

vessels. 

In  addition  to  3D printing,  the  emergence of  4D printing  represents  a  significant 

advance in tissue engineering (Figure 6). In contrast to traditional 3D printing, a fourth 

dimension, time, is included, and it stems from materials that can transform in response 

to  external  stimuli  such  as  pH,  temperature,  light,  or  humidity  [110].  These  “smart” 

materials  dynamically  change  their  shape  and  properties,  enabling  improved 

functionality in tissue engineering scaffolds [110]. Materials used in 4D printing include 

thermoresponsive polymers, pH-responsive polymers,  and photoresponsive materials. 

Hydrogels  are  the  predominant  water-responsive  material,  while  polyelectrolytes 

respond  to  electric  fields,  and  magnetic  nanoparticles  respond  to  magnetic  fields. 

Polymers such as COL and keratin respond to pH by changing the conformation of the 

polymer chain from a spherical to a coiled shape [130]. The potential applications of 4D 

printing are manifold. These include the development of vascular grafts that can adapt to 

changes in the body’s environment. A 4D-printed vascular graft could, for example, react 

to  fluctuations  in  pH  or  temperature  in  the  vascular  system  and  possibly  release 

therapeutic agents or adapt its shape accordingly. Although the field of “smart” materials 

in  vascular  engineering  is  still  in  its  early  stages,  ongoing  research  ensures  the 

development  of  advanced  vascular  grafts  capable  of  recognising  and  responding  to 

changes in the state of the human body [130]. 

 

Figure 6. Main aspects of 4D printing and the application of 4D bioprinting in tissue engineering of 

blood vessels [130]. Open access article under the terms of the Creative Commons Attribution-Non-

Commercial License. 

   

Figure 6. Main aspects of 4D printing and the application of 4D bioprinting in tissue engineering
of blood vessels [130]. Open access article under the terms of the Creative Commons Attribution-
NonCommercial License.

7. Biomimicry in Scaffold Functionalisation
7.1. Surface Modification for Antithrombogenicity

The continuous endothelium of native blood vessels, composed of a monolayer of ECs,
serves to prevent blood coagulation and regulate vascular tone through the synthesis and
regulation of various bioactive molecules. Damage to the endothelium exposes blood to
underlying ECM proteins, facilitating platelet adhesion and initiating the blood coagulation
cascade. Therefore, incorporating natural anticoagulant molecules into TEVGs represents a
fundamental strategy to mitigate acute thrombosis.

Notably, Hep, a naturally occurring polysaccharide, has been extensively utilised
in clinical settings as an anticoagulant molecule. For example, Zhang et al. developed
a three-layered vascular graft by electrospinning and functionalised the inner layer by
Hep immobilisation through EDC/NHS chemistry [123]. The successful immobilisation
of Hep on the scaffold was verified by toluidine blue staining. The hemocompatibility of
heparinised scaffolds was then investigated by measurement of blood coagulation time,
in vitro blood coagulation tests, and quantification of platelet adhesion. Prothrombin time
and activated partial thromboplastin activity time were measured after incubation of both
heparinised and non-heparinised scaffolds in human plasma solution, and the results
were significantly higher for the heparinised ones. Additionally, Hep functionalisation
of the scaffolds demonstrated enhanced anticoagulant properties following incubation in
whole blood. Moreover, both platelet adhesion and platelet activation were reduced on the
Hep-functionalised scaffolds.

Hep was also used to develop a biomimetic surface with anticoagulant properties
to mitigate thrombus formation in the work published by Zhu et al. [117]. Poly(ester-
urethane)urea/Gt nanofibrous tubular scaffolds were fabricated by electrospinning and
then modified by Hep grafting through EDC/NHS chemistry. The resulting tubular
scaffold exhibited improved blood compatibility in terms of both low hemolysis and
low platelet adhesion. Additionally, the presence of Hep on the fibre surface enhanced
EC proliferation at 7 days after seeding. In vivo studies further confirmed that the Hep-
modified nanofibrous tubular scaffolds favoured long-term patency.

In another study, Gong et al. developed hybrid TEVGs by combining synthetic poly-
mers with naturally decellularised small-diameter vessels [104,132]. The intimal surfaces of
the hybrid SDVGs were coated with Hep before allograft transplantation to resist platelet
aggregation and inhibit thrombosis. The effects of Hep functionalisation on platelet ad-
hesion were investigated first by a platelet adhesion test with microscope observation
and then by quantification of lactate dehydrogenase activity. Both tests showed that Hep
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modification significantly reduced the number of adhered platelets. Evaluation through
vascular ultrasound and micro-CT angiography demonstrated satisfactory patency of all
grafts implanted in a rat model for up to 6 weeks.

As Hep has a short in vivo half-life, researchers are looking into Hep-mimetic sulfated
GAG and sulfonated polymers which are highly stable and possess Hep-like properties.
In a work published by Kong et al. [113], nanofibres composed of a biomimetic blend of
Gt and PCL incorporating varying amounts of CS were fabricated using electrospinning
technology to examine their impact on antithrombogenicity and affinity towards ECs.
In recent studies, CS was identified as a sulfated polysaccharide consisting of GAG and
galactosamine. It was shown to exhibit strong adhesion to ECs while maintaining weak
interactions with proteins and platelets, along with electrostatic repulsion of negatively
charged blood components [133–135]. Moreover, CS was proven to inhibit cellular apop-
tosis and promote the healing process of vascular wounds [136,137]. The inclusion of
different concentrations of CS in the nanofibres influenced their morphology and diam-
eter. Moreover, the incorporation of CS into the nanofibres significantly improved their
anticoagulant properties, extending their coagulation time, and promoting cell responses.
Notably, nanofibres containing 10% CS demonstrated favourable outcomes in terms of cell
attachment, elongation, and proliferation.

Alternatively, platelet adhesion can be avoided through the design of an anti-
thrombogenic surface on the internal lumen of blood vessel scaffolds, replicating the
continuous GAG layer present on ECs in native vessels. In this regard, a modification
with hyaluronic acid on the internal surface of decellularised TEVGs has been investigated
by Dimitrievska et al. to effectively shield blood platelets from activation triggered by
COL [103]. By utilising the amine groups present on 4 mm diameter decellularised scaffolds
a continuous hyaluronic acid hydrogel coating was constructed using a bifunctional thiol-
reactive cross-linker, thus avoiding nonspecific COL matrix cross-linking. The hydrogel
layer served to recreate a luminal wall, concealing exposed COL from direct contact with
the bloodstream. In vitro blood tests demonstrated significantly lower levels of adhered
platelets, fibrinogen absorption, and fibrin formation on the hyaluronic acid-coated decel-
lularised scaffolds compared to the uncoated ones. Moreover, the hyaluronic acid surface
exhibited inhibition of macrophage adhesion in vitro. Notably, in vivo experiments showed
protection from aggressive thrombus formation, preservation of normal blood flow, and
re-endothelialisation was also observed.

Another option to prevent acute thrombosis is represented by the immobilisation
of NO. In native vessels, ECs are in contact with circulating blood and are subjected to
continuous shear stress, which triggers the release of NO through the upregulation of
endothelial NO synthase. This process results in vasodilation and suppresses platelet
aggregation. To the best of our knowledge, however, this approach has so far been mainly
investigated for vascular prostheses [138,139].

7.2. Surface Modification for Rapid Endothelialisation

The endothelium of native vessels plays a pivotal role in preventing thrombogenic
complications and intimal hyperplasia, thus improving long-term patency. Therefore,
although the incorporation of anti-thrombotic molecules onto vascular scaffolds plays
a crucial role in preventing acute thrombosis, the sustained success of these grafts over
the long term largely relies on the reconstruction of a continuous endothelium on the
lumen surface.

Various methods have been investigated for in vitro endothelialisation, including the
seeding with ECs on the inner surface of blood vessel scaffolds and subsequent in vitro
maturation before implantation. These techniques have shown promise in enhancing
graft patency; however, they also suffer from significant drawbacks. These include the
need for supplementary procedures to harvest cells, particularly in the case of autologous
cell use, risks of infections, prolonged culture times, and the associated high costs of the
procedure [140].
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Therefore, researchers’ attention is now mainly focused on in situ endothelialisation.
Following implantation, endothelialisation of the graft typically occurs through one of three
mechanisms: (i) transanastomotic growth, which involves the migration of host intimal
ECs from the anastomotic site toward the centre of the graft, in response to natural injury-
induced mechanisms; (ii) transmural growth, which occurs when ECs reach the lumen by
traversing newly formed capillaries through the graft wall; (iii) fallout process, which entails
circulating progenitor cells populating the implanted TEVG. Considering that, in humans,
transanastomotic growth is limited to 1–2 cm [141] and the mechanism of transmural
growth is not clear, the latter process involving circulating progenitor cells seems to be the
most promising. EPCs are circulating blood cells able to differentiate into ECs and secrete
multiple bioactive molecules [142]. Other less well-defined CD133+, CD34+, and CD45−

progenitor cells also hold the potential to be recruited onto a modified graft, facilitating
in situ endothelialisation. Moreover, a specific subset of CD14+ monocytic cells was
demonstrated to possess the ability to differentiate into ECs. Intriguingly, these monocyte
lineage cells derived from the bone marrow, which are capable of maturing into ECs, have
been reported to exhibit a more pronounced inhibition of intimal hyperplasia compared
to EPCs [143]. Therefore, various strategies have been developed to promote rapid in
situ endothelialisation through the modification of the scaffold lumen with biomolecules
promoting circulating progenitor cell migration, adhesion, proliferation, and differentiation.

Considering that EPCs express specific markers, such as CD133, CD34, and the ki-
nase domain receptor, along with co-expressing markers indicative of their hematopoietic
origin, specific antibodies targeting these markers have been used for scaffold surface
functionalisation to facilitate the capture of EPCs [144]. For example, Wu et al. developed
a bi-layer scaffold by electrospinning, which included the luminal and media layers. The
luminal layer was loaded with Hep and anti-CD133 antibody [35]. The loaded bioactive
components were gradually released over an approximately 40-day period, during which
the structure of the nanofibres remained intact. Additionally, the released Hep initially
provided anticoagulant functionality of the lumen, while the incorporated anti-CD133
antibody facilitated the formation of a neo-intima. In vivo tests revealed the regeneration
of a monolayer of ECs (positive for CD31) on the inner layer, demonstrating the scaffold’s
capability to regenerate structures resembling native blood vessels. Nonetheless, despite
demonstrating promising endothelialisation, grafts coated with antibodies led to excessive
intimal hyperplasia at the anastomoses and markedly increased platelet adhesion [145,146].

Alternatively, VEGF and numerous other bioactive factors, such as interleukin-8,
stromal cell-derived factor-1 (SDF-1), angiopoietin-1, and basic fibroblast growth factor,
have been used to favour ECs proliferation and survival. In the work published by Hu et al.,
small-diameter tubular scaffolds were fabricated using the coaxial-electrospinning method
and the fibre core was loaded with Hep and VEGF [147]. A gradual release of Hep and
VEGF was registered over 28 days. In vitro and in vivo tests demonstrated an improvement
in terms of EC proliferation and patency with respect to non-functionalised grafts. Similarly,
Du et al. developed a gradient heparinised nanofibrous scaffold to support ECs lining
on the inner surface [148]. To mimic the natural environment of blood vessels, Hep was
covalently attached to the scaffold by EDC/NHS chemistry and VEGF was loaded in the
nanofibres by adsorption. The amount of heparinised nanofibres gradually increased from
the outer layer (tunica adventitia) to the inner surface (lumen) of the scaffold. Enhanced
anti-thrombogenic properties of the heparinised scaffolds were demonstrated by activated
partial thromboplastin time and platelet adhesion assays. Furthermore, the release of VEGF
was stable and sustained, with a lower burst release within the initial 12 h. EC adhesion
and proliferation were significantly improved, and the formation of a complete monolayer
was observed.

Another strategy to promote rapid endothelialisation is represented by scaffold func-
tionalisation with bioactive peptides derived from ECM components. It was demonstrated
that several peptide sequences can be bound by receptors on cell membranes and con-
sequently influence cell behaviour. The most investigated peptide sequence for scaffold
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modification is Arg-Gly-Asp (RGD) from fibronectin. However, as the RGD sequence is
recognised by receptors that are present in all cell types, it may induce not only EC adhesion
but also adverse cell adhesion and platelet aggregation. It has been reported in the literature
that ECs exhibit a higher affinity for immobilised cyclic RGD peptides compared to linear
RGD peptides [149]. Remarkably, aside from promoting EC adhesion, certain cyclic RGD
peptides have demonstrated potent and selective antagonistic effects on the platelet inte-
grin α2β3, effectively inhibiting platelet-mediated thrombus formation [150]. It is worth
noting that ECs express a diverse range of integrins, with at least 13 variants identified thus
far, depending on their developmental stage, differentiation state, and functional context.
Notably, α4 integrins, which are absent in platelets, represent an attractive target for ligands
aimed at facilitating in situ endothelialisation of vascular grafts [151]. For example, the
tetrapeptide REDV, derived from fibronectin, exhibits a specific binding affinity for the
α4β1 integrin. As the α4β1 integrin is predominantly expressed in ECs and EPCs, REDV
possesses the ability to selectively enhance the adhesion of ECs/EPCs [152,153].

In an interesting paper, published by Duan et al., a combinatorial approach was
explored, involving the successful co-immobilisation of the REDV peptide, VEGF, and
CD133 antibodies onto a blood vessel scaffold [154]. This modified surface exhibited
favourable compatibility with blood and notably increased its capacity to capture CD133+

EPCs. The co-immobilisation of REDV and VEGF significantly enhanced the proliferation
of EPCs. Furthermore, it conspicuously elevated the expression of EC marker genes in
EPCs, thereby promoting the differentiation of EPCs into ECs.

In the paper published by Rosellini et al., tubular scaffolds based on a protein/
polysaccharide blend were functionalised using two different bioactive peptides, Gly-
Arg-Gly-Asp-Ser-Pro (GRGDSP) and Arg-Glu-Asp-Val (REDV) [82]. In vitro cell culture
tests showed that the functionalisation with the REDV peptide favoured the adhesion
and growth of ECs, and therefore could be advantageous for the endothelialisation of
the internal surface of an engineered vessel, while GRGDSP promoted the adhesion of
fibroblasts, which are present in the external layer of the vessel wall. Therefore, a bi-
functionalised tubular scaffold could be developed, with REDV grafted on the luminal side
of the scaffold, to specifically promote EC adhesion, and GRGDSP immobilised on the ex-
ternal side, to promote fibroblasts and SMC adhesion. This bi-functionalised scaffold could
be able to promote the regeneration of a layered tissue, resembling the native structure of
small-calibre arteries.

Besides biochemical modifications of scaffolds for TEVGs, the geometrical configu-
ration of the surface also plays a role in the in situ endothelialisation of grafts [155]. This
is because the nanofibrous ECM found in native vessels provides numerous physical and
biological cues that regulate homeostasis, morphogenesis, and endothelial cellular func-
tions [156]. Therefore, in recent years there has been a growing interest in exploring the im-
pact of interfacial properties, including surface micro/nano topography, on cell behaviour.
For example, it was demonstrated that nano-scale fibres, replicating the dimensions of the
natural ECM, are conducive to the adhesion and proliferation of ECs [157,158]. In another
work, it was shown that EC coverage was promoted on nanometer-scale patterns, instead
of micrometre-scale patterns [159]. Not only the presence of nanostructures on scaffold
surfaces but also their orientation has an impact on cell response. In a concerted approach,
reported by Wang et al., a biomimetic intima featuring an oriented nanotopographical struc-
ture and covalently immobilised anticoagulant molecules was investigated [160]. A blend
of heparinised SF and PCL was utilised to create the oriented inner layer of the scaffold. The
obtained results demonstrated that the immobilised Hep significantly influenced platelet
adherence and activation, whereas the oriented nanotopography primarily influenced the
elongation and alignment ofECs, as well as the hemodynamics of blood flow. Notably,
the synergistic effects of the oriented structure and anticoagulation significantly promoted
rapid endothelialisation, long-term patency, and neovessel remodelling. Consequently, this
study successfully combined biochemical induction via Hep molecules with biophysical
stimulation through oriented nanotopography to develop an off-the-shelf SVDG with
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excellent early-stage antithrombotic properties and sustained patency in the long term.
In another paper, the authors focused on the biomimetic design of an acellular SVDG,
featuring a specific lamellar nanotopography on the luminal surface achieved through a
modified freeze-cast technique. Experimental findings confirmed that the nanolamellar
structure effectively impeded platelet adherence and activation, promoted the oriented
growth of ECs, and ultimately facilitated the remodelling of neovessels to sustain long-term
patency in vivo. Additionally, numerical simulations conducted under physically mimetic
conditions demonstrated that the regular lamellar nanopattern could manipulate blood
flow to decrease flow disturbance compared to random topography.

7.3. Scaffold Functionalisation for Preventing Intimal Hyperplasia

Intimal hyperplasia is a pathological condition characterised by the thickening of
the vessel wall, stemming from the excessive growth and migration of SMCs from the
medial layer into the intimal layer due to endothelial damage [161]. In a healthy blood
vessel, the endothelium regulates the underlying SMCs by inhibiting their proliferation and
promoting a quiescent, differentiated state characterised by a contractile phenotype [162].
Any unintended damage to the endothelium exposes the medial layer, leading to platelet
activation. This triggers a transition in the phenotype of SMCs from a quiescent, contractile
state to a highly proliferative one, ultimately resulting in intimal thickening. Surgical
implantation of vascular grafts typically damages the endothelium, exposing the medial
layer and thereby increasing the risk of developing intimal hyperplasia. Techniques aimed
at inducing rapid endothelialisation may not suffice to prevent the thickening of the graft
wall. The biological and mechanical properties of TEVGs serve as critical regulators of
hyperplasia development.

The strategies employed to prevent intimal hyperplasia in bioengineered vascular
grafts predominantly revolve around the incorporation of drug molecules aimed at reduc-
ing SMC proliferation and platelet adhesion. Potential drugs targeted for this purpose
include sirolimus or rapamycin [163], aspirin [164], and paclitaxel [165]. However, the burst
release of the drug, propelled by blood flow, minimises the interaction between cells and
the drug, thereby challenging the overarching concept. Moreover, antiproliferative drugs
may result in delayed endothelialisation and cellular ingrowth, leading to a reduction
in neointima formation. The delayed endothelial coverage may pose an issue regarding
early thrombogenicity.

Knowing these limitations, an alternative strategy was developed by Ding et al., who
proposed an irregular mesh made of carbon nanotubes, and loaded with resveratrol, as a
coating on the scaffold lumen [166]. The mesh aimed to slow down the drug release caused
by blood flow, thanks to a high resistance against shear stress. Resveratrol was internalised
by proinflammatory M1 macrophages and caused their conversion to the pro-healing M2
phenotype. The pro-healing M2 macrophages play a pivotal role in inhibiting chronic
inflammation, thereby preserving the contractile phenotype of VSMCs, consequently miti-
gating intimal hyperplasia. Furthermore, the release of resveratrol from the mesh coating
directly protected contractile VSMCs from transitioning to a secretory phenotype. By em-
ploying an anti-shear stress coating and macrophage-based intracellular drug delivery, the
developed tissue-engineered blood vessel demonstrated sustained efficacy against intimal
hyperplasia over the long term. Animal transplantation studies conducted on rat carotid
arteries revealed a consistently high patency rate up to day 90 post-grafting.

A different biologically inspired approach was followed by Sugiura et al., who investi-
gated the efficacy of tropoelastin seeding onto the luminal surface of the graft in preventing
neointimal hyperplasia [167]. Tropoelastin was effective in reducing the thickness of the
intimal layer, suppressing neointimal SMC proliferation.

Therapeutic strategies targeting both proliferation and inflammation have demon-
strated efficacy in preventing intimal hyperplasia in both natural and synthetic blood
vessel grafts. However, it is surprising that, despite being a fundamental factor in the
development of intimal hyperplasia, the compliance mismatch between native vessels
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and TEVGs is often overlooked, with hypo-compliant (stiffer) grafts commonly utilised.
In a recent paper, the authors aimed to address this issue by producing a vascular sub-
stitute that matches the compliance of the abdominal rat aorta through computational
optimisation [168]. One-month follow-up observations revealed consistent graft com-
pliance and an increased expression of markers associated with contractile SMCs in the
compliance-matched group.

7.4. Strategies to Control Cell and ECM Arrangement

As depicted in Section 2, blood vessels possess a structural complexity that serves to
maintain tissue balance by overseeing biological and physical attributes. Within the blood
vessel, the luminal layer (intima) comprises a monolayer of ECs aligned with the blood
flow direction, while the medial layer consists of radially aligned SMCs, and the adventitia
contains randomly oriented fibroblasts. Moreover, COL and elastin fibres in the arterial wall
are aligned at specific angles, influencing mechanical properties. Manipulating cell function
through engineering at the cell-substrate interface presents promising avenues. A recent
study demonstrated that surface properties, such as wettability, roughness, patterning, and
stiffness, regulate the functionality of vascular cells [169].

The manipulation of nanoscale-oriented geometry of the intimal layer was demon-
strated to have a regulatory effect on the hemocompatibility of grafts and to facilitate in
situ endothelialisation [140,170]. Similarly, inducing unidirectional alignment of SMCs
cultured on micro-patterned substrates has been observed to promote a transition from
a proliferative to a contractile phenotype [171], potentially mitigating the risk of intimal
hyperplasia. In another work, inspired by the radial arrangement of SMCs in native ves-
sels, tubular scaffolds incorporating circumferentially oriented nanofibres were fabricated
using electrospinning to facilitate the unidirectional alignment of SMCs via contact guid-
ance [172]. In an analogous endeavour, a dual-layered tubular graft containing microfibers
circumferentially aligned in the layer replacing the media attracted radially organised host
SMCs after implantation into rat abdominal aortas. Histological examination indicated
the absence of hyperplasia, with the regenerated neovessel demonstrating responsiveness
to vasoactive agents [173]. Overall, these findings underscore the promise of engineering
biomimetic grafts that mimic the native cellular organisation in blood vessel layers: the
circumferential alignment of medial SMCs enhances mechanical properties and prevents
hyperplasia by limiting cellular overgrowth and the nanolamellar luminal topography
targets the orchestration of an anti-thrombotic surface, thereby inhibiting platelet adhesion.

While achieving native-like orientation of vascular cells has shown promising results,
there is also significant research interest in exploring other structural aspects, as native
tissues contain cells and an ECM. As mentioned above, one trending prospect in this field
is the development of multilayered TEVGs. These systems aim to mimic the complex wall
structure of natural vessels, which consist of multiple layers of different cell types and
ECM components. By replicating this multilayered structure, researchers hope to enhance
the performance and functionality of the grafts, potentially leading to improved outcomes
in vascular tissue engineering, as described in Section 6. Moreover, the regeneration
of ECM components is closely associated with the infiltration of fibroblasts and SMCs.
Fibroblasts primarily contribute to the regeneration of COL but have a limited impact
on other ECM components such as elastin and GAGs; on the other hand, SMCs play a
crucial role in fostering the ECM [174,175]. Researchers have conducted numerous studies
investigating the impact of graft microstructure on ECM regeneration. Initially, porosity
and pore size were highlighted as critical factors influencing cell infiltration. Subsequent
investigations revealed a strong correlation between the regeneration of SMCs and high
porosity/pore size. Conversely, the structural requirements for endothelial cell adhesion
and proliferation differed significantly. Consequently, developing multi-layered scaffolds,
which can accommodate the distinct requirements of both ECs and SMCs, seems to be a
promising strategy. Additionally, previous research has demonstrated that certain growth
factors can facilitate ECM regeneration. Specifically, PDGF has been identified as capable
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of attracting SMCs and pericytes, while transforming growth factor-beta is deemed crucial
for ECM deposition. Furthermore, DKK-3 has been observed to play a role in enhancing
the maturation of SMCs [174,176].

7.5. Tailoring Immune Response

Immunoengineering represents a recent advancement within the field of tissue engi-
neering, focusing on directing the immune system towards facilitating tissue regeneration.
Recognition of the pivotal role of the host immune response in guiding the remodelling
of TEVGs emerged following notable research efforts of Roh et al., who demonstrated the
involvement of inflammation in graft maturation [177]. Subsequent investigations also
underscored the critical regulation of stenosis by the innate immune system [178]. The
degree of inflammation governs the formation of new tissue, with excessive inflammation
leading to graft stenosis. While ongoing research continues to identify key immune system
components involved in vascular graft remodelling, macrophages have emerged as pri-
mary regulators [179]. These cells, along with fibroblasts, play a crucial role in determining
biomaterial-induced fibrosis and the formation of new ECM [180]. The intricate balance
between proinflammatory M1 and various anti-inflammatory M2 macrophage subtypes
orchestrates the overall remodelling process. Macrophage plasticity offers a significant
opportunity for tissue engineers to influence their function towards promoting favourable
graft remodelling outcomes.

As recently reviewed by Zhang et al., numerous studies have highlighted the impact
of biomaterial properties on macrophage response and, consequently, on vascular tissue
regeneration [181].

Fiber size and pore size represent two physically controllable factors that significantly
influence macrophage response. Wang et al. conducted a study where they fabricated elec-
trospun PCL vascular grafts with varying fibre thickness and average pore size [182]. They
found that grafts with thicker fibres and larger average pore sizes facilitated a moderate
level of macrophage infiltration and induced a stronger M2 macrophage response. Con-
versely, substrates with thinner fibres and smaller average pore sizes limited macrophage
infiltration and predominantly elicited an M1 macrophage response. Moreover, grafts with
thick fibres and large average pore sizes exhibited superior patency in a rat abdominal
aortic model for a duration of up to 100 days. In the study, the authors also noted the pres-
ence of M1 macrophages throughout the entire observation period, while M2 macrophages
were observed as early as Day 7 post-implantation, and persisted for 100 days. In line
with these findings, Liu et al. documented that nanofibre vascular grafts prompt a more
intense inflammatory response and calcification in comparison to microfibre grafts. They
observed that macrophage infiltration and polarisation towards a pro-regenerative phe-
notype were augmented by grafts with thicker fibres and larger pore sizes, particularly
on the circumferential outer side of the graft [183]. Other studies investigated the effect
of micro/nanotopography, mechanical properties (in terms of stiffness and radial compli-
ance), and chemical composition on macrophages; however, the impact of these scaffold
properties on macrophage phenotype polarisation was not completely clarified [181].

As an alternative to the customisation of scaffold properties, the immobilisation or
encapsulation of signalling molecules on the surface or within the scaffold to achieve
sustained release is now recognised as an additional strategy to modulate the immune
response and enhance tissue regeneration. For example, acellular TEVGs functionalised
with VEGF were found to have a greater abundance of M2 macrophages [184]. Conversely,
grafts solely functionalised with Hep predominantly supported M1 macrophages and
exhibited a limited development of vascular endothelium and medial layers. In another
work, Bonito et al. designed a PCL scaffold conjugated with Hep and IL-4 which effectively
stimulated a high ratio of M2 to M1 macrophages in vitro [185]. Recently, Wei et al. devised
a method for releasing mesenchymal stem cell-derived small extracellular vesicles from
a heparinised vascular graft to bolster vascular regeneration [186]. Their observations
revealed that grafts loaded with sEVs exhibited fewer M1 macrophages and a higher
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proportion of M2 macrophages. In a separate cell culture investigation, grafts laden with
sEVs were capable of inducing macrophage polarisation towards the M2 phenotype at the
gene expression level. The prevalence of the M2 macrophage phenotype was associated
with superior vascular outcomes, such as enhanced patency rates and the regeneration of
continuous endothelium and contractile SMCs within the neotissue.

8. Biomimicry in Bioreactor Design for Tissue Maturation

Notoriously, creating a three-layer vascular substitute—containing ECs, SMCs, and
fibroblasts—is insufficient to generate a functional blood vessel. The subsequent phase,
known as maturation, is complex, crucial, and time-consuming. During maturation, cells
adapt to their 3D environment, produce an ECM, and establish cell–cell connections.
Achieving tissue-like maturation requires an in vivo-like environment, making bioreactors
crucial in vascular tissue engineering. Initially focused on endothelialising scaffold layers,
bioreactors now play a vital role in controlling cell maturation and proliferation within
constructs [9,187,188]. Bioreactors are essential tools in tissue engineering, designed to
recreate a variable degree of the natural conditions for cell growth and tissue formation.
Effective bioreactor design incorporates biomimetic principles to enhance tissue function-
ality by applying physiological conditions to stimulate cellular responses [189,190]. The
tissue maturation process comprises an initial post-production stage, after which the tissue
is generally fragile and unstable and necessitates measures to ensure cell survival and
attachment to scaffolds or substrates. Over the subsequent weeks, tissue development and
maturation occur. During this period, the bioreactor should offer dynamic conditions and
customised stimulation to optimise tissue response while progressing its functionality and
integration with host tissue. Gradually, the tissue may be exposed to challenging conditions
in the bioreactor, including mechanical stimulation. Evaluation of tissue performance and
quality remains critical throughout this phase [191,192].

In the field of blood vessel tissue engineering, bioreactors are categorised into three
types: static, dynamic, and biomimetic. Static bioreactors passively mature constructs in
standard vessels within controlled atmosphere incubators. Dynamic bioreactors consist
of vessels with inlet and outlet, perfusing ECs for endothelialisation or inducing cell
maturation through hydrodynamic stress. Biomimetic bioreactors aim to recreate in vivo
tissue environments, controlling parameters like perfusion flows, pH, temperature, oxygen,
and nutrient supply. Moreover, they aim to provide optimal conditions for cell proliferation
and viability, mimicking physiological conditions, such as shear stress, to favour the
development of vascular cell functions [9,188,193]. Researchers have utilised various
commercially available bioreactor systems to replicate physiological vascular conditions,
which implement pulsatile pumps, oscillators, culture medium reservoirs, and advanced
scaffold chambers [194,195]. Nonetheless, homemade bioreactors are prevalent in vascular
tissue engineering. Bono et al. developed a dual-mode bioreactor for construct fabrication
and in vitro stimulation. At the same time, Iris Pennings et al. created a homemade
perfused bioreactor for a bi-layered vascular graft, applying physiological shear rates
to the luminal side for EC proliferation and exposing the outer layer to static culture
conditions [196,197].

In vascular tissue engineering, the choice of a bioreactor system depends on the de-
sired maturation conditions of the vascular construct. Various maturation strategies exist,
including flow through the vessel, mechanical stimulation with a rotational bioreactor, or
burst pressure. Studies have shown the crucial role of shear stress in cell migration and
proliferation. Bioreactors can simulate shear stress through flow, pulses, or mimicking
heartbeat [9]. For instance, a study by Chen Wang et al. demonstrated significant improve-
ments in the biomechanical properties of vascular constructs under dynamic stimulation
compared to static conditions. However, current bioreactors mostly focus on obtaining
endothelialisation, leaving gaps in the maturation of other vascular layers [198,199].

Despite advancements like 3D bioprinting, newly created vascular tissues lack suf-
ficient mechanical properties and require maturation in a bioreactor. This results in the
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known paradox for which immature blood vessels need a bioreactor for functional mat-
uration, but they are too fragile to be placed in one [9]. Nonetheless, there have been
a consistent number of attempts at improving the quality of bioreactor-mediated tissue
construct maturation by addressing the current limitations of this practice. Omid et al.,
for instance, addressed the limitations of traditional decellularisation methods, which
often result in damage to ECM proteins and functional peptides, hindering the quality of
biological scaffolds for vascular tissue engineering (Figure 7). By employing a combination
of chemical and physical decellularisation methods and utilising a bioreactor for cyclic
tensile and shear stresses, the researchers sought to enhance cell migration into the scaffold
and improve the compactness of cells and scaffold, mimicking native tissue structure [101].
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Figure 7. The attempt of Omid’s group [101] the quality of bioreactor-mediated tissue construct
maturation. (A) A graphical scheme illustrating their novel decellularisation method for biolog-
ical scaffolds. Chemical and physical techniques, including hypertonic/hypotonic solutions and
trypsin/Triton X-100 treatment, were employed to remove cellular components while preserving
ECM integrity. Conducting decellularisation at 4 ◦C minimised damage, maintaining mechanical
strength, and facilitating optimal cell attachment. Biocompatibility was confirmed via MTT as-
say, with storage viability at −20 ◦C. (B) Histological images of the biological scaffold following
3-day static, 3-day dynamic, and 7-day dynamic SMC cultivation, stained with H&E and Masson’s
trichrome, reveal distinct structural changes. Dynamic culture resulted in aligned and compressed
COL filaments, facilitating cellular penetration (scale bar = 300 µm). The article is licensed under a
Creative Commons Attribution 4.0 International License.

Derhambaksh et al. sought to tackle a key obstacle in vascular tissue engineering
particularly concerning small-diameter vessels: the aberrant proliferation and migration
of VSMCs from the media layer of the artery. By converting VSMCs from a synthetic to
a contractile phenotype using electrical stimulation, the researchers aimed to prevent ab-
normal growth and migration, thus addressing a critical challenge in achieving successful
vascular grafts [200]. On another note, Kojima et al. addressed the need for biologically
compatible vascular grafts by exploring scaffoldless tissue engineering methods for fabri-
cating functional vascular mimetics. By utilising hydrostatic pressurisation under hypoxia,
the researchers aimed to promote the formation of multi-layered tunica media from human
VSMCs, offering a potential solution for producing scaffoldless human vascular grafts [201].
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9. Concluding Remarks and Future Directions

Blood vessel engineering represents a critical frontier in addressing the challenges
posed by CVDs, notably atherosclerosis. The intricate nature of healthy arteries under-
scores the complexity inherent in replicating their functionality through tissue engineering.
Although the fabrication of functional vascular substitutes is still a challenge, an incredible
amount of research activity has been carried out in this field and significant advancements
in scaffold-based methodologies offer promising avenues.

As illustrated in this review, the engineering of small-diameter blood vessels able
to recapitulate all the biological and mechanical properties of native vessels requires the
selection and combination of appropriate strategies for scaffold development. In particular,
the need has arisen to follow a biomimetic approach on multiple fronts, including the
choice of materials, the scaffold architecture, the functionalisation strategies to enrich the
scaffold with signals, and the design of a dynamic culture environment (bioreactor).

The exploration of various scaffold materials and fabrication techniques reveals a
concerted effort to mimic the native features of arteries. Natural polymers, such as COL, Gt,
fibrin, and elastin, along with decellularised tissues, provide biocompatible substrates that
closely resemble the composition of native ECM, offering superior cell response. Strategies
to optimise scaffold architecture, mimicking the multi-layer structure of native vessels,
are crucial for achieving long-term functionality and patency rates comparable to natural
vessels. In this regard, electrospinning and, more recently, 3D printing, have emerged as
the most promising techniques for this purpose, enabling precise control over scaffold
morphology and bioactive component distribution, facilitating cellular organisation and
tissue maturation.

Innovations in scaffold design extend beyond mimicking compositional and structural
features to encompass functional aspects that are crucial for clinical success. Surface modi-
fication plays a pivotal role in enhancing hemocompatibility, promoting endothelialisation,
and mitigating thrombosis risk. Functionalisation strategies can also enrich the scaffold
with biochemical and topographical signals, which are useful to prevent intimal hyperpla-
sia, guide cell and ECM organisation, and tailor the immune response. All of these aspects
are crucial to obtain fully functional vascular grafts.

Moreover, the maturation of functional vascular tissue on the biomimetic scaffolds
should be further promoted through the development of bioreactors for cell culture repli-
cating the native biomechanical environment of small-diameter blood vessels.

Looking ahead, the field of vascular tissue engineering requires further advancements
driven by ongoing research efforts and technological innovations. Currently, no biomimetic
multi-layer vascular graft has reached clinical application. As outlined in this review, a
multi-faceted biomimetic approach in scaffold design seems to be the right path towards
clinical translation. At the same time, addressing challenges such as batch-to-batch vari-
ability, and the need to find a balance between scaffold complexity and scalability, will
be paramount for translating experimental findings into clinically viable solutions. Ulti-
mately, the convergence of interdisciplinary expertise and collaborative endeavours will be
instrumental in realising the full potential of scaffold-based approaches for vascular repair
and regeneration.
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145. Mrówczyński, W.; Rungatscher, A.; Buchegger, F.; Tille, J.-C.; Namy, S.; Ratib, O.; Kutryk, M.; Walpoth, B.H. Experimental
cardiovascular and lung research Biological Effects of Anti-CD34-Coated EPTFE Vascular Grafts. Early in Vivo Experimental
Results. Pol. J. Cardio-Thorac. Surg. 2014, 2, 182–190. [CrossRef] [PubMed]

146. Rotmans, J.I.; Heyligers, J.M.M.; Verhagen, H.J.M.; Velema, E.; Nagtegaal, M.M.; de Kleijn, D.P.V.; de Groot, F.G.; Stroes, E.S.G.;
Pasterkamp, G. In Vivo Cell Seeding with Anti-CD34 Antibodies Successfully Accelerates Endothelialization but Stimulates
Intimal Hyperplasia in Porcine Arteriovenous Expanded Polytetrafluoroethylene Grafts. Circulation 2005, 112, 12–18. [CrossRef]
[PubMed]

147. Hu, Y.T.; Pan, X.D.; Zheng, J.; Ma, W.G.; Sun, L.Z. In Vitro and in Vivo Evaluation of a Small-Caliber Coaxial Electrospun Vascular
Graft Loaded with Heparin and VEGF. Int. J. Surg. 2017, 44, 244–249. [CrossRef]

148. Du, F.; Wang, H.; Zhao, W.; Li, D.; Kong, D.; Yang, J.; Zhang, Y. Gradient Nanofibrous Chitosan/Poly E-Caprolactone Scaffolds as
Extracellular Microenvironments for Vascular Tissue Engineering. Biomaterials 2012, 33, 762–770. [CrossRef] [PubMed]

149. Xiao, Y.; Truskey, G.A. Effect of Receptor-Ligand Affinity on the Strength of Endothelial Cell Adhesion. Biophys. J. 1996, 71,
2869–2884. [CrossRef]

150. Cheng, S.; Craig, W.S.; Mullen, D.; Tschopp, J.F.; Dixon, D.; Pierschbacher, M.D. Design and Synthesis of Novel Cyclic RGD-
Containing Peptides as Highly Potent and Selective Integrin.Alpha.IIb.Beta.3 Antagonists. J. Med. Chem. 1994, 37, 1–8. [CrossRef]

151. Rodenberg, E.J.; Pavalko, F.M. Peptides Derived from Fibronectin Type III Connecting Segments Promote Endothelial Cell
Adhesion but Not Platelet Adhesion: Implications in Tissue-Engineered Vascular Grafts. Tissue Eng. 2007, 13, 2653–2666.
[CrossRef] [PubMed]

152. Devalliere, J.; Chen, Y.; Dooley, K.; Yarmush, M.L.; Uygun, B.E. Improving Functional Re-Endothelialization of Acellular Liver
Scaffold Using REDV Cell-Binding Domain. Acta Biomater. 2018, 78, 151–164. [CrossRef]

153. Wei, Y.; Ji, Y.; Xiao, L.; Lin, Q.; Ji, J. Different Complex Surfaces of Polyethyleneglycol (PEG) and REDV Ligand to Enhance the
Endothelial Cells Selectivity over Smooth Muscle Cells. Colloids Surf. B Biointerfaces 2011, 84, 369–378. [CrossRef] [PubMed]

154. Duan, Y.; Yu, S.; Xu, P.; Wang, X.; Feng, X.; Mao, Z.; Gao, C. Co-Immobilization of CD133 Antibodies, Vascular Endothelial
Growth Factors, and REDV Peptide Promotes Capture, Proliferation, and Differentiation of Endothelial Progenitor Cells. Acta
Biomater. 2019, 96, 137–148. [CrossRef] [PubMed]

155. Melchiorri, A.J.; Bracaglia, L.G.; Kimerer, L.K.; Hibino, N.; Fisher, J.P. In Vitro Endothelialization of Biodegradable Vascular Grafts
via Endothelial Progenitor Cell Seeding and Maturation in a Tubular Perfusion System Bioreactor. Tissue Eng. Part C Methods
2016, 22, 663–670. [CrossRef] [PubMed]

156. Aird, W.C. Phenotypic Heterogeneity of the Endothelium. Circ. Res. 2007, 100, 158–173. [CrossRef] [PubMed]
157. Xu, C.; Inai, R.; Kotaki, M.; Ramakrishna, S. Electrospun Nanofiber Fabrication as Synthetic Extracellular Matrix and Its Potential

for Vascular Tissue Engineering. Tissue Eng. 2004, 10, 1160–1168. [CrossRef] [PubMed]

100



Biomimetics 2024, 9, 377

158. Mo, X.M.; Xu, C.Y.; Kotaki, M.; Ramakrishna, S. Electrospun P(LLA-CL) Nanofiber: A Biomimetic Extracellular Matrix for Smooth
Muscle Cell and Endothelial Cell Proliferation. Biomaterials 2004, 25, 1883–1890. [CrossRef] [PubMed]

159. Lu, J.; Rao, M.P.; MacDonald, N.C.; Khang, D.; Webster, T.J. Improved Endothelial Cell Adhesion and Proliferation on Patterned
Titanium Surfaces with Rationally Designed, Micrometer to Nanometer Features. Acta Biomater. 2008, 4, 192–201. [CrossRef]
[PubMed]

160. Wang, Z.; Liu, C.; Zhu, D.; Gu, X.; Xu, Y.; Qin, Q.; Dong, N.; Zhang, S.; Wang, J. Untangling the Co-Effects of Oriented
Nanotopography and Sustained Anticoagulation in a Biomimetic Intima on Neovessel Remodeling. Biomaterials 2020, 231, 119654.
[CrossRef] [PubMed]

161. Jeong, Y.; Yao, Y.; Yim, E.K.F. Current Understanding of Intimal Hyperplasia and Effect of Compliance in Synthetic Small Diameter
Vascular Grafts. Biomater. Sci. 2020, 8, 4383–4395. [CrossRef] [PubMed]

162. Castellot, J.; Addonizio, M.; Rosenberg, R.; Karnovsky, M. Cultured Endothelial Cells Produce Heparinlike Inhibitor of Smooth
Muscle Cell Growth. J. Cell Biol. 1981, 90, 372–379. [CrossRef] [PubMed]

163. Baek, I.; Bai, C.Z.; Hwang, J.; Park, J.; Park, J.-S.; Kim, D.J. Suppression of Neointimal Hyperplasia by Sirolimus-Eluting Expanded
Polytetrafluoroethylene (EPTFE) Haemodialysis Grafts in Comparison with Paclitaxel-Coated Grafts. Nephrol. Dial. Transplant.
2012, 27, 1997–2004. [CrossRef] [PubMed]

164. Tara, S.; Kurobe, H.; de Dios Ruiz Rosado, J.; Best, C.A.; Shoji, T.; Mahler, N.; Yi, T.; Lee, Y.-U.; Sugiura, T.; Hibino, N.; et al.
Cilostazol, Not Aspirin, Prevents Stenosis of Bioresorbable Vascular Grafts in a Venous Model. Arterioscler. Thromb. Vasc. Biol.
2015, 35, 2003–2010. [CrossRef] [PubMed]

165. Innocente, F.; Mandracchia, D.; Pektok, E.; Nottelet, B.; Tille, J.-C.; de Valence, S.; Faggian, G.; Mazzucco, A.; Kalangos, A.; Gurny,
R.; et al. Paclitaxel-Eluting Biodegradable Synthetic Vascular Prostheses. Circulation 2009, 120, S37–S45. [CrossRef] [PubMed]

166. Ding, N.; Dou, C.; Wang, Y.; Liu, F.; Guan, G.; Huo, D.; Li, Y.; Yang, J.; Wei, K.; Yang, M.; et al. Antishear Stress Bionic Carbon
Nanotube Mesh Coating with Intracellular Controlled Drug Delivery Constructing Small-Diameter Tissue–Engineered Vascular
Grafts. Adv. Healthc. Mater. 2018, 7, 1800026. [CrossRef]

167. Sugiura, T.; Agarwal, R.; Tara, S.; Yi, T.; Lee, Y.-U.; Breuer, C.K.; Weiss, A.S.; Shinoka, T. Tropoelastin Inhibits Intimal Hyperplasia
of Mouse Bioresorbable Arterial Vascular Grafts. Acta Biomater. 2017, 52, 74–80. [CrossRef]

168. Furdella, K.J.; Higuchi, S.; Behrangzade, A.; Kim, K.; Wagner, W.R.; Vande Geest, J.P. In-Vivo Assessment of a Tissue Engineered
Vascular Graft Computationally Optimized for Target Vessel Compliance. Acta Biomater. 2021, 123, 298–311. [CrossRef] [PubMed]

169. Gupta, P.; Moses, J.C.; Mandal, B.B. Surface Patterning and Innate Physicochemical Attributes of Silk Films Concomitantly Govern
Vascular Cell Dynamics. ACS Biomater. Sci. Eng. 2019, 5, 933–949. [CrossRef]

170. Nakayama, K.H.; Surya, V.N.; Gole, M.; Walker, T.W.; Yang, W.; Lai, E.S.; Ostrowski, M.A.; Fuller, G.G.; Dunn, A.R.; Huang,
N.F. Nanoscale Patterning of Extracellular Matrix Alters Endothelial Function under Shear Stress. Nano Lett. 2016, 16, 410–419.
[CrossRef] [PubMed]

171. Cao, Y.; Poon, Y.F.; Feng, J.; Rayatpisheh, S.; Chan, V.; Chan-Park, M.B. Regulating Orientation and Phenotype of Primary Vascular
Smooth Muscle Cells by Biodegradable Films Patterned with Arrays of Microchannels and Discontinuous Microwalls. Biomaterials
2010, 31, 6228–6238. [CrossRef]

172. Wang, Y.; Shi, H.; Qiao, J.; Tian, Y.; Wu, M.; Zhang, W.; Lin, Y.; Niu, Z.; Huang, Y. Electrospun Tubular Scaffold with Circum-
ferentially Aligned Nanofibers for Regulating Smooth Muscle Cell Growth. ACS Appl. Mater. Interfaces 2014, 6, 2958–2962.
[CrossRef]

173. Zhu, M.; Wang, Z.; Zhang, J.; Wang, L.; Yang, X.; Chen, J.; Fan, G.; Ji, S.; Xing, C.; Wang, K.; et al. Circumferentially Aligned Fibers
Guided Functional Neoartery Regeneration in Vivo. Biomaterials 2015, 61, 85–94. [CrossRef] [PubMed]

174. Moosmang, S. Dominant Role of Smooth Muscle L-Type Calcium Channel Cav1.2 for Blood Pressure Regulation. EMBO J. 2003,
22, 6027–6034. [CrossRef]

175. Sartore, S.; Chiavegato, A.; Faggin, E.; Franch, R.; Puato, M.; Ausoni, S.; Pauletto, P. Contribution of Adventitial Fibroblasts to
Neointima Formation and Vascular Remodeling. Circ. Res. 2001, 89, 1111–1121. [CrossRef] [PubMed]

176. Issa Bhaloo, S.; Wu, Y.; Le Bras, A.; Yu, B.; Gu, W.; Xie, Y.; Deng, J.; Wang, Z.; Zhang, Z.; Kong, D.; et al. Binding of Dickkopf-3
to CXCR7 Enhances Vascular Progenitor Cell Migration and Degradable Graft Regeneration. Circ. Res. 2018, 123, 451–466.
[CrossRef] [PubMed]

177. Roh, J.D.; Sawh-Martinez, R.; Brennan, M.P.; Jay, S.M.; Devine, L.; Rao, D.A.; Yi, T.; Mirensky, T.L.; Nalbandian, A.; Udelsman, B.;
et al. Tissue-Engineered Vascular Grafts Transform into Mature Blood Vessels via an Inflammation-Mediated Process of Vascular
Remodeling. Proc. Natl. Acad. Sci. USA 2010, 107, 4669–4674. [CrossRef] [PubMed]

178. Hibino, N.; Mejias, D.; Pietris, N.; Dean, E.; Yi, T.; Best, C.; Shinoka, T.; Breuer, C. The Innate Immune System Contributes to
Tissue-engineered Vascular Graft Performance. FASEB J. 2015, 29, 2431–2438. [CrossRef] [PubMed]

179. Graney, P.L.; Ben-Shaul, S.; Landau, S.; Bajpai, A.; Singh, B.; Eager, J.; Cohen, A.; Levenberg, S.; Spiller, K.L. Macrophages of
Diverse Phenotypes Drive Vascularization of Engineered Tissues. Sci. Adv. 2020, 6, eaay6391. [CrossRef] [PubMed]

180. Witherel, C.E.; Abebayehu, D.; Barker, T.H.; Spiller, K.L. Macrophage and Fibroblast Interactions in Biomaterial-Mediated Fibrosis.
Adv. Healthc. Mater. 2019, 8, 1801451. [CrossRef]

181. Zhang, F.; King, M.W. Immunomodulation Strategies for the Successful Regeneration of a Tissue-Engineered Vascular Graft. Adv.
Healthc. Mater. 2022, 11, 2200045. [CrossRef] [PubMed]

101



Biomimetics 2024, 9, 377

182. Wang, Z.; Cui, Y.; Wang, J.; Yang, X.; Wu, Y.; Wang, K.; Gao, X.; Li, D.; Li, Y.; Zheng, X.-L.; et al. The Effect of Thick Fibers
and Large Pores of Electrospun Poly(ε-Caprolactone) Vascular Grafts on Macrophage Polarization and Arterial Regeneration.
Biomaterials 2014, 35, 5700–5710. [CrossRef] [PubMed]

183. Liu, J.; Qin, Y.; Wu, Y.; Sun, Z.; Li, B.; Jing, H.; Zhang, C.; Li, C.; Leng, X.; Wang, Z.; et al. The Surrounding Tissue Contributes
to Smooth Muscle Cells’ Regeneration and Vascularization of Small Diameter Vascular Grafts. Biomater. Sci. 2019, 7, 914–925.
[CrossRef] [PubMed]

184. Smith, R.J.; Yi, T.; Nasiri, B.; Breuer, C.K.; Andreadis, S.T. Implantation of VEGF-functionalized Cell-free Vascular Grafts:
Regenerative and Immunological Response. FASEB J. 2019, 33, 5089–5100. [CrossRef] [PubMed]

185. Bonito, V.; Smits, A.I.P.M.; Goor, O.J.G.M.; Ippel, B.D.; Driessen-Mol, A.; Münker, T.J.A.G.; Bosman, A.W.; Mes, T.; Dankers, P.Y.W.;
Bouten, C.V.C. Modulation of Macrophage Phenotype and Protein Secretion via Heparin-IL-4 Functionalized Supramolecular
Elastomers. Acta Biomater. 2018, 71, 247–260. [CrossRef] [PubMed]

186. Wei, Y.; Wu, Y.; Zhao, R.; Zhang, K.; Midgley, A.C.; Kong, D.; Li, Z.; Zhao, Q. MSC-Derived SEVs Enhance Patency and Inhibit
Calcification of Synthetic Vascular Grafts by Immunomodulation in a Rat Model of Hyperlipidemia. Biomaterials 2019, 204, 13–24.
[CrossRef]

187. Kobayashi, N.; Yasu, T.; Ueba, H.; Sata, M.; Hashimoto, S.; Kuroki, M.; Saito, M.; Kawakami, M. Mechanical Stress Promotes the
Expression of Smooth Muscle-like Properties in Marrow Stromal Cells. Exp. Hematol. 2004, 32, 1238–1245. [CrossRef] [PubMed]

188. Çelebi-Saltik, B.; Öteyaka, M.Ö.; Gökçinar-Yagci, B. Stem Cell-Based Small-Diameter Vascular Grafts in Dynamic Culture. Connect.
Tissue Res. 2021, 62, 151–163. [CrossRef]

189. Moheb Afzali, A.; Kheradmand, M.A.; Naghib, S.M. Bioreactor Design-Assisted Bioprinting of Stimuli-Responsive Materials for
Tissue Engineering and Drug Delivery Applications. Bioprinting 2024, 37, e00325. [CrossRef]

190. Lim, D.; Renteria, E.S.; Sime, D.S.; Ju, Y.M.; Kim, J.H.; Criswell, T.; Shupe, T.D.; Atala, A.; Marini, F.C.; Gurcan, M.N.; et al.
Bioreactor Design and Validation for Manufacturing Strategies in Tissue Engineering. Biodes. Manuf. 2022, 5, 43–63. [CrossRef]
[PubMed]

191. Chen, H.-C.; Hu, Y.-C. Bioreactors for Tissue Engineering. Biotechnol. Lett. 2006, 28, 1415–1423. [CrossRef] [PubMed]
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Abstract: Cilia are slender, hair-like cell protrusions that are present ubiquitously in the natural
world. They perform essential functions, such as generating fluid flow, propulsion, and feeding,
in organisms ranging from protozoa to the human body. The coordinated beating of cilia, which
results in wavelike motions known as metachrony, has fascinated researchers for decades for its
role in functions such as flow generation and mucus transport. Inspired by nature, researchers have
explored diverse materials for the fabrication of artificial cilia and developed several methods to
mimic the metachronal motion observed in their biological counterparts. In this review, we will
introduce the different types of metachronal motion generated by both biological and artificial cilia,
the latter including pneumatically, photonically, electrically, and magnetically driven artificial cilia.
Furthermore, we review the possible applications of metachronal motion by artificial cilia, focusing
on flow generation, transport of mucus, particles, and droplets, and microrobotic locomotion. The
overall aim of this review is to offer a comprehensive overview of the metachronal motions exhibited
by diverse artificial cilia and the corresponding practical implementations. Additionally, we identify
the potential future directions within this field. These insights present an exciting opportunity for
further advancements in this domain.

Keywords: metachronal motion; cilia; flow generation; transportation; microrobot

1. Introduction

Cilia are slender, hair-like microstructures projecting from cells that are present in
numerous organisms ranging from unicellular entities to the human body; their typical
length ranges from 1 to 30 µm [1–3]. The individual cilium exhibits asymmetric beating
at low Reynolds numbers, with viscous forces dominating inertial forces due to the small
scale of the biological cilia. A single beating cycle of the cilium comprises two phases,
namely the effective stroke and the recovery stroke [4–8]. During the effective stroke, the
cilium undergoes linear, rod-like movement, whereas in the recovery stroke, it takes a more
curved shape, moving often closer to the surface [9–11]. A phenomenon often observed in
biological cilia is their collective wavelike motion, with adjacent cilia displaying a slight
phase lag, which is known as metachronal motion. This coordinated asynchrony can
result in various types of wave-like patterns of cilia movement. There are four types of
metachronal motion, which can be distinguished by the direction of the wave propagation in
relation to the beating motion of individual cilia (see Figure 1). For symplectic metachronal
motion, the wave propagation direction is the same as that of the effective stroke; antiplectic
metachronal motion is characterized by the wave propagation direction being opposite
to the direction of the effective stroke; in dexioplectic metachronal motion, the wave
propagates perpendicularly to the effective stroke and the beat is to the right of the wave;
finally, laeoplectic metachronal motion involves wave propagation perpendicular to the
effective stroke and the beat is to the left of the wave [4,5,8]. In nature, symplectic and
antiplectic metachrony are predominant.
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Figure 1. Schematics of the four types of metachronal motion exhibited by biological cilia. Each 
diagram represents a row of cilia. The red arrows indicate the direction of the metachronal wave, 
the green arrows represent the directions of the effective stroke, and the black arrows represent the 
recovery stroke. (a) Symplectic metachronal motion; (b) antiplectic metachronal motion; (c) dexio-
plectic metachronal motion; and (d) laeoplectic metachronal motion. 

Research has indicated that the metachronal motion of the cilia plays an important 
role in many biological processes, such as mucociliary clearance [1,9,12–15], fluid 
transport [16–18], and sensory functions [3,19]. The malfunction of the cilia is associated 
with serious diseases such as cystic fibrosis (CF), primary ciliary dyskinesia (PCD), and 
chronic obstructive pulmonary disease (COPD) [1]. One of the most common instances of 
metachronal coordination is observed in the cilia found within the respiratory system of 
mammals, where the metachronal coordination facilitates the clearance of mucus and the 
removal of pathogens from the airways [20]. The disorder of the metachronal motion will 
result in the accumulation of mucus and bacteria in the airways and lead to infections. 
Furthermore, the metachronal motion of the cilia facilitates the transport of ovum and 
sperm within the female oviduct [9]. In the case of Paramecium, the metachronal motion of 
the cilia covering its outer surface can propel this microorganism at speeds equivalent to 
10 times its own body length per second [17]. Also, numerical studies have shown that the 
metachronal motion of artificial cilia can enhance flow generation in lab-on-chip devices 
compared to synchronous cilia motion [17,21]. Inspired by the prominence of metachronal 
motion in various biological processes, researchers have endeavored to develop artificial 
cilia that can exhibit metachronal motion. 

Research on the metachronal motion of artificial cilia started over a decade ago and 
is currently undergoing rapid development. Several research groups have developed dif-
ferent methods to fabricate artificial cilia while realizing metachronal motion through var-
ious approaches based on the properties of the artificial cilia patch/array. Artificial cilia, 
as micro-actuators, can be actuated in many ways, including but not limited to electric 
fields [22–25], pneumatic pumps [21,26,27], light [28–30], and magnetic fields [31–35]. In 
these systems, the prime goal is mostly to achieve asymmetric motion of the individual 
artificial cilia, and the metachronal motion must be realized by controlling the phase dif-
ference in motion of neighboring cilia. By mimicking the metachronal motion of biological 
cilia, researchers have been exploring the capabilities of the developed artificial cilia and 
the added value of metachronal motion in applications such as generating flow in micro-
fluidic chips, transportation of particles, droplets, and mucus, as well as walking robots 
[3,19,35–38]. 

The current state of the topic of metachronal cilia motion presents an exciting stage 
of development, prompting a comprehensive review of its status and future potential, 
which is the aim of this paper. We collected all the relevant studies by searching the liter-
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Figure 1. Schematics of the four types of metachronal motion exhibited by biological cilia. Each
diagram represents a row of cilia. The red arrows indicate the direction of the metachronal wave, the
green arrows represent the directions of the effective stroke, and the black arrows represent the recov-
ery stroke. (a) Symplectic metachronal motion; (b) antiplectic metachronal motion; (c) dexioplectic
metachronal motion; and (d) laeoplectic metachronal motion.

Research has indicated that the metachronal motion of the cilia plays an impor-
tant role in many biological processes, such as mucociliary clearance [1,9,12–15], fluid
transport [16–18], and sensory functions [3,19]. The malfunction of the cilia is associated
with serious diseases such as cystic fibrosis (CF), primary ciliary dyskinesia (PCD), and
chronic obstructive pulmonary disease (COPD) [1]. One of the most common instances
of metachronal coordination is observed in the cilia found within the respiratory system
of mammals, where the metachronal coordination facilitates the clearance of mucus and
the removal of pathogens from the airways [20]. The disorder of the metachronal motion
will result in the accumulation of mucus and bacteria in the airways and lead to infections.
Furthermore, the metachronal motion of the cilia facilitates the transport of ovum and
sperm within the female oviduct [9]. In the case of Paramecium, the metachronal motion of
the cilia covering its outer surface can propel this microorganism at speeds equivalent to
10 times its own body length per second [17]. Also, numerical studies have shown that the
metachronal motion of artificial cilia can enhance flow generation in lab-on-chip devices
compared to synchronous cilia motion [17,21]. Inspired by the prominence of metachronal
motion in various biological processes, researchers have endeavored to develop artificial
cilia that can exhibit metachronal motion.

Research on the metachronal motion of artificial cilia started over a decade ago and
is currently undergoing rapid development. Several research groups have developed
different methods to fabricate artificial cilia while realizing metachronal motion through
various approaches based on the properties of the artificial cilia patch/array. Artificial cilia,
as micro-actuators, can be actuated in many ways, including but not limited to electric
fields [22–25], pneumatic pumps [21,26,27], light [28–30], and magnetic fields [31–35]. In
these systems, the prime goal is mostly to achieve asymmetric motion of the individual arti-
ficial cilia, and the metachronal motion must be realized by controlling the phase difference
in motion of neighboring cilia. By mimicking the metachronal motion of biological cilia, re-
searchers have been exploring the capabilities of the developed artificial cilia and the added
value of metachronal motion in applications such as generating flow in microfluidic chips,
transportation of particles, droplets, and mucus, as well as walking robots [3,19,35–38].

The current state of the topic of metachronal cilia motion presents an exciting stage of
development, prompting a comprehensive review of its status and future potential, which is
the aim of this paper. We collected all the relevant studies by searching the literature for the
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keywords “metachronal motion” and “cilia”. Different from existing reviews about cilia, in
this review, we focus specifically on the metachronal motion of cilia and its corresponding
applications. We start with a brief overview of natural cilia and the metachronal motion
shown by them. Then we describe how artificial cilia can mimic biological metachronal
motion by reviewing the proposed methods to fabricate and actuate the artificial cilia to
achieve metachronal motion for different actuation principles. Subsequently, we review
the main applications of metachronal cilia motion that have been studied, including flow
generation, particle/droplet transportation, and microrobot locomotion. We conclude
the review with a general summary and a forward-looking perspective on the future
development of the metachronal motion of artificial cilia.

2. Metachronal Motion of Biological Cilia

In this section, we present a comprehensive review of the metachronal motion exhib-
ited by natural biological cilia.

Biological cilia were first observed in 1675 by Antonie van Leeuwenhoek, marking
the discovery of these hair-like structures protruding from the surface of cells [39]. In
the centuries after this, researchers extensively studied the structure, movement, and
functions of the biological cilia in detail. Biological cilia, quite ubiquitous in nature, can be
found in many different organisms, tissues, and small creatures. For instance, protozoa,
zebrafish, rats, and almost all the tissues of the human body have cilia [11,40–42]. Cilia
dimensions exhibit considerable variability, ranging from a few micrometers in length
to several tens of micrometers, but typically within the range of 1 to 30 µm [3]. Notably,
certain cilia, for instance, the flagellum of sperm cells, attain lengths extending into the
tens of micrometers [40]. Furthermore, it has been observed that the structures of cilia are
different depending on their location, leading to distinct functions. Cilia are responsible for
a wide range of physiological functions, including motility, sensing, and signaling [1,43–45].
A cilium is composed of two fundamental components: a basal body connecting it to
the cell, and an axoneme forming the hairlike protrusion. There are two main categories:
motile cilia, with an axoneme characterized by a 9 + 2 microtubular configuration featuring
nine peripheral doublet microtubules enveloping two central singlet microtubules, and
non-motile or primary cilia, defined by a 9 + 0 microtubular arrangement of the axoneme
that lacks the central pair of microtubules [40,41,46,47].

A noteworthy observation in the domain of biological cilia is the prevalence of
metachronal motion, a phenomenon of coordinated wavelike movement of arrays of cilia.
As explained earlier, there are four basic types of metachronal motion in nature, as illus-
trated in Figure 1. Morphologically, in symplectic metachrony shown in Figure 1a, the cilia
performing the effective stroke are spaced more closely together than the ones performing
the recovery stroke, while this is the other way around for antiplectic metachromism in
Figure 1b. In dexioplectic and laeoplectic metachronism, shown in Figure 1c,d, respectively,
the individual cilia have more freedom of movement than in symplectic and antiplectic
metachronism [5,8].

Symplectic metachronal motion has been observed in Opalina, a multinucleate proto-
zoon inhabiting the rectal environment of frogs [5,11]. While Opalina is not classified as
a true ciliate, it possesses numerous ciliary organelles, often referred to as flagella. This
organism exhibits a distinctive morphology, taking the form of a slender, flat disk with
average dimensions of approximately 200–300 µm in length, 200 µm in width, and a mere
20 µm in thickness [5]. The ciliary organelles are arranged in parallel rows, separated by
approximately 3 µm, and the individual cilia within these rows are spaced at intervals
of about 0.33 µm. Typically, these cilia measure 10–15 µm in length, although they may
extend further towards the posterior end of the organism [5]. Figure 2a(i) illustrates that
these rows generate metachronal waves; the individual cilia show a beat pattern that can
be represented approximately by Figure 2a(ii), especially when disregarding minor lateral
movements in their three-dimensional beats. The cilia lie close together throughout their
beat, resulting in a continuous wave outline, as shown in Figure 2a(iii) [5].
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permission from John Wiley and Sons. (b) (i) Diagram showing the arrangement of combe-plates of 
Pleurobrachia, as well as the metachronal wave direction and the propulsion direction; (ii) the beat 
cycle of Pleurobrachia, with the effective stroke to the right; the wave propagation direction is 
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and the direction of propulsion. Reproduced from ref. [5] with permission from Wiley. (d) Meta-
chronism and locomotion of Paramecium for different viscosities of the medium; (i) normal condi-
tions, in medium with a viscosity of 1 cP, showing dexioplectic metachrony; (ii) in medium with a 
viscosity of 2,6 cP; (iii) in medium with a viscosity of 5.6 cP; (iv) in medium with a viscosity of 40 
cP, forward swimming; (v) in medium with a viscosity of 40 cP, backward swimming; (vi) in me-
dium with a viscosity of 135 cP, symplectic metachrony. Reproduced from ref. [4] with permission 
from The Company of Biologists. (e) (i) Larva of Bugula, viewed apically; (ii) Cyphonautes larva of 
bryozoan, viewed apically. The metachronal wave is indicated by the arrows; the effective stroke of 
the individual cilia is pointing into the plane of view; hence, the metachrony is laeoplectic. Repro-
duced from ref. [5] with permission from John Wiley and Sons. 
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robrachia, which possesses eight rows of comb plates, as schematically represented in Fig-
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µm. These plates are aligned in parallel planes and are arranged at intervals ranging from 
300 to 400 µm within their respective rows [5]. Each comb plate comprises approximately 
105 cilia, which are interconnected within rows through lamellar connections, providing 
a degree of cohesion [5]. The whole comb plate functions as a unified entity, and it exhibits 
a beat pattern when viewed in profile, as illustrated in Figure 2b(ii) [5]. The metachronal 
coordination is normally antiplectic, as indicated in Figure 2b(i) [5]. 

Figure 2. Schematics of examples for the four different types of metachronal motion found in nature.
(a) (i) Metachronal wave patterns of rows of cilia on the protozoon Opalina, exhibiting symplectic
metachrony; (ii) the beating of an individual cilium on Opalina, with the effective stroke to the right;
(iii) the envelope over the metachronal wave of Opalina, where the arrow indicates the direction of
the metachronal wave, coinciding with the effective stroke direction. Reproduced from ref. [5] with
permission from John Wiley and Sons. (b) (i) Diagram showing the arrangement of combe-plates of
Pleurobrachia, as well as the metachronal wave direction and the propulsion direction; (ii) the beat
cycle of Pleurobrachia, with the effective stroke to the right; the wave propagation direction is against
this, i.e., the metachrony is antiplectic. Reproduced from ref. [5] with permission from John Wiley
and Sons. (c) Features of Paramecium. (i) Schematic of the cilia beating shape during one cycle, with
the effective stroke to the right; (ii) schematic of the metachronal wave, which is dexioplextic, and the
direction of propulsion. Reproduced from ref. [5] with permission from Wiley. (d) Metachronism and
locomotion of Paramecium for different viscosities of the medium; (i) normal conditions, in medium
with a viscosity of 1 cP, showing dexioplectic metachrony; (ii) in medium with a viscosity of 2.6 cP;
(iii) in medium with a viscosity of 5.6 cP; (iv) in medium with a viscosity of 40 cP, forward swimming;
(v) in medium with a viscosity of 40 cP, backward swimming; (vi) in medium with a viscosity of
135 cP, symplectic metachrony. Reproduced from ref. [4] with permission from The Company of
Biologists. (e) (i) Larva of Bugula, viewed apically; (ii) Cyphonautes larva of bryozoan, viewed
apically. The metachronal wave is indicated by the arrows; the effective stroke of the individual cilia
is pointing into the plane of view; hence, the metachrony is laeoplectic. Reproduced from ref. [5] with
permission from John Wiley and Sons.

The antiplectic metachronal motion has been observed in the marine organism Pleu-
robrachia, which possesses eight rows of comb plates, as schematically represented in
Figure 2b(i) [5]. A typical comb plate is 800 µm long and has a base measuring 30 µm by
600 µm. These plates are aligned in parallel planes and are arranged at intervals ranging
from 300 to 400 µm within their respective rows [5]. Each comb plate comprises approx-
imately 105 cilia, which are interconnected within rows through lamellar connections,
providing a degree of cohesion [5]. The whole comb plate functions as a unified entity,
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and it exhibits a beat pattern when viewed in profile, as illustrated in Figure 2b(ii) [5]. The
metachronal coordination is normally antiplectic, as indicated in Figure 2b(i) [5].

Dexioplectic metachronal motion has been found in the Paramecium, and the movement
of this microorganism has been studied in detail [5]. Paramecium measures between 200 and
300 µm in length, possesses cilia approximately 10–12 µm in length, and is organized in
longitudinal rows [5]. These rows are separated at a distance of approximately 1.5 µm, while
the individual cilia within these rows are spaced approximately 2.5 µm apart [5]. During
a complete beating cycle, each individual cilium undergoes a three-dimensional motion,
as illustrated in Figure 2c(i) [5]. In positions one to three, the effective stroke, the cilium is
more or less straight and undergoes a more rapid and nearly planar phase of movement; in
positions four to seven, the recovery stroke, the cilium enters a slower phase in which it
has a curved shape and performs a backward motion during which it bends away from the
plane of observation [5]. From Figure 2c(ii), it can be seen that the orientation of the effective
stroke is towards the right of, and perpendicular to, the direction of propagation of the
metachronal wave, so that the metachronism is truly dexioplectic, although the organism
as a whole exhibits an antiplectic metachronal pattern at first sight [5]. Interestingly, it was
found that the metachronism of the Paramecium can be impacted by the viscosity of the
surrounding fluid, as shown in Figure 2d [4]. As illustrated in Figure 2d(i), the Paramecium
exhibits dexioplectic metachrony, a behavior consistent with its typical swimming pattern
under normal conditions, characterized by a viscosity of 1 cP. Figure 2d(ii–vi) depict the
behavior of Paramecium under varying viscosity conditions: 2.6 cP, 5.6 cP, 40 cP, 40 cP,
and 135 cP, respectively [4]. It can be seen that there is a clockwise rotation of the power
stroke and a transition from dexioplectic metachronism to symplectic metachronism as
viscosity increases.

Laeoplectic metachronal motion has been identified in various organisms, including
Chaetopterus, Mollusca, Bryozoa, and Ploima. Two examples are illustrated in Figure 2e [8].
Figure 2e(i) shows the larva of Bugula, while Figure 2e(ii) depicts the cyphonautes larva of a
bryozoan [8]. Both figures show the apical view. The cilia are indicated at the circumference,
and the arrows indicate the wave motion; the effective stroke of the cilia is directed into the
plane of observation.

In conclusion, metachronal cilia motion is a prevalent phenomenon in nature, playing
an important role in various organisms. In Paramecium, metachronal motion contributes
significantly to locomotion, enabling efficient propulsion for swift swimming [11,48]. In
mammalian respiratory systems, metachronal motion helps in expelling mucus and clear-
ing debris and pathogens, thereby maintaining respiratory health [2,49]. Additionally,
metachronal motion within the reproductive system assists in the transport of the ovum
from the fallopian tube to the uterus [50,51]. Overall, metachronal ciliary motion is a
remarkable and versatile biological phenomenon that contributes to various important
functions in organisms across different ecosystems and life forms. Its coordinated and
rhythmic nature is essential for the survival and ecological interactions of many species in
the natural world.

3. Metachronal Motion of Artificial Cilia

In this section, we will provide an overview of the current state of the art of metachronal
motion of artificial cilia based on the existing literature.

Inspired by nature, researchers have tried to mimic the metachronal motion of bio-
logical cilia by using artificial cilia, with the intention of applying this technology across
diverse scientific domains, for instance, by integrating it into microfluidic chips and other
specialized platforms. To date, researchers have developed various fabrication techniques
to produce a range of artificial cilia configurations. It is important to clarify that the term
“artificial cilia”, as discussed in this article, does not imply an exact replication of the size
or structure observed in biological cilia. Artificial cilia can vary in length and need not
adhere strictly to a hair-like morphology. Additionally, they can be actuated using diverse
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stimuli, including pneumatic forces [26,27], light [28,30,51], electric fields [22–24], magnetic
fields [31,52–54], pH variations [55,56], temperature changes [3], and more.

To the best of our knowledge, researchers have successfully realized metachronal
motion in artificial cilia through pneumatic actuation [21], light-induced actuation [29],
electric field-driven actuation [23], and magnetic field-driven actuation [18,35,36,50,57–59].
Consequently, our discussion will focus on these distinct actuation mechanisms and their
respective achievements in realizing metachronal motion in artificial cilia.

3.1. Metachronal Motion of Pneumatically Driven Artificial Cilia

Pneumatic artificial cilia were first reported by Gorissen and coworkers [26]. These
artificial cilia are flexible, hollow cylindrical tubes made of polydimethylsiloxane (PDMS)
with an eccentric void, as shown in a cross-section in Figure 3a by the hatched area. If
the void were concentric, as in the case of regular tubes, the flexible tube would solely
expand in diameter when applying pressure [21,26,37,60]. However, the eccentricity of
the void creates an asymmetric stiffness, which causes the cilia to bend when pressurized.
Each cilium is connected to a pressure controller, meaning that every single cilium in a
cilia array can be actuated independently [21]. The effective stroke of the cilia is defined
as the movement from an upright to a bent state when being pressurized. The fabrication
process of these cilia is shown in Figure 3b, where we can see that they can be produced
by a high aspect ratio molding process. The cavity of the cilia is formed by a polished
tungsten carbide microrod with a diameter of 0.61 mm placed in one half of the mold. The
other half of the mold consists of a micro-drilled hole that defines the outer dimensions of
the cilia (diameter of 1 mm and length of 8 mm). Alignment of both halves of the mold
is achieved using locating pins, which are positioned accurately to define the eccentricity
(0.14 mm) between the microrod and the drilled hole. After closing the mold, liquid PDMS
is poured in and cured, and subsequent demolding finishes the production process. To
achieve metachronal motion, the authors fabricated six pneumatic bending cilia positioned
in line to form a ciliated surface and applied six fast switching solenoid valves to control
the pressure applied to each cilia individually, allowing for imposing pressure waves with
an arbitrary phase shift. The authors realized both antiplectic and symplectic metachronal
motion by this method, as shown in Figure 3c, in which (i) shows the antiplectic metachronal
motion with a phase difference of 45 degrees and (ii) shows the symplectic metachronal
motion with a phase difference of 45 degrees as well.

Recently, the same research group enhanced the technique by introducing an addi-
tional degree of freedom to the cilia array. This was achieved through the fabrication of a
shorter cilium with offsetting hollow structures [21]. Figure 3d illustrates the fabrication
process, which closely resembles the first method but with the inclusion of a shorter cilium
featuring an offset inner cavity. As these cilia possess a pair of inner cavities rather than
a single one, an extra degree of freedom becomes available for the purpose of generating
spatial asymmetry, thereby introducing a swept area. This is achieved by applying pressure
to each cavity independently, using dedicated pressure sources. The phase difference
between the applied trapezoidal pressure profiles serves as a method to finely control
the extent of the area swept by the cilia tips, as illustrated in Figure 3e. By using this
method, the researchers induced both symplectic and antiplectic metachronal motion as
well as synchronous motion with a cilia array having six cilia, as shown in Figure 3f. The
superimposed colored lines show the metachronal wave propagation. The continuous line
corresponds to the initial metachronal wave formed by connecting the tips of the cilia,
while the dashed line represents the wave in the subsequent frame. The effective stroke,
determined by the cilia geometry, is to the right; in the case of symplectic metachronal
motion, the wave propagates to the right (positive), whereas for antiplectic metachronal
motion, it propagates to the left (negative).
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Figure 3. Metachronal motion by pneumatic cilia. (a) Schematic of the principle of a flexible bending
actuator that consists of an asymmetric void (hatched) surrounded by a highly flexible material; the
cross-section view is shown in the zoom-in figure. (b) The fabrication process of the pneumatic artifi-
cial cilia. (c) (i) Experimental results showing an antiplectic metachronal wave with a phase difference
between adjacent cilia of 45 degrees; (ii) a symplectic metachronic wave with a phase difference
between cilia of 45 degrees. Reproduced from ref. [26] with permission from the Royal Society of
Chemistry. (d) Fabrication process of a pneumatic actuator with more degrees of freedom, enabling
an asymmetric cilia stroke. (e) Pressure input functions: each cilium is actuated with two trapezoidal
waves. A metachronal wave is applied by shifting the trapezoidal waves of the neighboring cilium
by a constant phase angle. (f) An array of six artificial pneumatic cilia independently actuated by
12 fluid pressure inputs. Symplectic and antiplectic waves, as well as synchronous motion, can be
applied to the array. Reproduced from ref. [21] with permission from the American Association for
the Advancement of Science.

3.2. Metachronal Motion of Light-Driven Artificial Cilia

Light-driven microactuators offer distinct advantages, including wireless control, scal-
ability, and spatiotemporally selective capabilities. Light-driven artificial cilia are mostly
made from liquid crystal polymer networks that are made light-responsive by incorporating
photo-responsive elements like azobenzene, which undergo reversible molecular conforma-
tional changes upon exposure to UV-range light. These molecular changes are translated to
a macroscopic level as the bending of artificial cilia, facilitated by the alignment of liquid
crystal molecules within the actuator network.

Palagi et al. [29] reported the generation of wave-like motion using liquid crystal elas-
tomers with incorporated azobenzene, through local time-dependent illumination, causing
local expansion or contraction of these materials, as shown in Figure 4a. Complex wavelike
motion could be induced by structured light fields generated by an optical system based on
a digital micromirror device (DMD) with 1024 × 768 mirrors, as shown in Figure 4b. The
researchers realized swimmers could exhibit both symplectic and antiplectic metachronal
motions by controlling illumination conditions to manipulate the relative amplitudes of
longitudinal and axial deformations, as exemplified in Figure 4c. Figure 4d shows a result,
showcasing the displacement of a microswimmer when subjected to light patterns of vary-
ing wavelengths (illustrated in green overlays, with corresponding directional indications
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in green arrows). Although not strictly based on cilia-like structures, this example shows
that microswimmers based on metachronal motions, reminiscent of the biological examples
in Figure 2, can be realized using light-responsive materials.
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Figure 4. Light-driven metachronal motion. (a) Local illumination of a liquid crystal polymer that
incorporates azobenzene can induce local contraction and expansion. (b) A Digital Micromirror
Device (DMD) can generate structured light fields that can induce complex wavelike motion. (c) By
controlling illumination conditions, the relative amplitudes of longitudinal and axial deformations
can be manipulated. (d) Back and forth swimming of a cylindrical microrobot propelled by traveling-
wave deformations (red dashed line: deformed profile). The green overlays and arrows represent the
periodic light pattern and its traveling direction, respectively. Yellow and cyan dashed lines represent
the initial and final positions of the leading edge of the robot, respectively. Reproduced from ref. [29]
with permission from Nature Portfolio.

3.3. Metachronal Motion of Electrically Driven Artificial Cilia

There has been significant research into the development of artificial cilia that are
responsive to electrical fields. Den Toonder et al. [22] first reported the successful creation
of electrically driven artificial cilia, demonstrating their efficacy in enhancing microfluidic
mixing and pumping.

Later, Wang et al. [23] successfully engineered voltage-actuated cilia capable of gener-
ating non-reciprocal motion individually and metachronal motion collectively. These cilia
have the shape of strips, measuring approximately 50 µm in length, 5 µm in width, and
having a thickness of about 10 nm. They consist of a platinum (Pt) thin film with a thickness
of 7 nm and are sealed on one side by a passive titanium (Ti) layer anchored to the substrate
at one end, as illustrated in Figure 5a. A scanning electron microscope (SEM) image of an
assembled artificial cilia array is presented in Figure 5b. The inset in Figure 5b is a scanning
transmission electron microscope (STEM) image of a cilium cross-section showing platinum
(white) and titanium (black). The artificial cilia are actuated in phosphate-buffered saline
(PBS; 1×, pH 7.45) by raising their potential to about 1 V relative to a Ag/AgCl reference
electrode, triggering electrochemical oxidation of the exposed Pt surface and resulting in
surface expansion and consequent bending of the actuator (Figure 5a, red reaction pathway,
left to right). Applying a voltage of approximately−0.2 V reduces the Pt film, which returns
the actuator to its initial state (Figure 5a, blue reaction pathway, right to left). Furthermore,
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the researchers seamlessly integrated the cilia array with complementary CMOS-based
microcircuits, enabling untethered control. This integration involved the fabrication of
a photovoltaic-powered CMOS clock circuit, as shown in Figure 5c. These integrated
components worked together to produce a sequence of phase-shifted voltage signals at
a user-defined frequency when exposed to light, as shown in Figure 5d. This approach
facilitated the realization of a metachronal wave pattern across the cilia array.
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3.4. Metachronal Motion of Magnetically Driven Artificial Cilia

Magnetic artificial cilia are the most widely and extensively investigated category
within the artificial cilia field, primarily owing to their distinctive advantages, including
that the external magnetic field does not require any complex external physical connections,
and that the magnetic field does not interfere with (biological) processes within microfluidic
chips. Recently, researchers have devised various methodologies to achieve the metachronal
motion of magnetic artificial cilia. There are two main approaches to inducing phase
differences in a beating magnetic artificial cilia array. One approach is having cilia with
different responses to a uniform forcing applied to the entire cilia array, which can be
realized by tuning the alignment of magnetic particles within the magnetic artificial cilia to
different angles between consecutive cilia, or by varying the geometry of the cilia within
an array; the cilia array is then actuated by a rotational uniform magnetic field. The other
approach is applying different forcings to each cilium, which is realized by applying a
complex external magnetic field to create different magnetic forces and/or torques on
neighboring cilia [57]. In this section, we will describe the metachronal motion of magnetic
artificial cilia arrays realized by the following three methods: by controlling the magnetic
particle distribution in the cilia within the array; by changing the geometry of the cilia
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within the array; and by controlling the local magnetic field experienced by the cilia within
the array.

• Controlling the magnetic particle distribution within the artificial cilia.

Researchers have developed different methods to control the magnetic particle dis-
tribution of individual artificial cilia within the array. Tsumori et al. [59] reported the
realization of the metachronal motion of magnetic artificial cilia by fabricating cilia arrays
in which individual cilia have different particle distributions and actuating the cilia array
with a rotating permanent magnet, as shown in Figure 6a. The fabrication process of this
cilia array involved filling silanized PDMS molds with a composite of iron powder and
PDMS in multiple sequential steps. Initially, specific cavities were manually filled, followed
by the application of a magnetic flux to induce the formation of aligned iron particle chains
and curing the PDMS to fix that alignment. This process was then repeated by filling the
remaining cavities while altering the direction of the applied magnetic field, resulting in
iron particles aligning in different directions. Lastly, clear PDMS was applied to the top
surface of the mold and cured, serving as a substrate for the final fabricated structure.
The result was an array of artificial cilia in which the magnetic particle alignment, and
hence the magnetization direction, gradually varied across the array. These cilia exhibited
distinct responses to the applied actuation magnetic field with metachronal motion, as
shown in Figure 6a. A disadvantage of this approach is that the fabrication process is time
consuming, and miniaturization is difficult. Gu et al. [58] developed a different method
to control the “particle distribution” inside the cilia array. They presented a simple and
scalable method to fabricate a stretchable magnetic cilia carpet, which was composed of
cilia made of a magnetic composite material, specifically NdFeB particles and Ecoflex, and
a non-magnetic stretchable substrate (pure Ecoflex). By stretching the carpet to conform
to various three-dimensional geometries, they encoded complex magnetization patterns
in the cilia arrays using a magnetizer. The magnetization profile on the cilia carpet will
later translate to metachronal wave patterns under a dynamic magnetic field, as shown
in Figure 6b. Recently, Zhang et al. [57] successfully controlled particle distribution inside
the magnetic artificial cilia in a straightforward way. The metachronal magnetic cilia were
fabricated using a micromolding process, during which the distribution of the paramag-
netic particles in the cilia was controlled by placing a rod-shaped magnet array, arranged
to have an alternating dipole orientation between consecutive magnets, underneath the
mold. Because the paramagnetic particles tend to align with the applied magnetic field,
neighboring cilia assume different paramagnetic particle alignments, and they will, there-
fore, have different magnetization directions. Consequently, the geometrically identical
cilia exhibit nonidentical bending behaviors in a static uniform magnetic field and perform
a metachronal motion in a 2D rotating uniform magnetic field, as shown in Figure 6c.

• Controlling the geometry of the artificial cilia.

Another way to realize the metachronal motion of magnetic artificial cilia is by de-
signing the geometry of the individual cilia in the array to be different, which is shown
in Figure 6d [50]. Hanasoge et al. [50] fabricated magnetic artificial cilia consisting of
micromachined thin magnetic strips of varying length attached at one end to a substrate.
They showed that the difference in cilium length controls the phase of the beating motion.
Making use of this property, the researchers could realize metachronal waves within a
ciliary array with cilia lengths ranging from 60 µm to 600 µm, and actuated by a per-
manent magnet, as shown in Figure 6d. The phase of a cilium beating is fully defined
by the magnetic force acting on the cilium and its elasticity. For a given magnetic flux
density, the effect scales with cilium length, enabling the use of cilium geometry to induce
metachronal motion.
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Figure 6. Metachronal motion of magnetic artificial cilia. (a) Fabrication process of a cilia array
with magnetic particle alignment varying across the array, achieved by a step-by-step filling of the
cilia mold and solidifying the material while applying a magnetic field with a changing field angle.
Reproduced from ref. [59] with permission from the Japan Society of Applied Physics. (b) Fabrication
and magnetization process of magnetic artificial cilia carpets with magnetization direction variation
across the cilia array by stretching the array (made from NdFeB particles and Ecoflex) around a
magnetizing structure. Reproduced from ref. [58] with permission from Nature Portfolio. (c) Curing
the magnetic cilia array (PDMS and paramagnetic particles) on top of a rod-shaped magnet, leading
to varying magnetic particle distribution over the cilia array, and the demonstration of metachronal
motion generated by the magnetic cilia array when applying a rotating uniform magnetic field.
Reproduced from ref. [57] with permission from the American Chemical Society. (d) Magnetic
cilia having different lengths actuated with an external rotational magnetic field and the achieved
metachronal motion. The arrow indicates the position of the wave front. Reproduced from ref. [50]
with permission from the Royal Society of Chemistry. (e) Array with identical magnetic artificial
cilia, actuated with a translating magnetic belt consisting of rod-shaped magnets arranged with
opposite dipoles between adjacent magnets, and the metachronal motion demonstrated for this
array. Reproduced from ref. [38] with permission from the Royal Society of Chemistry. (f) Array
with identical magnetic artificial cilia having a rod-shaped magnetic substructure underneath and
the symplectic and antiplectic metachronal motion realized by the method when actuated with a
rotational uniform magnetic field. Reproduced from ref. [18] with permission from the National
Academy of Sciences.

• Controlling the magnetic field.

Metachronal motion of the magnetic artificial cilia can also be realized by controlling
the magnetic field applied to each cilium in an array. Zhang et al. [38] achieved antiplectic
metachronal motion of a cilia array with identical magnetic artificial cilia by actuating
them with a translating magnetic belt having rod-shaped magnets with alternating dipole
orientation between consecutive magnets (shown in Figure 6e). The cilia were fabricated
with a mixture of PDMS and iron particles using a micromolding method. The mold was
fabricated by photolithography. After filling the mixture in the mold, the cilia structures
were cured under a perpendicular magnetic field to align the magnetic particles along
the cilia length, identically for all cilia. Since the actuation setup generates a non-uniform
but periodic magnetic field, the magnetic field applied to each cilium is also different
but also time-dependent due to the translation of the belt. This generated a metachronal
wave. However, the action system is rather complex, and it is difficult to miniaturize the
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metachronal motion due to the size constraints imposed by the actuation magnets. Most
recently, our research group achieved a breakthrough in miniaturizing the metachronal
motion of identical magnetic artificial cilia; see Cui et al. [18]. This advancement was
accomplished through the integration of a paramagnetic substructure underneath the cilia
array and actuating the array by a simple rotational, uniform magnetic field, as shown in
Figure 6f. The underlying principle hinges on the response of the paramagnetic substructure
to an external magnetic field, which induces perturbations in the spatial distribution of the
field, generating a time-dependent local magnetic field. When appropriately dimensioned,
neighboring identical cilia experience distinct magnetic fields at any given moment, thereby
giving rise to metachrony in their motion. Notably, we realized both symplectic and
antiplectic metachronal motion using this novel approach, as shown in Figure 6f. One of
the key advantages of this method is that it enables further miniaturization of artificial cilia
metachrony, in contrast to the earlier approaches.

In conclusion, there are four main types of artificial cilia: pneumatically controlled cilia,
light-driven cilia, electrically driven cilia, and magnetically actuated cilia. Each method has
its advantages and disadvantages.

The pneumatic control of the artificial cilia enables individual cilia triggering and
precise control of the phase difference between each cilium. Hence, the nature of the
metachrony (symplectic versus antiplectic) can be varied in a straightforward manner.
This capability gives the possibility to study the effects of type of metachrony and phase
differences on fluid flow generation by artificial cilia, which we will discuss below. The
disadvantages of using pneumatic actuation for metachronal cilia motion are the need for
many pressure connections and the difficulty of miniaturizing the cilia.

The metachronal motion achieved through light-driven cilia is noteworthy due to its
potential for facilitating remote and precise actuation of arrays of artificial cilia. Importantly,
this approach often obviates the need for external connections or complex mechanical
linkages. The disadvantages are that the response times are often relatively slow (i.e.,
seconds or more), and light is not a suitable cue for some applications because of the lack
of optical access.

Electrically driven artificial cilia can be actuated quickly and offer much flexibility
in controlling the timing of actuation through the design of the electrical circuit, which
enables metachrony. A disadvantage is that either high voltages are needed [22], or the
actuation requires a specific fluidic environment [23]. Conventional electrical actuation
requires electrical connections [22], but the solution introduced by Wang et al. [23] makes it
possible to remotely control the cilia motion.

Magnetically driven artificial cilia exhibit rapid responsiveness and can penetrate
biological tissues smoothly without causing damage. Although the actuation mechanism
does not require complex external connections, the setup for actuation itself continues to be
somewhat intricate.

4. Applications of Metachronal Motion in Artificial Cilia

In this section, we will review the main applications of the metachronal motion created
by artificial cilia, which include flow generation, transportation, and microrobot locomotion.

4.1. Flow Generation

The generation of fluid flow holds important significance within the field of microflu-
idic applications. As mentioned before, a main function of biological cilia is to generate
fluid flow or propulsion in liquids, in which metachrony often plays an important role,
such as in the propulsion of Paramecium. Hence, extensive research has been conducted
on the fluid flow generation of artificial cilia and on the role of metachronal motion on
the induced flows, using both experimental and computational approaches [21,38,61–63].
The maximum flow velocities that have been achieved experimentally using metachronal
artificial cilia actuation are 19,000 µm/s for pneumatic and 3000 µm/s for magnetic artificial
cilia at high Reynolds number conditions (in water), and 500 µm/s for pneumatic and
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450 µm/s for magnetic artificial cilia at low Reynolds number conditions (in glycerol) [3]. In
this review, we will focus on the proposed mechanisms of flow generation by metachronal
cilia motion rather than on comparing quantitative flow speed, which was covered in our
previous review [3].

Khaderi et al. [64] studied fluid flow generation by the metachronal motion of symmet-
rically beating magnetic artificial cilia using numerical simulations. They found the ciliary
motion to generate a unidirectional fluid flow in the direction opposite to the metachronal
wave. In addition, they found that the flow reaches a maximum for a critical value of
the wavelength of the metachronal wave, which depends on the competition between
the elastic and viscous forces acting in the ciliary system. The authors explained the
observed behavior from two different viewpoints: from a Eulerian point-of-view and a
Lagrangian point-of-view, as illustrated in Figure 7a,b; the metachronal wave travels to
the right. Figure 7a illustrates the Eulerian viewpoint, showing pressure contours with
superimposed streamlines in (i) and the contours of the normalized absolute value of the
horizontal component of the velocity in (ii). Due to the instantaneous velocity of the cilia,
high-pressure and low-pressure regions develop (the red and blue regions in Figure 7a(i),
respectively). Fluid is squeezed out of the high-pressure regions and drawn in by the
low-pressure regions, resulting in a series of counter-rotating vortices in the channel. Since
the distance between the high-pressure and low-pressure regions opposite to the wave
direction is smaller, the pressure gradient is larger, so the counter-clockwise vortices are
stronger (see Figure 7a(ii)). As a result, the velocity distribution has a dominant horizontal
component to the left, against the metachronal wave. In addition, the authors analyzed the
system from a Lagrangian perspective by tracing fluid particles within the fluid domain,
as illustrated in Figure 7b. In this figure, the contours represent the normalized absolute
velocity in the horizontal direction, while the streamlines indicate the direction of the fluid
velocity. The analysis revealed that the out-of-phase motion of cilia generates a net tracer
particle velocity towards the left, biggest for the particles closest to the cilia tips, which is
opposite to the propagation direction of the metachronal wave.
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the metachronal wave traveling to the right, showing (i) pressure contours (red is high pressure and
blue is low pressure) and (ii) contours of normalized absolute horizontal velocity; the streamlines
represent the direction of velocity. Reproduced from ref. [64] with permission from the American
Institute of Physics. (b) Numerical simulations of flow generation by symmetrically beating cilia
exhibiting metachronal motion, with the metachronal wave traveling to the right, showing the motion
of tracer particles with time; the white curves represent the trajectory of particles, and the black dots
represent the particles. Reproduced from ref. [64] with permission from the American Institute of
Physics. (c) Snapshots of antiplectic and symplectic metachronal motion of cilia from numerical
simulations; the effective stroke of the non-reciprocally moving cilia is to the left; the contours
represent the normalized absolute velocity; the streamlines represent the direction of the velocity;
(i) antiplectic metachrony, in which waves travel to the right; and (ii) symplectic metachrony, in
which waves travel to the left. Reproduced from ref. [63] with permission from Cambridge University
Press. (d) Simulation and experimental results for pneumatically actuated artificial cilia for both
(i) antiplectic and (ii) symplectic metachrony; the color represents the absolute value of generated flow
velocity, and the streamlines indicate the direction of flow. Reproduced from ref. [21] with permission
from the American Association for the Advancement of Science. (e) Experimentally observed fluid
flow distribution generated by a magnetic artificial cilia array with antiplectic, synchronized, and
symplectic metachrony. The cilia in the array undergoing antiplectic metachrony have less blocked
local fluid flow from their neighbors during the power stroke than in the synchronous case and
more blocked local fluid flow during the recovery stroke; this is the other way around for symplectic
metachrony. Reproduced from ref. [35] with permission from the American Association for the
Advancement of Science.

The analysis of Khaderi et al. [64] showed that metachrony alone can generate net
flow, even in the absence of asymmetric motion of the cilia. However, most cilia in na-
ture exhibit non-reciprocal motion. Therefore, researchers also investigated the effect of
metachrony of non-reciprocally moving cilia on flow generation, both numerically and
experimentally [16,21,63]. These studies found that antiplectic metachronal motion is
more effective in enhancing flow generation by synchronous asymmetric cilia motion than
symplectic metachronal motion. The common explanation for this effect given in most
studies is based on the notion that cilia can have different shielding or obstruction effects
on the fluid flow generated by adjacent cilia, depending on the type of metachrony. This
can be illustrated by numerical simulation results from Khaderi et al. [63], who reported
that antiplectic metachrony leads to a considerable enhancement in flow compared to
symplectic metachrony, especially when the cilia spacing is small [62]. Figure 7c depicts
the velocity field for both antiplectic (Figure 7c(i), wave traveling to the right) and sym-
plectic (Figure 7c(ii), wave traveling to the left) metachrony at moments of maximum flux
during simulations. In both images, the fifth cilium is at the peak of its effective stroke,
towards the left. In the case of symplectic metachrony (ii), the flow created by the fifth
cilium is obstructed by the close proximity of the fourth cilium, which has just initiated its
effective stroke, resulting in the formation of a vortex. Conversely, in the case of antiplectic
metachrony (i), the position of the fourth cilium allows unimpeded flow from the fifth
cilium, resulting in a greater net fluid flow compared to its symplectic counterpart. Mi-
lana et al. [21] reported similar results based on experiments using pneumatically actuated
artificial cilia and corresponding numerical simulations, shown in Figure 7d. For small-
phase difference metachronal waves, they found that antiplectic coordination increases
fluid flow velocity up to 50% compared to a synchronous beating mode, while symplectic
metachrony decreases it. Like Khaderi et al. [63], Milana et al. [21] came to the conclusion
that these effects are caused by an obstruction mechanism between cilia in the array that
hinders effective flow generation in the case of symplectic waves. Also, Dong et al. [35]
reported that only antiplectic metachronal waves with specific wave vectors could enhance
fluid flows compared with the synchronized case, based both on experiments with magnetic
artificial cilia and on simulations. Similar to the explanations given above, the authors
proposed that the differences in fluid flow generation for the two metachrony types are
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due to differences in obstruction effects of fluid flow between adjacent cilia, as illustrated
in Figure 7e for antiplectic, synchronized, and symplectic metachrony. Compared to syn-
chronous motion, the cilia in an array with antiplectic metachrony have less blocked local
fluid flow from their neighbors during the effective stroke, but more blocked local fluid
flow during the recovery stroke; for symplectic metachrony, this is the other way around.

These numerical and experimental studies show that metachrony has an important
influence on the fluid generated by arrays of (artificial) cilia, and they give a common
explanation for the observed effects. It is important to note that the metachronal motion
of the cilia is just one of several influential factors impacting the induced flow rates.
Parameters such as cilia geometry, cilia density, actuation frequency, and others can also
have significant effects. However, for the sake of brevity and focus, we will not deeply
go into this matter here but refer the reader to prior reviews in which these aspects are
comprehensively reported [3].

4.2. Transportation

Next to generating fluid flow, biological cilia transport matter like mucus, particles (in
the airways), and cells (in the fallopian tube). Researchers have attempted to mimic these
transportation functions in several studies using metachronal motion-driven artificial cilia
for mucus, solid particles, and droplets, which we will review next.

• Mucus transportation.

Mucus transportation in the airways by metachronal coordination of natural cilia is
essential for healthy respiration [1,15,46,65,66]. To mimic this process in vitro, researchers
have carried out studies of mucus transportation by metachronal artificial cilia; the knowl-
edge obtained in these studies could be relevant for understanding impaired mucus clear-
ance and eventually can help in developing treatments.

Pedersoli et al. [66] conducted experiments on the transportation of artificial mucus by
the metachronal motion of magnetic artificial cilia, as shown in Figure 8a. The metachronal
motion of magnetic artificial cilia was realized by actuating identical cilia arrays using a
magnetic belt, as shown in Figure 1e. The researchers studied the transportation properties
of both physiological and pathological states of artificial mucus and the impact of the
periciliary layer (PCL) on the transport; the PCL is a thin, low-viscosity fluid layer present
just below the mucus layer, as indicated in Figure 8a. Figure 8a(ii) shows three situations of
mucus transportation. In the first, mucus is in direct contact with the magnetic artificial
cilia and with the underlying substrate, and the PCL is absent, as happens in some airway
diseases; in this case, no mucus propulsion was observed. In the second and third situations,
a PCL layer of different heights is present. The key to mucus transportation turned out
to be a balance between the hydrodynamic resistance and the driving force exerted by
the cilia.

This first study of mucus transportation by metachronal motion-driven artificial cilia
indicates the potential of this approach; however, to reach a model that is physiologically
relevant, many more steps need to be taken. In particular, artificial cilia must be miniatur-
ized, and the cilia areal density must be substantially increased to approximate the in vivo
situation more faithfully.

• Particle transportation.

The controlled and directed transport of particles (both synthetic and biological, e.g.,
cells) is desirable in both fundamental research and applications such as biomedical and
biochemical research, disease diagnostic and therapeutics, drug discovery and delivery
systems, and self-cleaning and anti-fouling technologies. Various principles have been
developed to achieve controlled particle transportation, especially for microfluidic appli-
cations [67]. Recently, metachronal artificial cilia have been studied and investigated to
achieve particle transportation.

Inspired by the ciliary structure and the asymmetric wave-form motion observed
in the mammalian airway epithelial surface, Ben et al. [68] devised a novel method for
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transporting polystyrene (PS) microparticles using magnetic artificial cilia. These artificial
cilia were designed in both conical and columnar shapes and were actuated using a peri-
odically moving external magnet, as depicted in Figure 8b. Consequently, the cilia array
exhibited a periodic wave-like motion. Furthermore, their investigation revealed that the
average transport speed of the conical cilia array exceeded that of the columnar arrays.
This difference in transport efficiency was attributed to the reduced friction encountered
by the conical cilia during the recovery stroke, resulting in a larger resultant force acting
on the particles. Additionally, the bending of the conical cilia caused the center of gravity
of the PS microsphere to shift forward, promoting transportation due to its inertia. How-
ever, the effectiveness of this transportation was also dependent on factors such as the
elasticity, height, separation distance, and beating frequency of the cilia array. The highest
achieved PS microsphere transportation speed reached approximately 0.09 mm/s at a cycle
frequency of around 0.6 Hz for the flexible conical arrays.

Subsequently, within the same research group, Ben et al. [69] successfully demon-
strated the underwater transport of silica microspheres using a magnetic artificial cilia
array. This array was fabricated and actuated using a periodic external magnetic field as
well, as depicted in Figure 8c. Silica particles could be transported by the wave-like motion
exhibited by the artificial cilia. The transportation of these particles was found to depend
on various factors, including gravity, buoyancy, supporting forces, fluid driving forces, and
friction forces acting on the silica sphere. The study further explored the impact of cilia
array beating frequency, inter-cilium spacing, cilia array height, microsphere mass, and
solution density on transport performance. Notably, the investigation concluded that the
peak speed for silica microsphere transportation, amounting to 0.07 mm/s, was attained at
a cycling frequency of around 0.6 Hz underwater [69].

The particle transportation capabilities of metachronal artificial cilia have been stud-
ied both through numerical simulations and experimental investigations in recent years.
Nevertheless, the investigation of the relationship between the metachronal motion of
artificial cilia, the particle properties, and particle transportation still deserves further
comprehensive exploration.

• Droplet transportation.

Droplet manipulation is a rich field in microfluidics, since droplets offer the possi-
bility of manipulating, controlling, and analyzing small volumes of fluids, and droplet
microfluidics can facilitate high-throughput experiments. Among many other approaches
to transporting droplets, the use of artificial cilia has been studied increasingly in re-
cent years [32,70–74]. Here, we focus on using metachronal cilia motion to achieve
droplet transportation.

Song et al. [72] demonstrated the successful transportation of droplets through the
utilization of unidirectional metachronal waves of magnetic artificial cilia. These waves
were dynamically generated through the real-time response of the cilia array to the motion
of a set of two permanent magnets with opposite dipoles, thereby enabling the transport
of droplets ranging in volume from 1 to 6 µL along a predefined trajectory, as illustrated
in Figure 8d. The cilia were made of PDMS containing carbonyl iron powder. After their
fabrication, the surface of the cilia was treated with a femtosecond laser to achieve a
superhydrophobic, low-adhesion surface. Figure 8d(i,ii) illustrate the metachronal wave
made by the cilia in response to the moving magnets. Figure 8d(iii) shows that droplets
can be transported along straight or curved lines in the direction of the traveling wave and
come to a stop as desired, and that droplets can be merged. Through a thorough analysis
of the forces exerted on the droplet, the researchers determined that the droplet moves in
the wave direction because the driving force applied to the droplet by the cilia exceeds the
frictional forces.
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Figure 8. Transportation of mucus, particles, and droplets realized by the metachronal motion of
artificial cilia. (a) (i) Artificial mucus transportation by metachronal motion of magnetic artificial
cilia, illustrated by a schematic (top) and images of transportation results (bottom); (ii) a schematic of
mucus transportation by cilia with different thicknesses of periciliary layer (PCL); mucus: pink, PCL:
yellow. Reproduced from ref. [66] with permission from Wiley. (b) (i) Schematic of microparticle trans-
portation by magnetic artificial cilia that are actuated by a periodic magnetic field; (ii) experimental
results of a polystyrene (PS) particle transported by metachronal magnetic cilia at different actuation
frequencies. Reproduced from ref. [68] with permission from Wiley. (c) Transportation of a silica
microparticle in water by metachronal magnetic artificial cilia actuated by a periodic magnetic field.
Reproduced from ref. [69] with permission from Science China Press. (d) (i) Schematic of the response
of an array of magnetic artificial cilia to a moving set of permanent magnets; (ii) microscopy image of
the response of an array of magnetic artificial cilia to a moving set of permanent magnets; (iii) droplet
transportation by metachronal magnetic cilia. Reproduced from ref. [72] with permission from the
American Chemical Society. (e) (i) Realization of a dynamic magnetic carpet from a soft silicone
matrix with embedded NdFeB particles; (ii) transportation of glycerol droplets by the magnetic cilia
carpet. Reproduced from ref. [25] with permission from John Wiley & Sons.

Demirörs et al. [25] achieved the versatile transportation of both fluids and solid mate-
rials using the wave-like motion of soft magnetic cilia carpets. The researchers fabricated
the magnetic cilia carpet from a soft silicone matrix with embedded neodymium iron boron
(NdFeB) particles. By employing varying external magnetic fields, cilia-like soft pillars
emerged and exhibited distinct responses, as illustrated in Figure 8e(i). Using this property,
the research team successfully demonstrated the transportation of glycerol droplets across
the magnetic carpet, as depicted in Figure 8e(ii). The investigation revealed that the glycerol
droplet moves in a direction opposite to the motion of the magnetic field wave. The droplet
traverses a distance of over 23 mm in less than a minute, showcasing the capabilities of this
system [25].

The investigation of droplet transportation by metachronal motion of artificial cilia
shows that it has good potential. However, it is important to acknowledge that this research
area is still in its early stages, highlighting the need for further in-depth investigations in
the future.
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• Microrobot locomotion.

In the developing field of robotics, scientists and engineers have constantly sought
inspiration from the natural world to create machines that mimic the extraordinary capa-
bilities of living creatures. This pursuit has led to the exploration of diverse microscale
robotic systems, including those propelled by light-induced actuation, magnetic field ma-
nipulation, and other innovative mechanisms [75–83]. A noteworthy development in this
exploration of biomimicry is the creation of walking robots propelled by metachronal
motion, inspired by the locomotion of the millipede, where the legs of the robots are made
from cilia-like actuators.

Zhang et al. [57] achieved metachronal motion of magnetic artificial cilia through the
precise control of magnetic particle alignment in individual cilia within an array, driven
by a uniform rotational magnetic field, as explained above and shown in Figure 6c. The
same publication presents a walking microrobot with legs composed of magnetic cilia.
The intricate interplay among frictional forces, adhesion forces, and magnetic forces, in
combination with the resultant slight bending of the robot body, resulted in forward
locomotion of the microrobot, as shown in Figure 9a(i). By simply reverting the rotation
direction of the magnetic field, the robot could be made to walk in opposite directions, as
shown in Figure 9a(ii). Furthermore, the researchers showcased the remarkable capability
of robots to climb across hills, as depicted in Figure 9a(iii). The metachronal motion of
the cilia turned out to be crucial for the locomotion: when the cilia moved synchronously,
the microrobot did not show any net displacement. Gu et al. [58] also introduced a soft-
walking robot with metachronal magnetic artificial cilia as legs, drawing inspiration from
the locomotion patterns observed in the African millipede, as illustrated in Figure 9b(i–iii).
Their investigation revealed a significant difference in locomotion speed between robots
employing antiplectic wave patterns and those with symplectic waves, with the antiplectic
wave being much more effective. The authors explained that this difference in speed could
be attributed to the opposing curvatures of the substrate during the recovery stroke. As
depicted in Figure 9b(iv), the robot body shows an indent at the location of the recovery
stroke in the case of symplectic waves, impeding the movement of magnetic cilia due
to increased surface friction; conversely, antiplectic soft robots experience bulging of the
body at the recovery stroke location, facilitating unconstrained motion of the cilia. This
observation sheds light on the mechanism underlying the locomotion of soft-walking
robots, offering insights valuable for their design and optimization.

Several experimental studies have explored the capabilities of various soft-walking
robots, yet simulation-based research has remained relatively limited. Recently, Jiang et al. [84]
established a comprehensive numerical model aimed at investigating the metachronal wave-
modulated locomotion of magnetic artificial cilia robots. The authors achieved an accurate
replication of the deformation of individual cilia, the coordinated metachronal wave motion
exhibited by multiple cilia, and the resulting crawling and rolling locomotion patterns ob-
served in magnetic cilia soft robots. Additionally, they conducted an insightful comparative
analysis of substrate deformation in both antiplectic and symplectic metachronal wave soft
robots, as shown in Figure 9c. This model holds the potential to provide valuable insights
that can guide the design, optimization, and customization of the microrobots.

Next to the magnetic actuation of artificial cilia, light has also been used to create
metachronal motion using liquid crystal elastomers with light-responsive azobenzene,
as explained before and shown in Figure 4a–d [29,83]. Based on this principle, Palagi
et al. designed a microswimmer made from a strip of the light-responsive liquid crystal
elastomer (LCE), which is dynamically illuminated with a light pattern, as shown in
Figure 9d. Indeed, as shown in the figure, the microrobot exhibits swimming behavior in
the direction determined by the anti- or symplectic metachronal wave. Remarkably, these
two distinct swimming modes closely resemble the symplectic and antiplectic metachrony
types observed in ciliates.
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Figure 9. Microrobot locomotion realized by the metachronal motion of artificial cilia. (a) (i) A
walking metachronal microrobot with metachronal magnetic artificial cilia as legs under a rotational
uniform magnetic field in air during one beating cycle; (ii) demonstration of the bi-directional
walking capability of the metachronal robot, achieved by reversing the rotating direction of the
external magnetic field; (iii) demonstration of the climbing ability of the microrobot across a steep
hill. Reproduced from ref. [57] with permission from the American Chemical Society (b) (i) and (ii) a
crawling giant African millipede with legs moving in traveling metachronal waves; (iii) crawling
magnetic soft microrobots inspired by the giant African millipede; (iv) a curved body of antiplectic
and symplectic wave soft robots; the body of the antiplectic soft microrobot bulges at the location
of the recovery stroke, helping the legs to freely move; the body of the symplectic soft microrobot
dents and obstructs the recovery stroke, which slows down the robotic locomotion. Reproduced
from ref. [58] with permission from Nature Portfolio. (c) Robot body deformation for antiplectic and
symplectic wave soft robots, compared between experiments (photos) and simulations (drawings).
Reproduced from ref. [84] with permission from John Wiley & Sons. (d) A soft microrobot based
on a photoresponsive liquid–crystal elastomer swims by traveling-wave deformations, mimicking
metachronal waves in ciliates. Reproduced from ref. [29] with permission from Nature Portfolio.

Walking and swimming robots driven by the metachronal motion of artificial cilia
hold significant promise for a wide range of applications, including biomedical devices
and microsystems. Nevertheless, the realization of their complete capabilities demands
a more thorough and comprehensive exploration. Particularly interesting would be to
investigate the possibility of creating amphibious microrobots to enhance their versatility
and adaptability.
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Taken together, metachronal motion offers a broad range of potential applications.
While the mechanism of flow generation through metachronal motion has been exten-
sively investigated, the underlying mechanisms linking metachronal motion to other
applications, such as transportation and microrobot locomotion, are still in the early stages
of understanding.

5. Conclusions and Perspectives

Over recent decades, notable advancements have been made in the field of artificial
cilia research, including significant progress in both fabrication techniques and actuation
strategies. In particular, the last decade has witnessed an increase in the exploration of
the metachronal motion of artificial cilia, inspired by the coordinated, wave-like motion
of natural cilia found in various organisms. Researchers and engineers have investigated
the intricate mechanics governing metachronal motion and have used various actuation
methods to achieve metachronal ciliary motion, including pneumatic, optical, electrical,
and magnetic techniques. Magnetic artificial cilia have been studied the most since they
can be actuated remotely and they provide versatility since metachrony can be realized
in diverse ways by either shaping the magnetic actuation field or by controlling individ-
ual cilia properties. However, the complicated actuation setup and the shape-isotropic
properties of the magnetic artificial cilia still limit the miniaturization of the metachronal
motion [3]. Pneumatic artificial cilia offer the unique advantage of completely independent
actuation of individual cilia, but their potential is hindered by challenges in miniaturization
and the need for intricate connections to actuate the cilia. Overcoming these limitations
would significantly broaden their applicability. Light-driven artificial cilia have the ad-
vantage of remote actuation of single or clusters of cilia. However, their reliance on a
light-transparent environment and their relatively slow response restrict their practical ap-
plication. Electrically driven artificial cilia face limitations in real-world applications due to
their requirement for a high electric field or a specific conductive medium for operation [3].
It will be interesting to combine light and magnetic actuation to realize the metachronal
motion of artificial cilia arrays. These two actuation mechanisms do not interfere with
each other and may, when combined, provide the possibility to achieve complex shape and
motion changes of individual cilia as well as cilia arrays.

In this review, we mainly focus on methods to create the metachronal motion of ar-
tificial cilia and the related applications. However, the artificial cilia we have shown in
this review still present challenges and limitations. They are still larger than biological
cilia, which limits their application to a relatively large scale. Therefore, it is worthwhile
to explore the fabrication of artificial cilia arrays with dimensions and aspect ratios close
to those of biological cilia. Achieving this goal will involve enhancements in both the
materials used and the manufacturing techniques. Specifically, for template-based manu-
facturing methods, using materials with greater tear strength could significantly improve
the demolding success rate for artificial cilia, marking an important step towards more
scalable production. To ensure sufficient actuation response, further development towards
materials that are both flexible and highly magnetic remains a goal. In terms of creating
artificial cilia at the scale of biological ones, it is still a major challenge to increase the areal
density of the artificial cilia. Finally, further miniaturizing and integrating the magnetic
actuation means will continue to be a necessity for successful application in lab-on-a-chip
or organ-on-a-chip systems.

Applications of the metachronal motion of artificial cilia include flow generation,
transportation of substances such as mucus, particles, and droplets, and the locomotion of
microrobots. Such functions are useful in microfluidic applications, for example, lab-on-a-
chip and organ-on-a-chip. Of these functions, fluid flow generation has been investigated
the most. Studies have pointed out the relevance of anti-versus symplectic metachrony,
with the former leading to more effective fluid transport. The flow velocities that have
been achieved using metachronal artificial cilia actuation, for example, 19,000 µm/s for
pneumatic and 3000 µm/s for magnetic artificial cilia in water, are well suited to microflu-
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idic applications. The utilization of metachronal motion of artificial cilia for investigating
mucus transportation has provided interesting results towards understanding mucociliary
clearing of the airways in both healthy and diseased states. However, further develop-
ment is needed to reach more (patho)physiological relevance, towards miniaturization of
the cilia and increasing their spatial density. The application of metachronal motion to
particle and droplet transportation not only showcases its capabilities but also suggests
promising medical applications, particularly in the domain of drug delivery. However,
fundamental research to better understand the underlying transportation mechanisms
and facilitate the development of more robust and efficient industrial implementations
is necessary. The utilization of metachronal motion in the locomotion of robotic systems
remains in its nascent stages of development. While some initial experimental investiga-
tions have been conducted, they have primarily focused on applications within controlled
environments. Consequently, the broader potential of metachronal motion in versatile
terrains, for example, towards amphibious microrobots being capable of both walking in
air and swimming in liquid, remains largely unexplored. Moreover, the use of numerical
simulations to advance our understanding of mechanisms of robotic locomotion and to
enable the directed design of metachronal microrobots also requires efforts in the future.

In conclusion, the study of the metachronal motion of artificial cilia remains a vibrant
and evolving research domain. The many emerging developments are catalyzing opportu-
nities for scientific exploration as well as applications, thus shaping a dynamic landscape
of innovation.
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Abstract: Gripping, holding, and moving objects are among the main functional purposes of robots.
Ever since automation first took hold in society, optimizing these functions has been of high priority,
and a multitude of approaches has been taken to enable cheaper, more reliable, and more versatile
gripping. Attempts are ongoing to reduce grippers’ weight, energy consumption, and production
and maintenance costs while simultaneously improving their reliability, the range of eligible objects,
working loads, and environmental independence. While the upper bounds of precision and flexibility
have been pushed to an impressive level, the corresponding solutions are often dependent on support
systems (e.g., sophisticated sensors and complex actuation machinery), advanced control paradigms
(e.g., artificial intelligence and machine learning), and typically require more maintenance owed
to their complexity, also increasing their cost. These factors make them unsuited for more modest
applications, where moderate to semi-high performance is desired, but simplicity is required. In this
paper, we attempt to highlight the potential of the tarsal chain principle on the example of a prototype
biomimetic gripping device called the TriTrap gripper, inspired by the eponymous tarsal chain of
insects. Insects possess a rigid exoskeleton that receives mobility due to several joints and internally
attaching muscles. The tarsus (foot) itself does not contain any major intrinsic muscles but is moved
by an extrinsically pulled tendon. Just like its biological counterpart, the TriTrap gripping device
utilizes strongly underactuated digits that perform their function using morphological encoding
and passive conformation, resulting in a gripper that is versatile, robust, and low cost. Its gripping
performance was tested on a variety of everyday objects, each of which represented different size,
weight, and shape categories. The TriTrap gripper was able to securely hold most of the tested objects
in place while they were lifted, rotated, and transported without further optimization. These results
show that the insect tarsus selected approach is viable and warrants further development, particularly
in the direction of interface optimization. As such, the main goal of the TriTrap gripper, which was to
showcase the tarsal chain principle as a viable approach to gripping in general, was achieved.

Keywords: morphology; tarsomeres; biomechanics; soft robot; bioinspired gripping; underactuation;
biomimetics

1. Biological Inspiration

A wide variety of solutions has evolved for the locomotion and contacting/gripping
of objects in living organisms [1]. Insects, in particular, show an interesting spectrum of
such functions due to the presence of an exoskeleton, which provides strong variability and
flexibility in evolving a multitude of various functional solutions [2,3]. The legs of some
insect groups are modified to perform highly derived tasks. Some examples include pray-
ing mantises grasping prey with their forelegs [4], cicadas jumping with their hind legs [5],
corbiculate bees collecting pollen with an elaborate collecting apparatus [6], webspinners
using their forefeet to spin silk [7], mole crickets having shovels for digging [8], etc. As a
result of evolution, a solution to a problem poses a sufficiently good compromise between
energy/material investment and functional returns to be advantageous for survival [9]. In-
sects are often relatively short-living animals but also highly diverse in their environmental
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adaptations and diversity of functional solutions. They, therefore, employ a digit paradigm
that, on the one hand, is comparatively simple and, on the other hand, performs well under
diverse conditions with little need for direct control [10]. These properties are mainly tied
to the distal part of insect legs, a strongly underactuated system called the tarsal chain
(Figure 1).
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pectata. It consists of mobile-linked chain elements called tarsomeres and is strongly underactuated.

These systems consist of multiple, loosely linked chain elements (tarsomeres) whose
active channel of actuation is flexion along the ground-facing side of the leg [11]. In some
cases, the system can also be actively bent backward [11]. This movement is facilitated by
two antagonistic muscles (protractor and retractor) in spiders, but in insects, the simplest
case occurs—one tendon supplemented by a few muscles differently arranged depending
on the species (altogether, they represent the musculus retractor unguis) [12]. Additionally,
the chain possesses a large number of passive degrees of freedom along other directions due
to the complementary shape of the tarsomeres and their loose connection [13]. This enables
the tarsus to passively conform to a large number of shapes, directions, and conditions that
simple flexion of a two-segmented system would be unable to manage on its own [14,15].
Exploratory sweeping of the leg over surfaces more or less automatically predetermines a
shape suitable for the task at hand. This poses a highly economical approach to contacting
and thus also gripping and manipulating various objects [16]. While the chain lacks
the precision and high-performance nature of dedicated and highly advanced technical
manipulation devices, its relative simplicity in structure and control makes for a very good
compromise between investment and returns from a performance point of view.

This attractive cost–use relationship is promising for technical systems in the fields
of robotic locomotion and gripping [3]. There are ongoing efforts to push the boundaries
in the development of such gripping systems, and many inspiring as well as promising
approaches exist [17]. However, almost all of them either require some form of additional
advanced infrastructure to work (e.g., pumps, heating, magnetic field generation, etc.),
sophisticated sensory equipment (e.g., spatial/optical/force sensor arrays working in
concert), and/or highly complex control mechanisms (e.g., complex adaptive movement
programs, machine learning, artificial intelligence, etc.) [17]. This applies to classical
“hard” robotics, where all degrees of freedom are actively controlled, as well as to the
emerging field of soft robotics that attempts to employ morphological computation or
encoding [18]. While this is not necessarily problematic in most scenarios, as long as
these requirements result in higher performance gripping, there are some cases where this
poses a hindrance. Ambient conditions, such as high humidity, high/low temperature,
chemical hazards, etc., might have a detractive effect on device components of highly
complex systems. Additionally, a high degree of complexity inevitably results in a higher
chance of malfunction and requires more maintenance and financial investment. The
insect tarsal chain is a system with a relatively simple internal working principle and,
thus, few requirements with respect to construction and maintenance if replicated in a
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technical context [19]. Still, it provides a surprising range of possible usages, as it is
seen in nature [1–8], and operates with only a few channels of direct control. In this
work, an artificial gripper end effector utilizing the tarsal chain principle was designed
and assembled to capitalize on these points and provide proof of concept for the tarsal
chain principle.

2. Adopted Working Principles and Design Considerations

Tarsomeres and tarsal chains have already been used as inspiration for robotic ap-
plications, most prominently locomotion. Some recent examples include a mechanical
adhesive gripper inspired by beetle claws and tarsi that was later employed in a climbing
robot [20,21]; a complete walking and climbing robot called Drosiphibot modeled after the
common fruit fly Drosophila melanogaster, which used passive tarsal chains as end effectors
on its feet [22]; a spine-based wall climbing robot utilizing a tarsal chain inspired mount for
its climbing spines [23]; a novel robotic gripper used in fruit harvesting that employs tarsal
chain based end effectors to prevent fruit slipping after harvesting [24]; and another vertical
climbing robot imitating the passive conformability of cockroach tarsal chains [25]. Another
example would be the utilization of the tarsal chain structure and actuation principle in
a very general sense in hyper-redundant manipulators for endoscopic surgery [26] or the
creation of a tarsus-based robot leg for locomotion [27]. There have been efforts to utilize the
tarsal chain principle to improve the performance of tree-climbing robots [28], to enhance
the traversal of robots during the construction of orbital structures in space [29], to improve
vertical traversal under outdoor conditions [30], to exploit characteristics of structures tied
to tarsal chains, such as insect claws, to improve robotic gait on certain types of terrain [31],
or in a climbing robot utilizing tracks inspired by tarsal chains [32]. The vast majority
of work in this regard focuses on locomotion systems for robots, which is not surprising
considering that tarsal chains are used for locomotion in nature as well. However, the tarsal
chains’ ability to passively conform to contacted objects should lend itself well to dedicated
gripping tasks on the vast majority of objects if appropriately adjusted. Therefore, it was
decided here to adopt this principle and create a prototype gripping device to evaluate the
tarsal chain concept and its possible implications for universal grippers.

As shown in Figure 1, the biological tarsal chain on its basic level consists of several
loosely linked elements, the tarsomeres [33]. The chain’s actuation is facilitated by a
tendon that runs through its whole length at a lateral offset to the pivot points between the
tarsomeres. When it is pulled by its muscle, the transmitted force is exerted off-center from
the joints’ neutral positions, resulting in a torque towards the tendon side of the chain.

Figure 2 shows the generalized force interactions in such a case, using a representative,
isolated element pair connected through a joint. It contains general relationships, which
need to be considered in order to create an artificial, tarsal-chain-inspired folding structure.
Schematically, the pulling force along the tendon Ft creates a force FAx at the tip of the upper
element, which then results in a folding movement within the joint. Its magnitude can be
derived from the overall reaction forces caused by the tendon pull. At the equilibrium, it
holds that the sum of linearly dependent individual forces must be zero. It follows that in
the case of the x-direction:

∑ Fx = 0 = FAx + FBx

FBx = −FAx
(1)

Furthermore, the total equilibrium torque at point A must be zero:

∑ M(A) = 0 = Ft · a + FBx · l
FBx = − Ft · a

l

(2)
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Combined with (1), it follows that the expected closing force at the tip of a given
folding element can be given as

FAx = Fclosing =
Ft · a

l
(3)

The tendon force Ft is likely limited by material and mechanical constraints in most
cases [34]. Therefore, the main task for designing a biologically inspired tendon–tarsomere
folding system of this kind is based on these considerations. Either the lateral offset a
between the joint and the tendon guide needs to be sufficiently large, or the folding element
length l needs to be small enough to permit flexion against the structure’s weight as well as
expected workloads. With this criterion met, the principle can then be expanded to multiple
folding elements chained together with a single tendon running through all of them along
specific guides. If actuated and without further modification, the first element to fold is the
topmost one because the tendon is attached there, but this order can be changed and/or
reversed by introducing specifically tailored resistances to each link pair. Then, as soon as a
link exhausts its angular movement space, the next one starts to fold, and so forth, until the
last element has switched position, and no link is able to move anymore.
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Figure 2. Generalized working principle of tarsal chain actuation. (A) Model insect species that
was previously investigated, Sungaya inexpectata (distributed under the Creative Commons license
(CC BY 4.0)). (B) A 3D model of its tarsus generated using µ-computed tomography. (C) The
underlying, simplified mechanical setup represented as beams connected by joints. (D) Schematic
representation of the forces at work during the actuation of individual links on the example of one
tarsomere–tarsomere joint.

This behavior constitutes a form of control by shape or morphological encoding [18].
Even though the only input the system receives is a linear pull at the tendon, the resulting
movement is a specific sequence of different rotational and translative movements that
result in a concerted, directed overall effect—it is encoded in the morphological relations of
the participating elements, and not actively controlled. Furthermore, while any resistance
the folding chain meets on its way to full flexion (such as an object to grip) will hinder
the bending of one or more links because the tendon folds them based on the resistance
force each individual link exhibits, the unobstructed links will still bend around the object
that caused the obstruction. This results in good contact (conformation) between the
tarsal-chain-based arm and the object without any form of active control.

This encoding can be changed by changing the structure of the device. For example, the
chain tip trajectory or closing speed are functions of (a) the number of chain elements, (b) the
length of chain elements, (c) the allowed maximum bending angles between elements, and
(d) the order of both allowed angles and lengths along the chain (e.g., rising, falling, mixed,
etc.). Additionally, as previously mentioned, the folding order could also be changed by
introducing resistances of specific strengths between the chain elements, in the most basic
case by mere rubber bands—which also mimics the original tarsal chain where, in many
cases, relaxation is achieved by elastic reservoirs (resilin) instead of muscles [35].
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Depending on how points (a) through (d) are handled, the resulting chain can poten-
tially achieve many different actuation patterns, ranging from simple sequential folding to
varying types of “embracing” movements: pulling, sideways shifting, and specific combi-
nations of those. In this work, three identical chains of elements, called arms from now on,
have been adjusted to perform embracing movements towards a common center, creating a
gripping device. As described earlier in this section, these abilities of the tarsal chain are
expected to lend themselves well to gripping, and the resultant gripper was supposed to
prove this postulate.

3. Materials and Methods

The TriTrap gripper was constructed using mainly 3D-printed polylactic acid (PLA).
For the computer-assisted design (CAD) process, Blender (Blender Foundation, open source)
was used for all printed parts, and both the slicer programs PrusaSlicer (Prusa Research,
Prague, Czech Republic) and Ultimaker Cura (Ultimaker B.V., Utrecht, The Netherlands)
were used to prepare the G-code. The 3D printer was a Prusa Mk3S (Prusa Research,
Prague, Czech Republic) with a 0.4 mm nozzle that used varying layer thicknesses, ranging
from 0.1 to 0.3 mm, depending on the precision required for the respective parts.

Apart from 3D-printed PLA, some additional materials were used. For the tendons,
a specialized fiber fishing line (Kogha Braid 12, Askari Sport GmbH, Lüdinghausen,
Germany) was employed, as well as a 1.5 mm braided steel cable. The elastic return-
ing mechanism was realized using rubber bands, which were also used to reverse the
folding order of the arms to increase performance. For the assembly, 2-component epoxy
glue (Plus Endfest, Uhu GmbH & Co. KG, Bühl, Germany) was used where it was not prac-
tical to print mechanical connections. In some instances, it was necessary to post-process
some parts after printing for reasons of precision. For that, Proxxon (Proxxon S.A., Wecker,
Germany) fine power tools were used.

For the qualitative evaluation of the concept’s viability, a range of everyday objects
with different sizes, shapes, and weights were used, as shown in Figure 3: an electric
water boiler device (weight: 600 g), a PC keyboard (400 g), a textile bag (40 g), a piece of
polystyrene in the shape of a vase (20 g), an empty beverage bottle made of plastic (30 g),
and a grill attachment made of steel (160 g). For all objects, multiple attempts were made to
pick them off the ground from the top down for two different object orientations: standing
upright (where applicable) and lying on the side. While heavier objects would not be a
problem for a tarsal-chain-based gripper per se, the TriTrap gripper was mainly constructed
using PLA, which results in very distinct limits as to its mechanical durability. Therefore,
relatively light objects were used.
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4. The TriTrap Gripper
4.1. Overview

The prototype gripper built in this work, called the TriTrap gripper, can be seen in
Figure 4. It consists of three parts: (1) the gripper arms that perform the gripping; (2) the
actuation cage, which houses the pulling handle and the force-distribution disc; and (3) the
base plate, which acts as a foundation for both the arms and the cage. Each arm consists
of seven linked segments, called links from now on, of which the topmost one terminates
in a pointed wedge that imitates the claw found on insect legs. These wedges can be
used for objects that, for reasons of shape or size, will not fit between the closed arms and
provide additional support for the object inside the gripper when fully flexed. The links
correspond to the tarsomeres of the biological tarsus, and rubber bands on their backsides
correspond to the resilin patches found on the animal’s legs, where they act as elastic energy
storage units for unfolding them again [29]. The three arms’ anchor joints are arranged in a
triangle shape on the base plate, making them meet on top of it when completely flexed.
The lengths of the links on each arm decrease from bottom to top the same way as in the
biological model, and the allowed folding angles between the links are deliberately chosen
via specifically designed angle adjusters that functionally mimic the tarsus–tarsus bending
interaction in nature. This arrangement makes the arms move from their open to their
closed state in an “embracing” way and causes them to meet over the center of the base
plate with the faces of their wedges touching each other. In the current configuration, the
TriTrap has a maximum opening angle of 90◦ and an open-state tip-to-tip width of 65 cm,
although those specifications can be changed by changing the angle adjusters and link
lengths. As for the closing speed, the arms can close as fast as actuation allows. However,
the fact that there is no cushioning or braking mechanism to prevent the arms from crashing
into one another with high impact necessitates caution when trying to quickly close the
gripper. This issue gets compounded by the scale and, by extension, the length and mass of
the arms, which naturally increases the system’s inertia. The whole device is actuated by
pulling a single handle, which is situated below the base plate. The handle is connected to
the arms through a force-distribution disc, which splits up the actuation force along three
individual tendons associated with the arms, effectively actuating them via a single tendon
per arm, as in the biological example. In its closed state, the TriTrap encloses a certain
volume of space, as seen in Figure 4C. While this means that objects of sizes smaller than
that cannot be properly gripped by this version of the gripper, this constitutes a design
choice and not a limitation intrinsic to grippers based on tarsal chains. In the case of the
TriTrap gripper, the authors intended to preserve some space between the arms to be able
to equip them with different interfacing modules to increase friction in a follow-up work,
which would minimize that volume in any case.
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attached. On its way, it runs through several specifically designed tendon guides attached 

to each link in order to ensure the relative position of the tendon with respect to the 

Figure 4. Overview of the TriTrap gripper: (A) open gripper, showcasing the handle (I), the actuation
cage (II), and the arms (III); (B) gripper in hand while completely unflexed; and (C) gripper actuated
to full flexion by hand.

4.2. Arms

The arms’ links are connected by monoaxial axle joints that have been designed for
easy assembly and disassembly to facilitate quick replacements and part interchange,
for example, to employ links of different lengths in the future. The axle runs through
both connected links, as well as through an angle adjuster situated between them and
terminating in a tapered head equipped with a snap-on stopper piece to hold it in place.
The angle adjusters limit the maximum allowed folding angle between the links. They are
designed in such a way that the angle can be changed by taking the adjuster out of the joint
and rotating its cog elements relative to one another until the desired angle is locked in.
Figure 5 shows an isolated link–link joint with its angle stopper and axle assembled.
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Figure 5. Example of the TriTrap gripper’s link–link joints. (A) Two isolated links connected by their
joint, resting on its axle (I). The axle is held in place by a stopper piece (II), which, in this case, was
detached for clarity. Any joint’s angular movement is limited by the angle adjusters (III), which can
be modified to allow for different folding angles. Each link possesses a tendon guide (IV), which
ensures the tendon’s relative position with respect to the joints. (B) The same joint in the folded state,
illustrating the angle adjusters’ function.

Each of the three arms is actuated into flexion by a single tendon that extends from the
force-distribution disc through the base plate all the way to the arm tip, where it is attached.
On its way, it runs through several specifically designed tendon guides attached to each
link in order to ensure the relative position of the tendon with respect to the corresponding
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joint regardless of flexion state (Figure 6A). This is necessary to retain the mechanical
relationships shown in Figure 2 and to keep it out of the actual gripping space.
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Figure 6. Close-up views of the arms. (A) Inner side of the arms, showing the tendon (yellow) and its
guides that are necessary to keep it in its correct relative position with respect to the joints. (B) Outer
side of the arms, showing the elastic relaxation (unfolding) mechanism made of standard rubber
bands.

In the prototype, a specialist fiber fishing gear was used as the tendon. This was
necessary after the mechanical demands placed upon the tendon during operation had
shown themselves to exceed the properties of other, more conventional fiber types. The
reversal movement, i.e., relaxation or opening, does not possess an active actuation but
instead is facilitated by elastic bands on the outer side of each arm (Figure 6B). When
flexing, those bands get elongated and then pull the arm back into its open state as soon as
the actuation force is no longer applied. Additionally, the relative strength of the bands
between different link pairs has been chosen such that the flexion movement occurs from
bottom to top, as opposed to the top-to-bottom movement that would occur without
elastic resistance.

4.3. Actuation Cage

Below the base plate, a cage-like structure is attached, which, on the one hand, houses
the force-distribution disc and, on the other hand, serves as an anchor point for the actuation
handle. The force-distribution disc is a basic 3D-printed disc with four holes—one in the
center and the other three at equidistant points from it—forming an equilateral triangle
(Figure 7A). The three outer holes serve as attachment points for the arm tendon ends,
while in the middle one, the handle cord is attached. When the handle is pulled, the handle
cord exerts a pulling force at the center of the disc, which then starts to move away from
the base plate. Since the arm tendons are attached to it as well, they also retract and actuate
the arms they are attached to. The purpose of the disc here is twofold. First, it distributes
the handle force equally among the arms, letting them flex together and in the same way as
long as each of them encounters the same closing resistance. Second, in case the arms do
not encounter equal closing resistance, e.g., because the object to grip possesses a strongly
asymmetrical shape, it tilts to let the unjammed arms close irrespective of the jammed one
(Figure 7B). This way, a single linear actuation can be used without impairing the gripper’s
flexibility when it comes to adapting to the gripping object shapes.
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Figure 7. The TriTrap gripper’s actuation cage (I) and its components: tendon and preload spring (II),
handle assembly (III), and force-distribution disc (IV). (A) Disc in equilibrium; all arms either currently
require the same force to be folded or they are resting. (B) Tilted disc, the main actuation cord is
pulled (big arrow). Two of the three arms require a stronger force to fold (crossed boxes) or might even
be jammed due to the specific object’s shape. The remaining one is free to fold further (small arrow).

The handle consists of two bars: the fixed and the mobile one, the latter of which can
be gripped and pulled at to actuate the gripper. The periphery of the handlebars, as well as
the bars themselves, have been fitted with a quick disassembly mechanism that enables
rapid adjustments to the travel path of the handle, if necessary, for example, in the case of
different operators, different maximum closing states, or during the replacement of broken
parts (Figure 8).
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Figure 8. TriTrap gripper’s handle assembly. I: main actuation cord, running from the lower handle
to the force-distribution disc (off to the right). II: lower handle, mounted on sliding rails to enable its
movement (big arrows). III: upper handle, mounted in a fixed way as a counter grip. IV: preloader
spring, used to keep a minimum strain on the system under idle conditions for handling reasons.
V: sliding rails for the lower handle and overall framework for the handle assembly. VI: upper
clipping lock, which keeps the sliding rails from detaching to the sides. VII: lower clipping lock,
which keeps the sliding rails from detaching in the same way. If disassembly is required, the upper
and lower clipping locks can be removed, and the sliding rails slide out to the sides (small arrows),
granting access to the handles.

4.4. Initial Gripping Tests and Evaluation

After the gripper prototype had been assembled in its current working state, a range
of everyday objects was used to roughly test its capabilities before moving on to optimize
it (Figure 3). For each object, multiple attempts were made to pick it up, carry it, and
release it again. Most objects offered more than one unique standing and/or lying state
due to the absence of symmetry. Because initial tests showed that final results depended
strongly on the above states chosen for the attempt, several of them were randomly picked
for those objects for each gripping attempt. These results are meant to prove the concept
and to highlight the direction inevitable optimization would have to go in. That being
said, the gripper was able to lift all objects off the ground except for the water boiler
(no success in any orientation) and managed to transport them around before dropping
them off (Figure 9 and Supplementary Videos S1–S6). A common pattern observed in all
gripping attempts was that success was strongly tied to the object’s surface features (i.e.,
rough, smooth, etc.), which was unsurprising and hinted at the necessity of a compliant
and friction-increasing interface between the arms and the object. Because of this, in
the TriTrap’s current state, most of the time, the wedges at the top of the arms are the
elements that are actually gripping the objects instead of the arms themselves, whose
passive conformability acts in a supporting fashion for the wedges.
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Figure 9. Snapshots of the TriTrap gripper gripping and transporting objects: (A) plastic bottle,
(B) grill attachment, (C) keyboard, (D) polystyrene vase, and (E) textile bag.

Additionally, because the gripper was mainly constructed of 3D-printed polymers, the
maximum actuation force with which the gripper could still safely be used was too low for
heavier workloads, as was the case with the water boiler.

5. Discussion

The TriTrap gripper presented herein has been shown to work, confirming the bio-
mimetic concepts inspired by the insect tarsus. Even though its core principle is derived
from insect tarsal chains, the gripper’s arms that are actually employing it deviate slightly
in their exact construction in comparison to the biological prototype. One example would
be the number of folding elements/segments corresponding to the biological tarsomeres
found in the arms, which differs from the number found in most species in nature [33]. This
is mainly because of geometric constraints during design and construction: a higher number
(seven) was needed to fulfill some design goals, such as the arms’ ability to precisely fit
each other and close in the center of the gripper (when all arms are folded), or to achieve a
certain arm trajectory that was deemed advantageous for performance.

Another deviation is the number of passive degrees of freedom: In the biological
system, in addition to active flexion in the direction of the ground, the tarsal chain is able to
bend along several unactuated axes at every tarsomere–tarsomere joint [11]. As mentioned
in the introduction, we decided against this potentially large amount of added complexity
in order to gradually approximate the working principle in a controlled fashion. Therefore,
the TriTrap gripper’s link elements are monoaxial, with active actuation towards the closing
direction and passive relaxation in the opposite direction. Additionally, the allowed angles
between the elements were deliberately chosen for this use case, and therefore, they are not
connected to those found in the biological prototype.

In spite of all the deviations from the biological prototype and lack of optimization,
the TriTrap gripper was able to prove the basic concept very well. Utilizing the tarsal chain
principle found in nature, it was able to grip, hold, and move different objects without
further modifications, even though there clearly is room for improvement. Firstly, the
gripper’s interfaces with the objects to grip, i.e., the inner faces of the arms, are bare, hard 3D-
printed PLA surfaces in the prototype. This also means that both their conformability with
the gripping object, as well as the friction generation, are suboptimal. On the contrary, in the
biological prototype, the tarsomeres are equipped with different interfacing structures, such
as adhesive/frictional pads, spines or hairy structures, or their combinations, depending on
the species [2], which alleviate this problem. In future developments of the gripper, it would
clearly make sense to approximate these designs using the general design of the gripper as
the platform to test various supplementary adhesive, frictional, and interlocking devices on
the inner surfaces of the gripper arms. There are multiple possible ways to approach this,
such as soft foam pads (corresponding to friction-generating pads found on insect legs),
brushes, or other hair-type structures (corresponding to hairy structures likewise found
on insect legs to improve friction and adhesion) that would be attached to the individual
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links. Friction- or interlocking-generating surface coatings/coverages or systems enlarging
the interface area would also be possible, or a combination of these principles [2]. This is
especially promising since, in some form, these types of structures are also found on the
biological tarsi. Since these supplementary interfaces evolved multiple times in animal
evolution [36], we can assume that they significantly contribute to gripping performance
and should be replicated or approximated in the development of future technical grippers.

Secondly, a disadvantage that made itself apparent during testing was TriTrap’s
relatively unfavorable relationship between input force and output force. The tendons run
through a series of channels and come into contact with different parts of the arms over
their length, which generates a significant amount of friction that needs to be overcome
with every actuation cycle. Additionally, the transmission ratio between tendon pull
and arm flexion results in relatively high force requirements for flexion in the first place.
Furthermore, for every actuation cycle, the elastic bands’ resistance needs to be overcome
as well. Overall, this leads to considerable force requirements to operate the gripper, even
with no target object present. Some of this is intrinsic to tarsal chains as a concept, but
all of it could be significantly alleviated by further engineering and optimization. The
prototype was actuated by a human hand for project simplicity, but because the required
mechanical input is a simple linear pull on its tendon, a tarsal-chain-based gripper could
be actuated using any other suitable means, such as a stepper motor. This also means that
larger required input forces are not necessarily a problem, depending on the task and the
kind of operational platform to which the gripper, as an end effector, is mounted.

It bears mentioning that for the aforementioned reasons of force transmission and
tendon friction, the gripper’s requirements with respect to mechanical material properties
are relatively high. Sufficient closing forces need to be generated over the length of three
multi-segmented arms. Additionally, a finalized gripper using the tarsal chain concept
would need to be able to securely hold multiples of its own weight in workload, which
consequently requires very durable tendon material. On the same note, the arm material
itself needs to be as durable and as lightweight as possible. None of these requirements are
hard to meet, but within the constraints of 3D PLA printing, which was used to produce
the TriTrap gripper, there is a very distinct limit to the mechanical stability of the design.
While this manufacturing method is supremely suited for rapid prototyping, in the case of
industrial design, the parts should be recreated using other techniques/materials in order
to reach the full potential of the gripper.

Since the proof of concept of the insect tarsal gripper is provided here, other applica-
tions of the tarsal chain principle beyond gripping are also conceivable. Examples include
but are not limited to, clamping, walking, climbing, or, with some effort, even complex
manipulation. Additionally, the original gripper could be modified to tailor the gripping
movement to specific applications—by increasing/decreasing the number of links on the
arms and adjusting their angles, angle orders, lengths, and length orders. The potential
movement variety, which could be provided by the combination of the above variables, is
very large and likely contains many useful configurations. To the knowledge of the authors,
not much research has yet been conducted on this topic; however, the TriTrap gripper
proves to be a very promising avenue for future investigation.

6. Conclusions

In this study, the biological tarsal chain principle was investigated as to its viability
in gripping applications. For this, a prototype biomimetic gripping device inspired by an
insect tarsal chain was designed, constructed, and qualitatively tested. The device, called
the TriTrap gripper, features three tarsal-chain-based arms working in concert to secure
a hold of target objects. The insect tarsal chain in nature is mainly used for locomotion,
featuring a relatively simple general structure and only requiring very little actuation and
control to function while still being able to perform a wide range of tasks. This work tried
to capitalize on these features by creating a device actuated by a single linear pulling move
that nonetheless is able to adapt to varying circumstances and object shapes passively.
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After construction, qualitative gripping testing on a variety of objects with different shapes
and sizes was carried out, which successfully proved the concept. Additionally, further
avenues of optimization were determined so that the TriTrap gripper may be enhanced in
the future and reach its full potential. In the end, however, the TriTrap gripper is only one
of many possible examples to showcase the insect tarsal chain’s ability to passively conform
to objects and features of unknown nature, which makes any gripper using the concept
well suited for applications where that condition applies, such as domestic environments or
different kinds of outdoor-related work, to name a few. Additionally, requiring only very
basic actuation and not having to rely on advanced controls, sensors, and computation
would be beneficial for many cases, as well as cheaper.
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Abstract: Liquid spontaneously spreads on rough lyophilic surfaces, and this is driven by capillarity
and defined as capillary wicking. Extensive studies on microtextured surfaces have been applied
to microfluidics and their corresponding manufacturing. However, the imbibition at mesoscale
roughness has seldom been studied due to lacking fabrication techniques. Inspired by the South
American pitcher plant Heliamphora minor, which wicks water on its pubescent inside wall for
lubrication and drainage, we implemented 3D printing to fabricate a mimetic mesoscopic trichomes
array and investigated the high-flux capillary wicking process. Unlike a uniformly thick climbing
film on a microtextured surface, the interval filling of millimeter-long and submillimeter-pitched
trichomes creates a film of non-uniform thickness. Different from the viscous dissipation that
dominated the spreading on microtextured surfaces, we unveiled an inertia-dominated transition
regime with mesoscopic wicking dynamics and constructed a scaling law such that the height grows to
2/3 the power of time for various conditions. Finally, we examined the mass transportation inside the
non-uniformly thick film, mimicking a plant nutrition supply method, and realized an open system
siphon in the film, with the flux saturation condition experimentally determined. This work explores
capillary wicking in mesoscopic structures and has potential applications in the design of low-cost
high-flux open fluidics.

Keywords: capillary wicking; Heliamphora minor; 3D printing; mesoscopic trichomes

1. Introduction

Liquid touching superlyophilic rough surfaces spontaneously spreads into the texture,
driven by capillarity; this is called capillary wicking [1–7] and is of significant interest
in a broad range of applications such as microfluidics [8–11], the design of self-cleaning
surfaces [12], and lab-on-a-chip technology [13–15]. Extensive research on the wetting
of microtextured surfaces [1–6,10,16–23] demonstrates that liquid behavior on surfaces
with microscopic structures is influenced by the combined effects of the surface wetting
properties, structure shapes, and liquid properties. In detail, surface energy serves as
primary driving force, while viscous dissipation hinders the spreading or imbibition of
liquid [24,25], and the surface roughness, defined as the ratio between the actual and
projected surface areas, enhances the release of surface energy [1,2,26]. The scaling law
known as the Lucas–Washburn equation [27] states that the macroscopic wicking distance
increases to 1/2 the power of time due to the balance between surface tension and viscosity.
The initial stage is dominated by inertia [28], which follows a power law of 1. Furthermore,
a microscopic view of a fringe film extending into the roughness interval was addressed
recently, in which the meniscus grew to 1/3 the power when the front was far from the
microscale structure [4,29]. However, microtextured surfaces cannot achieve high-flux
wicking due to the limitation posed by their structure size and film thickness. To utilize
spontaneous capillary wicking in practical applications, it is essential to explore and
understand the dynamics of wetting the modified surfaces of large-scale structures.
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Inspired by the plant strategy of modifying the surface with millimeter-long trichomes
to manipulate their interaction with water for survival, we systematically investigated the
capillary wicking on Heliamphora minor, a representative species of South American pitcher
plants, and revealed that a lubrication layer spontaneously forms on the pubescent wall to
capture insects as well as assist in draining excess water from the pitcher [30,31]. With the
speed and resolution improvement of additive manufacturing, the rapid preparation of
mesoscale structures is convenient, allowing for the fabrication of a mimetic millimeter-long
trichomes array for further study of the wicking dynamics under various experimental
conditions. We discovered that the wicking on mesoscopic trichomes forms a non-uniformly
thick film which enables high flux flow and explained the profile of this film with respect
to the concept of the catenary line. Moreover, we demonstrated that the wicking dynamics
on mesoscopic structures differs from that on microscopic structures, with the distance
growing to 2/3 the power of time. Additionally, we used the mimetic trichomes array
to construct an open siphon and examined the change of flux with height. Through
a simulation using salt and sugar, we demonstrated the mass transportation in a thick
wicking film, displaying an active method utilized by plants for nutrient supply. Overall,
this work provides innovative insight into the design of mesoscopic structures that achieve
spontaneous capillary wicking, and advances our understanding of this phenomenon for
practical applications requiring high flux.

2. Materials and Methods
2.1. Biological Characterization and the Fabrication of Biomimetic Samples

Heliamphora minor, whose lid is smaller than the pitcher (Figure 1a, images taken by
Nikon D750, Toyko, Japan), was cultivated in a greenhouse with the environment main-
tained at a temperature of 23–28 ◦C, and a humidity of 90–95%. The sectional view from
the middle (Figure 1b) presents the pitcher’s inside wall morphology, with a constriction
that splits the wall into two zones; the upper is covered with millimeter-long trichomes
and called the pubescent zone, and the lower is the smooth zone. A stereomicroscope
(Figure 1c, DSX 1000, Olympus, Toyko, Japan) and scanning electron microscopy at 10 kV
(Figure 1d, SEM, SU8020, Hitachi, Toyko, Japan) were utilized for detailed characteri-
zation of trichomes on the inside wall (Figure 1e for statistical analysis by Origin 2024).
The trichomes are downward-pointing and densely arranged, with a base diameter, d, of
49.3 ± 18.1 µm, and a mutual pitch, p = 176.1 ± 36.9 µm. The trichomes’ length, L, ranges
from 153.4 µm to 922.2 µm, with an average of 547.1 µm. In general, the trichomes’ distri-
bution is in mesoscale, which is ubiquitous in nature [32].

Contact angle measurements of the pubescent zone (Figure 1f–h, DCAT 21, Data-
Physics, Filderstadt, Germany) indicate that the wettability is superhydrophilic and water
spontaneously wicks into the trichomes as soon as it touches the surface. The lightning-
fast wicking process was observed and recorded using a high-speed camera at 1000 fps
(Figure 1i,j, FASTCAM Mini UX100, Photron, Toyko, Japan); water injected by a syringe
from a distribution pump (TS-1A, Longer Pump, Baoding, China) at a rate of 200 µL s−1

spread radially on the pubescent wall and filled the interval at the same time. Therefore, the
film thickness increases as the height becomes higher. Finally, the film covers the trichomes
and serves as the lubrication layer. Mimicking the pubescent zone, a polymerization-based
3D printer (Mini 8K, Phrozen Tech., Taiwan, China) using an ultraviolet liquid crystal
display to initiate the photo reaction of the monomer methyl methacrylate—TiO2–SiO2
mixture was used (Figure 1k), and the layer resolution and pixel resolution were 20 µm and
18 µm, respectively. After preparation, the mimetic samples were ultrasonically washed in
commercial cleaning solutions (Go Print Co., Ningbo, China) for 5 min, dried by N2 flow
and post-cured under UV light for 3 min. Oxygen plasma treatment (DT-03, OPS Plasma
Technology Co., Shenzhen, China) at an RF power of 300 W for 10 min was performed to
adjust surface superhydrophilicity. SEM images of the printed mimetic samples sputtered
with a thin layer of platinum (EM ACE, Leica, Wetzlar, Germany) at 10 kV were obtained
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(Figure 1l). The particles of TiO2 and SiO2 increase surface roughness and enable chemical
modification (Figure 1m for energy-dispersive spectrometer).

Biomimetics 2024, 9, x FOR PEER REVIEW 3 of 16 
 

 

performed to adjust surface superhydrophilicity. SEM images of the printed mimetic sam-
ples sputtered with a thin layer of platinum (EM ACE, Leica, Wetzlar, Germany) at 10 kV 
were obtained (Figure 1l). The particles of TiO2 and SiO2 increase surface roughness and 
enable chemical modification (Figure 1m for energy-dispersive spectrometer). 

 
Figure 1. Characterization of Heliamphora minor and fabrication of biomimetic trichomes. (a) Optical 
images of H. minor; (b) sectional view of pitcher inside wall, above is a pubescent zone and below is 
a smooth zone; (c) stereomicroscope of the red-box-indicated region in (b); (d) SEM image of the 
yellow-box-indicated region in (c), trichomes of length L and base diameter d are arranged with a 
mutual pitch, p; (e) statistical analysis of L, p, d with normal distribution fitting; (f) illustration of 
sample resources from pitcher inside wall. The orange and blue boxes indicate the sample from the 
pubescent zone and smooth zone, respectively; (g) water contact angle on surface of smooth zone; 
(h) water contact angle changing on surface of pubescent zone, which gradually decreases to ~0°; (i) 
high-speed front view of water injected from syringe wicking on pubescent zone, the red dotted line 
indicates the fringe front; (j) high-speed side view of water wicking and filling the trichomes’ inter-
vals, the red dotted line indicates the border of dry and wet regions; (k) schematic of bottom-up 3D 
printer based on photo-initiated polymerization of resin using liquid crystal display as UV source; 

Figure 1. Characterization of Heliamphora minor and fabrication of biomimetic trichomes. (a) Optical
images of H. minor; (b) sectional view of pitcher inside wall, above is a pubescent zone and below
is a smooth zone; (c) stereomicroscope of the red-box-indicated region in (b); (d) SEM image of the
yellow-box-indicated region in (c), trichomes of length L and base diameter d are arranged with
a mutual pitch, p; (e) statistical analysis of L, p, d with normal distribution fitting; (f) illustration of

143



Biomimetics 2024, 9, 102

sample resources from pitcher inside wall. The orange and blue boxes indicate the sample from the
pubescent zone and smooth zone, respectively; (g) water contact angle on surface of smooth zone;
(h) water contact angle changing on surface of pubescent zone, which gradually decreases to ~0◦;
(i) high-speed front view of water injected from syringe wicking on pubescent zone, the red dotted
line indicates the fringe front; (j) high-speed side view of water wicking and filling the trichomes’
intervals, the red dotted line indicates the border of dry and wet regions; (k) schematic of bottom-up
3D printer based on photo-initiated polymerization of resin using liquid crystal display as UV source;
(l) SEM images of 3D-printing fabricated biomimetic trichomes array, the left is top view and the
right is side view; (m) energy-dispersive spectrometry of printed surface, Si and Ti elements are from
SiO2 and TiO2 nanoparticles, which turn the surface superhydrophilic. The inset is a zoomed-in view
of the surface. Scale bars: 1 cm in (a,b); 1 mm in (c,d,i,j); 500 µm in (l); 50 µm in (m).

2.2. Capillary Wicking, High-Flux Siphon Application, and Mass Transportation

The fabricated biomimetic trichomes array was inserted into a dish filled with blue-
dyed water (Figure 2a as a schematic), and the dish diameter was 10 cm, which was large
enough to avoid the wicking process disturbing the surface. A colored 4K resolution
high-speed camera at 1000 fps (Wave, Freefly, WA, USA) was used to observe and record
the wicking dynamics from the side, front, and oblique view. The water fringe front ex-
tending on substrates of various trichome geometries was tracked by Tracker software
(6.0.10 version), starting from the moment of contact with the water level. Additionally,
we utilized micro-computed tomography (Micro-CT, Skyscan 1272, Bruker, German) to
reconstruct the wicking film profile and investigate the formed curvature gradient. Further-
more, mimicking the biological function of assisting drainage from pitcher, we modified
an n-shaped arc surface of mesoscale trichomes, which was also prepared by 3D printing,
and put the higher side of the model in contact with water tank, measuring the mass of
water flowing out using an analytical balance (104E, Mettler Toledo, Switzerland). The
flux was reported in the form of the measured mass divided by time. Finally, we dissolved
CuSO4, FeCl3, and glucose, respectively, into water and repeated the wicking process.
After long enough time for evaporation, the solute crystallization from the solution pro-
cess was recorded using a Nikon D750, which reveals the mass transportation inside the
wicking film.
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Figure 2. Capillary wicking on biomimetic trichomes array. (a) Schematic of capillary wicking on
modified surface of superhydrophilic trichomes as the climbing water reaches a height of H. The
SEM image shows the biomimetic trichomes array; (b) Oblique view of the wicking process on
L = 2 mm, p = 500 µm, d = 200 µm trichomes array; (c) Side view of final wicking state. The film
thickness, e, decreases with increasing H; (d) Climbing height, H, changes with time, t, on trichomes
arrays of different pitches with fixed L = 2 mm and d = 200 µm; (e) Number of climbed intervals (n)
changing with t. To the right are side views of p = 900 µm, 1300 µm, and 1800 µm from top to bottom;
(f) Thickness of different intervals changing with t as the water climbs. Scale bars: 500 µm in (a),
2 mm in (b,c).

3. Results and Discussion
3.1. Capillary Wicking Height and Film Thickness

Once water touched the mesoscopic trichomes array, wicking between the trichomes
was observed on the hydrophilic and superhydrophilic substrates (Figure S1) whose contact
angles were smaller than the hydrophilic–hydrophobic boundary of 65◦ [33]. Conversely,
water did not climb on the hydrophobic substrate. The front of the advancing meniscus
exhibits a parabolic shape (Figure 2b) until it is fully developed at approximately 50 ms.
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Then, water climbing on the substrate and filling the intervals of the trichomes occur at the
same time, which results in a film of non-uniform thickness and only wets the surface of
the trichomes at higher heights (Figure 2c).

Similar to the capillary rise in a tube with a small radius (Figure S2), where the
equilibrium rising height decreases as the diameter increases, known as Jurin’s law [34],
the equilibrium wicking height, H, decreases as the pitch increases (Figure 2d). Notably, the
mesoscopic structures of the discontinuous periodical biomimetic trichomes differ from the
continuous tube wall. On the former substrate, the meniscus must extend from the first row
to reach the second row (Figure 2e, inset) to ensure a continued wicking process. The pitch
limitation, pm, of our fabricated material was determined to be 2200 µm, above which no
obvious capillary wicking and interval filling were observed. This limitation is attributed
to an insufficient driven pressure in the first interval, while the maximum pitch of two
closet trichomes satisfies the condition where the pressure at the advancing meniscus in
the first interval, PM, is balanced by the hydrostatic pressure, Ph, such that

PM = Pair − σL/pm
2 = Ph = Pair − ρgpm (1)

where σ is liquid–air surface tension, ρ is the density of the liquid, and g is the acceleration
of gravity. The maximum pitch obtained from Equation (1) is pm = (Llc)1/3, where lc is
(σ/ρg)1/2 and called the capillary length. For the L = 2 mm used in our experiments,
Equation (1) predicted a pitch limitation of 2.4 mm which is consistent with our results.

In addition, the film thickness in single interval changes with time, not monotonically
increasing but oscillating around the final thickness. This oscillation starts after the water
imbibes into the interval and lasts for O(0.1 s), which is particularly evident in intervals
at lower heights, indicating that previously filled intervals act as a source to supply the
meniscus extending to the next row and repeating the filling process.

3.2. Microscopic Capillary Wicking Dynamics

An enlarged observation of the capillary wicking process (Figure 3a) shows that the
advancing meniscus front (red dotted line) extends over the substrate at the same velocity,
but water first wets only the bottom of trichomes. Driven by capillary forces, Fc, along
the perimeter of trichomes (Figure 3b), water gradually fills the interval and eventually
covers almost the whole surface. The competition between the extension of the advancing
meniscus on the substrate and the water spreading on the surface of trichomes contributes
to the oscillation of film thickness in single interval that delays the spreading process.

Racing to the nth interval from the bottom to the top, the capillary forces, Fc = σπdn,
where π is the circular constant and dn is the contact diameter of the trichomes in the nth
row, decrease as the water spreads towards the tip of the trichomes due to their smaller
dn. Additionally, the film thickness in the nth interval, en, is non-uniform and decreases
as the row number, n, increases (Figure 2c). Consequently, the capillary force along the
perimeter of the trichomes varies with n and deforms the liquid–air interface in each
interval to different extent during the filling process. Because en is obviously influenced by
the trichome length, L, as longer trichomes support a thicker film, the ratio between en and
L, denoted as αn, is utilized as a dimensionless quantity to describe the profile of the film.
In the case of trichome lengths of 1 mm, 2 mm, and 3 mm, the variation of αn with n shows
a similar tendency, suggesting a self-similarity of the film profile.
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Figure 3. Microscopic capillary wicking dynamics and meniscus profile. (a) Microscopic view of
capillary wicking on biomimetic trichomes array. The red dotted line indicates the meniscus front;
(b) Schematic of capillary force on the perimeter of the trichomes and the film thickness in the nth
interval. en = αnL, where αn is the ratio between trichome thickness and length, and the meniscus front
extends on the substrate to a distance of x from the (n + 1)th row; (c) Self-similarity of film profiles for
trichomes arrays of different lengths. The ratio, αn, changing with n, collapses into a narrow region,
implying a similar tendency across the arrays; (d) Catenary line schematic of meniscus AB in the nth
interval (left), and force analysis of a small arc PQ in the meniscus of length ∆ϕ (right). The tension
force, T, and gravity, G, are two major forces acting on two end points, and the tangential deflection
angle is θ; (e) Meniscus profile of different trichome thickness to length ratios, α. Normalized z* = z/p
and y* = y/p are used; (f) Film profile reconstructed from Micro-CT scanning. Both cross-sectional
views in the y–z plane and perpendicular to z axis follow the catenary line, which results in a pressure
gradient that is large at the bottom and small at the top. The blue false color indicates the water
phase; (f) Meniscus extending with time, t, in a single interval at H ≈ 13 mm. The insets are in situ
snapshots corresponding to the arrow-indicated point. Scale bars: 500 µm in (a,f,g).
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To investigate the relationship between the thickness and the meniscus profile, we
employ the catenary line concept for detailed analysis and description (Figure 3d). As
shown in the left schematic, we consider an arbitrary arc of a small length, PQ, in the nth
interval, and the difference in the z direction between points P and Q is denoted as ∆z. The
force balances between the surface tension force, T(z), and gravity, G(z), in the horizontal
and vertical directions are

T(z) sin(θ(z)) = T(z + ∆z) sin(θ(z + ∆z)), (2)

T(z + ∆z) cos(θ(z + ∆z)) − T(z) cos(θ(z)) = G(z) = ρgSn[ϕ(z + ∆z) − ϕ(z)] (3)

where ϕ(z) is the path of the profile from point B to P, θ(z) is the tangential angle with
respect to the z axis, and Sn~enp is the cross-sectional area perpendicular to the z axis.
Considering an infinitely small step as ∆z approaches 0, and dividing Equations (2) and (3)
by ∆z, their differential forms are given as

d(Tsinθ)/dz = 0, (4)

d(Tcosθ)/dz = ρgSndϕ/dz (5)

Equation (4) implies that Tsinθ = F, where F is a constant comparable to the surface tension
force along the contact perimeter of the trichomes, which scales as σdn. Substituting T
into Equation (5) as well as the path, ϕ, by the profile function, f (z), obtains an equation
describing the f (z):

−f ′′/(f ′)2 = Kn (1 + (f ′)2)1/2 (6)

where f ′ and f ′′ denote the first and second derivatives of the profile, f, and Kn = ρgSn/F is a
constant related to the film thickness, en. The boundary conditions are rigorously adjusted
by the curvature at the contact points A and B to satisfy the Laplace pressure balance of the
hydrostatic pressure.

The general solution of Equation (6) describes the meniscus profile in the nth interval
(see Appendix A for the mathematical derivation). To visualize the profile, we plot normal-
ized z coordinates, z* = z/p, against normalized y coordinates, y* = y/L, for different film
thickness ratios α (Figure 3e). As the film thickness in the interval decreases, the meniscus
becomes flatter and the curvature of the meniscus, κ, induced by the deformation of the
profile, f, is

κ = −Kn/(Knz + C)2 (7)

where C is a negative constant determined by the boundary condition of the profile. As
indicated by Equation (7), the curvature-determined Laplace pressure increases from the
bottom to the top of each interval (z increases from 0 to p). In other words, a pressure
gradient forms inside the film at the nth interval, which propels the meniscus front to
extend on substrate to reach the (n + 1)th row of trichomes. As the meniscus advances, the
capillary force along the perimeter of the trichomes drives the liquid spreading along the
trichomes to fill the (n + 1)th interval and finally renews the pressure gradient, with the
coefficient Kn modified to Kn+1.

The repeated behavior of substrate climbing and interval filling results in different
meniscus profiles in each interval along the wicking direction (Figure 3f). Cross-sectional
views perpendicular to the z axis and in the y–z plane prove that this pressure gradient; that
the pressure at the bottom is large, and small at the top. In a single interval (Figure 3g), the
release of the trichomes’ surface energy accelerates the flow, as water reaches the base of the
trichomes while viscous dissipation slows down the flow, which is consistent with previous
work on the wetting of rough surfaces decorated with sparsely arranged microscopic
structures [4]. In general, the capillary force acting on the perimeter of a trichome leads
to a catenary line-shaped meniscus profile, which induces a pressure gradient, propelling
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the repeated climbing–filling process that eventually forms a non-uniformly thick film of
height H.

3.3. Macroscopic Capillary Wicking Dynamics

Different from the capillary rise in a closed tube [34] of a large diameter that enables a
higher flux (larger amount of water raised) but results in a slower speed and lower height,
capillary wicking in a mesoscopic trichomes array with different lengths but a fixed pitch
and diameter exhibits a similar height change over time, as shown in Figure 4a, which
implies that the interval filling process and substrate climbing process are independent. In
other words, a faster wicking speed, higher wicking height, and thicker wicking film allow
for the achievement of a higher flux at the same time.
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Figure 4. Macroscopic capillary wicking dynamics and generality of scaling law for different liquids.
(a) Capillary wicking height, H, changes with time, t. The dynamics of capillary rise in a closed tube
of diameter, d = 0.45 mm, is plotted in gray for comparison, and the logarithm coordinates are used
to present the scaling law. The inset enlarges the transition regime between the inertia-dominated
regime (H~t) and the viscosity-dominated thin-film spreading regime (H~t1/10). The scaling law fits
the transition regime of capillary wicking that is H~t2/3 when the capillary is H~t1/2; (b) Properties
of different liquids including surface tension, viscosity, and density; (c) Capillary wicking dynamics
of different liquids in a trichomes array, with parameters of L = 2 mm, p = 500 µm, and d = 200 µm;
(d) Dimensionless capillary wicking height with respect to normalized time. The trends of viscous
liquids deviate from that of dyed water (indicated by the red dotted line) in the late stage due to the
thin film and as the slow flow of the Reynolds number decreases, meaning viscous dissipation plays
an important role in influencing the dynamics.
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In addition, capillary rise is usually classified into three regimes [35,36] (Figure S2): the
initial stage is dominated by inertia following a scaling law, H~t; the final stage of thin-film
wetting is influenced by viscosity, which follows Tanner’s law [37–39], H~t1/10; and the
regime between the two stages is called the inertia–viscosity transition, which is described
by the Lucas–Washburn equation as H~t1/2. However, mesoscopic structures enhance
surface energy release and reduce the velocity gradient, which determine the viscous
drag. The Reynolds number, Re = ρuen/µ, is O(102), indicating that inertia dominates over
viscosity, where u is the wicking velocity and µ is the viscosity of the liquid. The Bond
number, Bo = ρgHen/σ, is O(10−2), implying that the influence of gravity is negligible.
Therefore, the governing equation for the mesoscopic wicking dynamics of a single interval
column takes the following form:

d(mu)/dt = udm/dt + mdu/dt = F = σ*p (8)

where σ* is the equivalent surface tension considering the surface roughness [1,4] and m is
the mass of the wicking liquid, which can be expressed as kρHpen, where k is a geometric
factor and u = H′ is the first derivative of H. Considering that the thickness relates to the
wicking height as en~βH (Figure 3c), m is expressed as k′ρH2p, where k′ = kβ and a different
scaling law can be obtained from Equation (8) (see Appendix A for detail):

H ∼
(

3σ∗

2k′ρ
t
)2/3

(9)

which describes the transition regime dynamics of mesoscopic wicking and is in accord
with the experimental results.

Furthermore, we confirm the general applicability of the new scaling law regarding the
transition regime of capillary wicking on a mesoscopic trichomes array. The height change
over time for different liquids wetting our fabricated materials is reported in Figure 4c,
which reveals a similar trend, but the low surface tension of viscous liquids such as silicone
oil exhibits a slower climbing rate compared to high-surface-tension liquids with a low
viscosity, such as water. Dimensionless height, H/lc, with respect to normalized time, σt/µ,
was used to assess deviations from the expected tendency of different liquids (Figure 4d).
The results indicate that all liquids follow the scaling law at the beginning, but deviate from
their expected tendencies in the late stage because the viscosity-negligible condition that
Re is large does not hold for thin films of viscous liquids such as silicone oil and ethylene
glycol in our experiments.

3.4. High-Flux Open Siphon Applications and Mass Transportation

Subsequently, we curved the straight plate into “n” shape (Figure 5a), so that the
film on the trichomes array acts as a water path connecting two levels and facilitating
water transfer from the higher level to the lower level, functioning as an open siphon
device [40–42]. Compared to the “n” shape device without a trichomes array modification
(Figure 5b), water spontaneously wicks between the trichomes once it touches the modified
region and follows the trichomes’ path, flowing into the other side of the device. As water
accumulates in the outlet side, the meniscus rises to touch the modified region, enabling
continuous water transfer until the meniscus levels on the inlet side and outlet side are
equal. Similar to a traditional siphon in a closed tube, the height difference between the
inlet and outlet, hout − hin, where hin is the height difference from the inlet tank’s bottom to
irs ridge top and hout is the height difference from the outlet tank’s bottom to its ridge top,
influences the siphon flux [43] (Figure 5c).
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Figure 5. High-flux open siphon application and mass transportation through capillary wicking.
(a) Schematic of open siphon construction, the straight surface is bent into an “n” shape with the inlet
height difference hin and outlet height difference hout, transparent glass was used for the observation
of the water flow injected from inlet. The red dotted line to the left indicates the bending position;
(b) Comparison between bare and trichomes-array-modified devices shows that no siphon forms
on the bare side wall, while spontaneous wicking on the trichomes connects the two sides; (c) Flux
measurement of different two-sided height differences for different hin. Meniscus deformation leads
to large Laplace pressure, which enhances the flux, deviating from the fitting tendency; (d) Schematic
of mass transportation and thin-film evaporation (I) leading to solute crystallization (II), (III) is the
final state. (e) Side and front views of film thinning and solute crystallization. From left to right, the
solutes are FeCl3, CuSO4, and glucose, respectively. Above the red dotted line is crystallized solute,
which reflects light. Scale bars: 1 cm in (b).

151



Biomimetics 2024, 9, 102

However, as reported in previous work, the flux of an open siphon exhibits a maximum
flat stage [42], such that increases in the two-sided height difference have little influence
on the flux. Instead, the maximum flux is influenced by the inlet height difference, hin,
which determines the driving pressure difference across the free surface. The flux of our
trichomes array achieved an open siphon, which is also strongly influenced by the hin,
which the maximum flux reduces to half when the hin increases from 1.00 cm to 1.25 cm.
Except for the maximum flux, flux under small two-sided height differences is enhanced
by capillarity if the hin is small, which is attributed to a larger Laplace pressure difference
across the meniscus for a small hin. Siphon applications that require high flux such as
irrigation systems and drainage systems can be enhanced by adding a trichomes array with
an optimized height difference on their surface.

The application of water wicking on a trichomes array extends beyond liquid transfer,
which can be utilized for mass transportation as well. Various solutions carrying mineral
salts or nutrients, such as glucose, wick on the biomimetic trichomes array and form a
non-uniformly thick film (Figure 5d). The thinner film at higher levels evaporates first,
causing solute crystallization to cover the surface. Over time, as the film gets thinner,
solutes from the resources are transported to the surface at high levels (Figure 5e). In this
way, a pitcher plant like H. minor can carry nutrients such as sugar and digestive liquid from
the glandular organ at the bottom of pitcher to the upper pubescent zone, which attracts
insects after crystallization. This process requires further investigation of the biological
subject [31].

4. Conclusions

Inspired by the capillary wicking on the pubescent inside wall of Heliamphora minor,
we fabricated a biomimetic array of millimeter-long and sub-millimeter-pitched trichomes
through LCD-based 3D printing, with a high resolution of up to 18 µm, to investigate
mesoscopic wicking dynamics. Our results demonstrate that the water wicking on a
trichomes array consists of two independent processes: the filling intervals of the trichomes
and the meniscus advancing on the substrate. The filling of the trichomes’ intervals is
driven by capillary forces along the perimeter of the trichomes, resulting in the formation
of a film with non-uniform thickness, and the film profile at each interval is described
by a catenary line. Additionally, we unveiled that the transition regime of wicking on a
mesoscopic-trichomes-modified surface is dominated by inertia. The dynamics follows a
scaling law of H~t2/3, which is distinct from the H~t1/2 observed in traditional capillary
rising or wicking on surfaces modified with microscopic structures. Because the thickness
and wicking dynamics are independent, high flux and fast speed can be achieved at the
same time, which can improve the flow efficiency and has potential in applications such
as high-flux siphons. Finally, we examined the mass transportation inside the film and
observed thin-film evaporation, resulting in solute crystallization at higher levels first,
which indicates a method utilized by the plant to transport nutrients in the digestive fluid
from the pitcher to the upper pubescent zone, assisting in the attraction of insects. This
work, exploring the capillary wicking phenomena on mesoscopic structures, advances our
understanding of high-flux wetting behaviors and improves the design of efficient liquid
transfer devices.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/biomimetics9020102/s1, Figure S1: wettability of pitcher
pubescent zone and smooth zone; Figure S2: scanning electron microscopy and energy-dispersive
spectrometry of the 3D-printed material.
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Appendix A

The Solution to Equation (6) can be obtained by changing the variable and direct
integral, as below:

1. Let w(z) = f ′(z), and the equation transforms into

− dw
w2
√

1 + w2
= Kndz (A1)

The direct integration of Equation (A1) gives

1 + w2

w
= Knz+C (A2)

where C is an integral constant determined by the boundary condition. And w can be
expressed by v = Knz + c as ∣∣∣w

∣∣∣= 1/
√

v2 − 1 (A3)

2. The solution of w from Equation (A3) can be obtained by substituting w(z) = f ′(z) =
Knf ′(v):

|w| = |Kn f ′(v)| = 1/
√

v2 − 1 (A4)

and f expressed by v is

f (v) = C′+





ln|v +
√

v2 + 1|
Kn

v > 1
ln|v − √v2 − 1|

Kn
v < −1

(A5)

and C′ is determined by the boundary conditions. The expressing of v in terms of z
can generate a profile f represented by z.

3. From Equation (A5), the curvature of meniscus κ, which is defined as

κ =
| f ′′|

(
1+ f ′2

) 3
2

(A6)

can be obtained as κ = −Kn/(Knz + C)2.

Equation (8), can be treated as a Bernoulli differential equation to solve to obtain the
scaling law of transition dynamics. The right-hand side is constant such that σ* is the
equivalent surface energy considering the roughness, which enhances energy releasing by
enlarging the contact area, and p is the mutual pitch of the trichomes. Therefore, only the
left-hand side needs further processing, as below:

1. Take m = k′ρH2p and u = H′ into consideration; eliminating p obtains

H2H′′ + 2H(H′)2 = σ*/pk′ (A7)
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2. Let Φ(H) = H′; Equation (A7) can be transformed into

H2ΦΦ′ + 2HΦ2 = σ*/pk′ (A8)

which can be solved directly as

Φ2 = 2σ*/3pHk′ + C1/H4 (A9)

where C1 is an integral constant.
3. Replace Φ with H′, and the solution to Equation (A9) can be acquired as

2H3σ*/3pk′ + C1 = (tσ*/pk′ + C2)2 (A10)

and the boundary condition of the initial stage is that H = 0 for t = 0 s, which implies
C1 = C2

2. If the initial velocity is considered infinitely small or zero, the simplest form
of the scaling law is Equation (9), that is C1 = C2 = 0.

Appendix B

A summary of the symbols used is provided in Table A1 for reference.

Table A1. Definitions of symbols used in the mathematical calculations.

Symbols Definition Unit

σ Surface tension N/m
ρ Density of liquids kg/m3

µ Viscosity of liquids Pa·s
g Gravitational acceleration constant kg·m/s2

lc Capillary length m
L Length of trichomes m
p Center-to-center pitch of trichome’s base m
d Diameter of trichome’s base m
H Capillary wicking height m
u Capillary wicking velocity m/s
T Tension force on meniscus profile N
θ Deflection angle of profile tangent with respect to the z direction ◦

F Constant lateral force representing Tsinθ N
f Function describing the meniscus profile \
ϕ Path length from point B to P m
en Thickness in the nth interval m
αn Ratio of thickness to trichome length \
Sn Area of cross-section perpendicular to z axis m2

Kn Coefficient equals ρgSn/F m−1

κ Curvature of meniscus m−1
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Abstract: Successful bioinspired design depends on practitioners’ access to biological data in a
relevant form. Although multiple open-access biodiversity databases exist, their presentation is
often adapted to life scientists, rather than bioinspired designers. In this paper, we present a new
tool, “Bioinspire-Explore”, for navigating biodiversity data in order to uncover biological systems of
interest for a range of sectors. Bioinspire-Explore allows users to search for inspiring biological models
via taxa (species, genera, etc.) as an entry point. It provides information on a taxon’s position in the
“tree of life”, its distribution and climatic niche, as well as its appearance. Bioinspire-Explore also
shows users connections in the bioinspiration literature between their taxon of interest and associated
biological processes, habitats, and physical measurements by way of their semantic proximity. We
believe Bioinspire-Explore has the potential to become an indispensable resource for both biologists
and bioinspired designers in different fields.

Keywords: biodiversity; bioinspiration; data science; computer-aided biomimetics; taxonomy;
open-access; NLP; biology push

1. Introduction

Bioinspiration is a creative approach based on the observation of living systems [1].
Over the past twenty years, bioinspiration has helped solve engineering problems [2–4], in-
spire architectural programs [5], improve water management [6], support cybersafety [7,8],
and even resolve in-orbit servicing challenges [9–11]. As impressive as these case studies
are, they are based on a few dozen, perhaps a few hundred, biological models [12,13],
despite more than 2 million species having been identified [14]. To reach its full potential,
the field needs a greater range of “biological muses” from molecular [15] to ecosystem
scales [16,17]. Advances in the fields of biology and ecology are able to provide this inspira-
tion: we know more about living systems today than ever before. Moreover, technological
developments allow us to mimic and/or incorporate nature into design in ways that were
impossible even a decade ago. How can this potential be unlocked to support the ambitions
of a growing number of bioinspiration organisations, startups, laboratories etc. [13,18]?
Moreover, how can we draw attention to the lesser known taxonomic groups, whose diver-
sity of form and function has much to teach us [19–21]? Several initiatives have been set up
over the last decade(s) to support bioinspired designers’ access to biological information.
Through the AskNature platform, living systems can be explored with a focus on functions,
using the Biomimicry 3.8 “Taxonomy” to translate these into biological “strategies” that
have or could inspire innovation [22]. Other initiatives have combined this functional
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approach with advanced algorithms, processing large datasets (texts, images, etc.) that
support online biomimicry tools, such as Mimicus (https://www.lib.mimic.us/ap/ ac-
cessed on 1 January 2024), developed by Sun-Young Kim and colleagues, or PeTal from
NASA [23]. Finally, one of the most promising ways to explore scientific literature is the
“trade-off” approach, focused on the balance between different functions necessary for a
species’ survival [24,25]. Such an approach, combined with biomimetic ontologies and
engineering-to-biology thesauri developed during the 2000s [26–28], led to the develop-
ment of the E2BMO tool. This computer-aided user interface allows the exploration of
scientific literature using the concepts of functions and trade-offs [29]. All these tools help
to generate ideas for bioinspired products, processes, and systems. However, at present,
these (and other available resources) orientate the user towards a limited set of taxa. In this
article, we present a new tool, Bioinspire-Explore (https://Bioinspire-Explore.mnhn.fr/
accessed on 1 January 2024), developed to simplify access to biodiversity data in order to
facilitate “biology push” approaches to bioinspiration without inherent taxonomic bias.
Bioinspire–Explore offers the bioinspired designer the phylogenetic “tree of life” as a start-
ing point, allowing the exploration of (known) extant biodiversity in its entirety. It is
structured around taxa (i.e., names of species, genus, families, etc.) entered by users based
on their curiosity or existing knowledge. While the immensity of taxonomic data may
seem overwhelming to a non-biologist [30], Bioinspire-Explore aims to support the user
in their discovery of the living world and present connections between taxa and associ-
ated information (ecological, climatic, visual) of relevance. Above all, its value lies in its
ability to display the semantic proximity between taxa, biological processes, habitats, and
physical measurements within the scientific literature on bioinspiration. Bioinspire-Explore
does not replace interaction with biologists: transdisciplinary collaboration is essential to
understanding the principles that govern the living world [31] and for effective bioinspira-
tion [32,33]. However, Bioinspire-Explore provides a means to begin biological exploration,
individually or as a team, and to stimulate bioinspiration in all its forms (i.e., biomimicry,
bioassistance, bioproduction, Nature Based Solutions, etc. . . ) [34].

2. Materials and Methods
2.1. Data Sources

Table 1 presents the data sources behind Bioinspire-Explore. Taxonomic data are
provided via the application programming interface (API) of the Global Biodiversity Infor-
mation Facility GBIF (https://gbif.org/ accessed on 1 January 2023), with names of taxa
(vernacular and scientific), their occurrences, (spatial coordinates), taxonomic rank, and im-
ages. The GBIF taxon identification number is used to query Wikidata. If the Wikidata node
of the taxon in question is found, the first paragraph and image of its Wikipedia page is dis-
played on the Bioinspire-Explore interface via the Wikipedia representational state transfer
(REST) API. Going through the Wikidata graph prevents “false friend-associated” pages
(e.g., avoiding a query using the word “Vespa” displaying information on motorcycles).
Images are imported through the GBIF API and originate from the iNaturalist database.

Table 1. Data sources and their providers.

Data Type Sourced From

Taxonomic backbone GBIF
Occurrence data GBIF

Taxon-related photographs iNaturalist
General information on given taxon Wikipedia

Geo-climatic data WorldClim
List of biological process Wikidata

Related entities, e.g., co-cited species Biomig corpus
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Climatic data for each taxon are provided by the WordClim (https://www.worldclim.
org/ accessed on 1 January 2024) initiative. Plotting a taxon’s climatic conditions involves
several steps: (i) Nine monthly climatic variables (elevation, average precipitation, max.
precipitation, min. precipitation, solar irradiance, average temp, min. temp, max. temp,
and wind speed) are downloaded. (ii) Taxon occurrence maps are downloaded from GBIF,
containing a list of hexagonal geographical zones where the taxon has been recorded.
(iii) The climatic variables maps are overlaid with the occurrences maps. (iv) The final
metric, as displayed in the Climate Tab, represents a spatial mean over the distribution
range, averaged over 12 months of the year. To provide the range, maximums and the
minimums are calculated over the monthly distributions.

2.2. Architecture

Bioinspire-Explore is an open-source tool developed as a full-stack application; in other
words, it comprises an entire set of software/technologies with both front end (user-side)
and back end (server-side) elements. The back-end aspects are based on Python scripts
and Fast APIs, whereas the front end is written using the JavaScript React application.
The full repository of the Bioinspire-Explore project can be found here: GitHub https:
//github.com/ceebios/Bioinspire-Explore-app (accessed on 1 January 2024).

2.3. Word Vectorization and Expansion

Bioinspire-Explore allows the user to evaluate the semantic proximity of entities
(“Taxon”, “Biological Process”, “Habitat”, and “Physical Measurement”) within a body
of scientific literature pertaining to bioinspiration. This supports bioinspiration by offer-
ing potential links between a taxon and its associated biological functions, environment,
or physical characteristics. Bioinspire-Explore’s functionality is based on a Word2Vec
model [35] that was trained on tokenized sentences from the BIOMIG Corpus. The BIOMIG
corpus is a dataset developed by Tchakarov et al. 2023 [36] containing scientific papers
evaluated as relevant for bioinspiration.

In the Word2Vec model, entities were defined as follows:

• “Taxon” entities were taken from the GBIF taxonomic backbone [37].
• “Biological Process” entities were derived from a Wikidata list of biological processes

https://www.wikidata.org/wiki/Property:P682 (accessed on 1 January 2023), filtered
manually by the authors to remove irrelevant content.

• “Habitat” entities are those listed under “biome” in the ontology ENVO [38].
• “Measurement” entities are listed as the “quantities” in Ontology of units of Measure

(OM) https://www.ebi.ac.uk/ols/ontologies/om (accessed on 1 January 2023).

The compatibility score between entities is calculated as follows: for a given word
entered by the user (e.g., “vespa”), the model looks for the N possible entries in the model
that contain this word (e.g., “vespa mandarina”, “vespa ducalis”). The cosine similarities
between the vectors of these entries and the vectors of all the entities stored in the model
(e.g., the words “resistance” or “venom”) are calculated. The compatibility of each entity is
defined as the minimum of these N similarity values. For each input word, N similarity
values are provided, with 100% indicating “perfect compatibility” between the term chosen
(in this case, “vespa”) and the associated entity. Bioinspire-Explore’s objective is to suggest
entities that are the most compatible with all entries containing the word “vespa”. The final
top 20 suggestions shown on the user interface represent those entities with the highest
compatibility score.

3. Results
3.1. Dynamic Taxon Search Capability

Bioinspire-Explore’s first key feature is to support users in their search for a taxon of
interest. As text is entered, the search bar automatically suggests up to 20 scientific names
associated with a query at different taxonomic levels (i.e., species, genus, family, order, etc.).
Each taxonomic rank is colour-coded, from red for species to blue for kingdom.
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As seen in Figure 1A, a query beginning with the text “hymenopt” yields ten taxa
suggestions at different levels. (Note that an identical request on Google may yield many
more results, but these are focused solely on the order Hymenoptera, and not its taxonomic
“children”.) Users can search for species using either their Latin (scientific) or common (ver-
nacular) names. For example, the user request “mockingbird” provides eight species names
identified as mockingbird taxa, as seen in Figure 1B. Table 2 shows the taxonomic results of
sample user queries (e.g., “blue whale”, “mockingbird”, “nikolay”, and “escherichia”), and
their explanation.

Figure 1. Search bar automatically suggests taxonomic terms associated with a query, covering both
(A) scientific names and (B) vernacular names.

Table 2. Illustration of how the search bar helps the user navigate taxonomic data, depending on the
type of request.

User Request Propositions of the Research Bar Explanation of the Result

“blue whale” Balaenoptera musculus, Prionace glauca two taxa associated with the vernacular name “blue whale”

“mockingbird”

Mimus gundlachii, Mimus polyglottos,
Mimus macdonaldi, Mimus gilvus,
Melanotis caerulescens, Mimus saturninus,
Mimus triurus, Mimus thenca

eight species associated with the vernacular “mockingbird”

“nikolay”

Bolinichthys nikolayi, Chersodromia nikolayi,
Melamphaes nikolayi, Stauroneis nikolayi,
Conterinia nikolayi, Prodalmanitina nikolayevi,
Pseudepipona nikolayi

seven taxa whose specific epithet contain “nikolay”

“escherichia”

Escherichia (Genus), Escherichia hermannii,
Escherichia vulneris, Escherichia fergisonii,
Escherichia albertii, Eschericia marmotae,
Escherichia ruysiae, Escherichia coli

exact match with genus and generic names

For a given query or set of queries, an accompanying diagram is created that allows the
user to locate their taxa in the “tree of life”. This dynamic taxonomic representation is based
on the GBIF taxonomic backbone. For example, let us say a user is interested in exploring
the taxonomy of insect species that could inspire the management of heat and light, in
this case bees and ants [39,40]. Following the user’s query for the bee Megachile kalina,
a linear taxonomic diagram is created, presenting its taxonomic “location” in Figure 2A.
Subsequently, five other species of the genus Megachile were searched for (Figure 2B)
with Bioinspire-Explore showing the taxonomic connections between these “new” species
and the “original” species Megachile kalina. The user then enters a new query, this time
for the species of desert ant Cataglyphis bombycina. Bioinspire-Explore “remembers” the
previous searches (unless the clear button is used in between queries) and adds this species’
taxonomy, leading to a bifurcation in the diagram seen in Figure 2C. These taxonomic
diagrams are exportable as a PNG files that the user can then download.
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Figure 2. Examples of dynamic taxonomic diagrams following multiple queries associated with bees.
(A) Linear diagram created after single search for the bee species Megachile kalina; (B) expansion of
the “taxonomic children” of the genus Megachile; (C) subsequent search for the desert ant species
Cataglyphis bombycinus.

3.2. Biological and Environmental Data

A great deal of biological and environmental data are freely available online. However,
at present, exploring this information involves going back and forth between different
websites, which can be time consuming and distracting. Bioinspire-Explore has been
designed as a “one stop shop” connecting multiple external open-access data sources via a
taxon’s name.

Figure 3 shows the results of a query for Arnica montana, a flowering plant species
found in western Europe. The first window displays the first paragraph and first image
of the Wikipedia page associated with Wikidata node for the species Q207848 (https:
//www.wikidata.org/wiki/Q207848 (accessed on 1 January 2023)). If the Wikidata graph
is missing a node for the taxon in question, this window will be empty. An external link
will then automatically search for the taxon name in Wikipedia to provide associated data
for this window. The second window, seen in Figure 3B, shows occurrence data for Arnica
montana, plotted on a world map (with an option to zoom in and out, depending on the
scale of interest). Figure 3C displays iNaturalist images tagged with Arnica montana. By
clicking on an image, the user will be led to the iNaturalist website. Figure 3D shows
the average climatic conditions, as well as minimums and maximums, for Arnica montana,
as found under the forth window. Windows 3 and 4 aim to provide information on a
taxon’s environmental context, highlighting the abiotic conditions to which it is adapted
(temperature, rainfall, sun exposure, wind speed, etc.).
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Figure 3. Four main types of information are provided through Bioinspire-Explore for a selected
taxon Arnica montana. (A) Its Wikipedia page, (B) spatial distribution, (C) images, and (D) climate
characteristics.

3.3. Semantic Proximity between Biological Entities

As outlined, Tchakarov et al. 2023 [36] developed a neural network model Word2Vec [35]
based on a corpus of scientific articles judged relevant for bioinspiration (the “BIOMIG
Corpus”). Using this model, Bioinspire-Explore is able to assess the semantic proximity
of text entities (taxon, biological process, habitat, physical measurements) stored as word
“embeddings” within this scientific corpus. These entities were chosen as being the most
relevant in the context of a “biology push” approach to bioinspiration, providing users
with ideas in terms biological processes, functions, structures, and systems of potential
interest for innovation (see examples in Table 3).

Table 3. Examples of entities related to two taxa queries Vespa soror and Morpho menelaus).

User Request Taxon Process Habitat Measure

Vespa soror
Platygastridae,
Argidae,
Theroa zethus

hunting,
swarm,
autothysis

plant,
tropical,
meadow

heat,
frequency,
length

Morpho menelaus
Greta oto,
Papilio ulysses,
Callophrys rubi

polyphenism,
colouration,
flying

feather,
desert,
meadow

angle,
heat,
hydrophobicity

Figure 4A presents a more detailed example of how these text embeddings, and the
evaluation of their semantic proximity with the scientific corpus, work in practice. Here,
seven text entities are represented as vectors in a fictive 3D-space: three taxon names
(“Pica pica”, “Corvus corone”, and “Vespa soror”); two biological processes (“diving” and
“swarming”); and two habitat characteristics (“forest” and “tropical”).
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Figure 4. (A) Schematic illustration of semantic proximity of various types of entities “taxon”,
“ecozone/habitat”, “biological process”; (B) screenshot of the semantic expansion module in
Bioinspire-Explore. Here, the taxon entity Vespa soror appears semantically related to other taxa
such as Hymenoptera.

The taxon entities Pica pica and Corvus corone are represented as close vectors, because
both these taxa belonging to the Corvidae family. The Asian wasp Vespa soror is represented
as a vector with more distant coordinates from the two Corvidae, as their phylogenetic
relationship is further apart. The biological process “swarm” is shown to be semantically
closer to the Vespa soror than to the two Corvidae. This is because swarming is a behaviour
typically associated with this wasp (rather than Corvidae), and the scientific literature
reflects this. Conversely, “diving” is more likely to be found in Corvidae than Vespa soror,
and therefore appears closer to the two birds. In terms of habitat characteristics, the entity
“tropical” is directionally closer to the text embedding of Vespa soror than to the Corvidae,
as the latter live in temperate climates of western Europe.

How are the results of this neural network model presented within Bioinspire-Explore?
In Figure 4B, we show two screenshots of the “Biodiversity” page within Bioinspire-Explore,
where the concept of semantic proximity between taxa, biological processes, habitats, or
measurements is explored. In the first screenshot, we explore entities related to our wasp
Vespa soror. We start with the “taxon” tab to understand how this wasp is connected to other
taxa within the scientific literature. As to be expected, the model indicates greatest semantic
proximity with other insect families of the order Hymenoptera, such as Platygastridae,
Sapygidae, Pergidae, or Argidae. By clicking on the “Process” tab, we find the biological
process “swarm” with a 74.5% semantic proximity to Vespa soror. Selecting this process, we
are interested in understanding the proximity of the “Habitat” entities connected to both
Vespa soror and swarming behaviour. This is shown in the second screenshot of Figure 4B.
Having been asked for habitats semantically close to both Vespa soror and swarm, Bioinspire-
Explore cites “tropical”, “meadow”, and “desert” as related entities. The compatibility
scores between this trio of habitat entities are 67%, 64%, and 63.5%, respectively. This
means that, in the scientific literature (BIOMIG Corpus) used by the Bioinspire-Explore
model, connections between swarming (process) of Vespa soror (taxon) in tropical areas
(habitat) appear to be the most significant, with a combined score of 67%.

3.4. An Example “User Journey” in Bioinspire-Explore

Figure 5 presents how a user might explore the Bioinspire-Explore tool. If they are
new to the concept of bioinspiration, they may start by visiting the “Bioinspirations” page
(Figure 5A) that presents a handful of existing initiatives in the field of bioinspired design
(using images, videos, text, and references). Via this page, they might read about the
navigational abilities of the desert ant Cataglyphis fortis. They decide they would like to
learn more about this species via the “Biodiversity” page (being redirected automatically
via the species name, or by typing its name directly into the search box). Figure 5B shows
the information that is provided at this stage (as already described in Figure 2): the species
taxonomic position, its appearance, its geographical distribution, and climatic niche.
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Figure 5. User journey within Bioinspire-Explore, illustrating the functionalities of different tabs
within the tool: (A) visit of the “Bioinspirations” page presenting bioinspiration examples; (B) then
moving to the “Biodiversity” page to learn more on a given taxon; (C) the “Go Further” page gives
an overview of closely-related entities within the scientific literature; and (D) end of the user journey
by either doing another research or using the pre-filled external links.

Finally, the user may wish to dive deeper via the “Go further” page in Bioinspire-
Explore (Figure 5C), getting an overview of closely related entities within the scientific
literature associated with Cataglyphis fortis. These insights usually lead the user either (i) to
further research on the taxon in question (using other platforms (EOL, GBIF. . . ) or via the
scientific articles presented in the Biomig Corpus) or (ii) to a new request about another
taxon presenting a similar interest (for example, the user might identify the desert ant
Melophorus bagoti as an alternative additional biological model for navigation).

4. Discussion
4.1. Bioinspire-Explore’s Audience

Bioinspire-Explore is an innovative new tool, providing a unique way to explore
biodiversity data and visualise relationships between taxa as well as between entities of
relevance to bioinspiration. Bioinspire-Explore’s focus is on a “biology-push” approach to
bioinspiration, that is to say, the identification of biological systems of potential interest,
the abstraction of their associated functions, followed by their transposition to a technical
domain. However, Bioinspire-Explore could also be used to support of a “technology-pull”
approach, as described by Fayemi et al. [41], i.e., once a team has transposed technological
needs into biological functions, and is searching for biological models that fulfill those
functions (See Figure 6).

The authors did not carry out a formalized process to generate scientifically robust
user feedback for the first iteration of the Bioinspire-Explore tool. Bioinspire-Explore was,
however, thoroughly tested with users from different institutions and communities on
five separate occasions (three Masters courses and two scientific workshops) and received
constructive feedback that fed into the project, either into the tool itself or this article.
Future feedback will be collected via a dedicated email address.
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Figure 6. Possible uses Bioinspire-Explore within a biomimetic methodological framework. After
Fayemi et al. (2017) [41].

Moreover, although designed to help bioinspiration practitioners, Bioinspire-Explore
could also serve as an educational tool in many different settings. Not only does the
tool facilitate access to biological data, it offers an interactive interface to “play” with
taxonomic information and phylogenetic relationships. Over and above finding relevant
data for a bioinspired project, Bioinspire-Explore helps users understand how life on earth
is organised scientifically, putting bioinspiration into its biological context. Thus, Bioinspire-
Explore could be used as a way to tackle both difficulties in understanding biology as
well challenges associated with the transfer of knowledge from biology to technology, as
identified by Wanieck et al. [42]: both obstacles within the bioinspiration field.

4.2. Challenges and Next Steps

Bioinspire-Explore represents a first iteration in the development of an online “biology
push” bioinspiration tool. As a prototype, it still faces challenges in terms of data sources
and functionality. With regard to data sources, Bioinspire-Explore provides access to
international biodiversity data via the most well recognised open access source: the Global
Biodiversity Information Facility (GBIF). Despite the significant advantages associated
with facilitating access to this vast dataset, Bioinspire-Explore’s connections with GBIF
mean that its limitations are interwoven as well. In other words, Bioinspire-Explore’s
data contain the same biases as GBIF’s, and the same challenges in terms of staying up to
date with constant phylogenetic and taxonomic developments [43–46]. For example, if a
species’ scientific name has recently changed, Bioinspire-Explore will present only those
data relating to the new species’ name and not its previous name. This means that all
data associated with its previous name are no longer available to users. The reverse also
holds true, if taxonomic updates have not yet been made in GBIF, Bioinspire-Explore will
relay nomenclature inconsistencies. Nevertheless, efforts are underway to improve the
quality of GBIF data [47,48], and this will directly benefit the Bioinspire-Explore tool and
its taxonomic accuracy.

Moreover, not all geographical areas covered by GBIF have the same density of data
points [49,50]; nor do all taxonomic groups have equivalent amounts of data on their
geographical distribution [20]. This affects the accuracy of climatic ranges of certain taxa
calculated within Bioinspire-Explore, for example.
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In terms of the bioinspiration literature that informs the analyses of semantic proximity
metrics, the “BIOMIG corpus” is updated every three months with new literature relevant
to bioinspiration. Although the BIOMIG corpus has been developed to include all pertinent
scientific articles (even when they do not mention bioinspiration or biomimetics explicitly),
this corpus cannot claim to be exhaustive: there will inevitably be published scientific
literature useful to bioinspiration that is not automatically identified as such. Despite
the regular updating of the BIOMIG corpus (every three months), the Word2Vec model,
trained from this corpus, is static (and does not change). This is a deliberate choice of the
development team. Indeed, the point of Word2Vec is to unravel the semantic meaning
of entities (words), and the relationship between these entities, using a large number
of sentences. Considering the extent of the BIOMIG corpus (several decades worth of
scientific papers), a regular re-training of Word2Vec on an updated corpus would not
provide significant changes in these semantic relationships between words. For example,
the entity “Morpho menelaus” is currently related to “reflection” or to other butterfly taxa;
in a year, the small amount of papers related to Morpho will not be a sufficient “signal” to
modify this semantic proximity. That being said, we should indeed retrain the Word2Vec
model every few years, or could even replace this semantic expansion tool with more costly
Large Language models in the future.

Our intention is to continue to improve Bioinspire-Explore’s functionality and scope
in the future, based on feedback following its use in educational and professional set-
tings. Several possible avenues for its improvement already exist. From a functionality
perspective, building the tool’s capacity for non-taxa entry points is one priority. Presently,
Bioinspire-Explore’s capability lies chiefly in the assessment of semantic proximity between
a taxon (as the starting point) and other entities (biological processes, physical measures,
and habitats) in the scientific literature. For now, starting a search with one of these other
entities provides less obvious results in terms of connections in the scientific literature. For
example, if one were to begin a search with “energy” as a physical measurement, and then
“photo-protection” as a biological process, the results in terms of semantic proximity linking
these entities to specific taxa are weak. This currently limits the ability of a bioinspired
designer to pursue “property-led” rather than “taxon-led” research.

In terms of climate data, Bioinspire-Explore uses the last available “snaptshot” of the
WorldClim database, issued in 2020, and covering the 1970 to 2000 period of time. We are
aware of the limitations of this database’s scope and the importance of having up-to-date
relationships between taxa and their precise climatic conditions. This aspect could be
improved in future iterations of the tool.

In terms of the potential integration of new datasets into Bioinspire-Explore, two types
of information stand out: morphological and palaeontological. Morphological descriptions
are those used to identify living organisms, presenting their specific structures and char-
acteristics. These properties are closely linked to an organism’s function, and therefore of
potential interest to bioinspiration practitioners. Bioinspire-Explore could be expanded
to include morphological (and anatomical) knowledge extracted from relevant scientific
literature via AI text analysis methods. This information could be presented in the form of
graphs or RDF triplets, for example, as proposed by Sahraoui et al. [51].

Finally, palaeo-bioinspiration is a growing field [52], and one that requires access to
information about species from previous geological epochs. The biodiversity data available
through Bioinspire-Explore are currently based on a classification system that does not fully
take into account the fossil record. Although international, open-access palaeobiodiversity
databases exist [53], their utilisation would require the harmonious integration of the
classification of fossils with that of current species. Presently, integrating the multiple
branches of fossil lineages at higher taxonomic levels pose both theoretical and technical
challenges; these difficulties would need to be evaluated and resolved before a unified
catalogue of past and present biodiversity could be made available through Bioinspire-
Explore. The tool is currently being tested by Masters and PhD students as part of their
bioinspired design curricula, as well as professionals within the bioinspiration domain.
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Their user feedback will provide insight on the functional, visual, and ergonomic choices
made by Bioinspire-Explore’s development team. Particular attention will be given to
improving the semantic expansion tool to assess whether it is understood, intuitive, and
useful in the application of bioinspiration.

5. Conclusions

In a context of growing environmental challenges, professionals are increasingly look-
ing to the living world to provide inspiration for more sustainable alternatives to today’s
systems. Bioinspire-Explore’s principle audience is this new generation of designers, en-
gineers, chemists, architects, urban planners, and more. It can be operated by a single
user, but can also facilitate interaction between different disciplines in a group setting.
Crucially, Bioinspire-Explore is intended to act as a guide, not as a replacement for the
active involvement of biologists in bioinspiration projects [31,54]. Rather, it orientates the
user towards promising information regarding living systems of interest and presents those
systems in their scientific context. It offers relevant scientific literature to bioinspiration
practitioners seeking stimulus for many different variants of bioinspiration [34]: for ex-
ample, exploring properties of biological materials to support biofabrication/bioproduct
engineering initiatives; or identifying ecological characteristics of taxa that could be inte-
grated into nature based solutions. Bioinspire-Explore is a powerful tool for browsing and
visualizing biological data, using taxonomy as an entry point. The platform’s user-friendly
interface and comprehensive databases make it an accessible way to explore biological
data, particularly as part of a “biology push” approach to bioinspiration, and provide
meaningful insights into the diversity and evolution of life on earth. Its unique value lies in
its ability to combine, within a single tool (i) taxonomic data; (ii) ecological information; and
(iii) indications of the semantic proximity of terms (“entities”) cited in bioinspiration-related
literature. In the future, we anticipate that Bioinspire-Explore will continue to evolve and
improve, with the addition of new features, functionality, and datasets in order to respond
to the growing ambitions of the bioinspiration community.
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Abstract: Biological fish often swim in a schooling manner, the mechanism of which comes from
the fact that these schooling movements can improve the fishes’ hydrodynamic efficiency. Inspired
by this phenomenon, a target-following control framework for a biomimetic autonomous system is
proposed in this paper. Firstly, a following motion model is established based on the mechanism of
fish schooling swimming, in which the follower robotic fish keeps a certain distance and orientation
from the leader robotic fish. Second, by incorporating a predictive concept into reinforcement learning,
a predictive deep deterministic policy gradient-following controller is provided with the normalized
state space, action space, reward, and prediction design. It can avoid overshoot to a certain extent. A
nonlinear model predictive controller is designed and can be selected for the follower robotic fish,
together with the predictive reinforcement learning. Finally, extensive simulations are conducted,
including the fix point and dynamic target following for single robotic fish, as well as cooperative
following with the leader robotic fish. The obtained results indicate the effectiveness of the proposed
methods, providing a valuable sight for the cooperative control of underwater robots to explore
the ocean.

Keywords: biomimetic motion; biomimetic autonomous system; target following; deep reinforcement
learning; predictive control

1. Introduction

With the rapid development of science and technology, the field of biomimetics has
witnessed substantial advance in recent years, garnering widespread attention from re-
searchers globally. With a long history of natural evolution, biological fish have acquired re-
markable motion capabilities. They demonstrate proficiency in executing various acrobatic
maneuvers, including rapid start and stop, inter-media leaping, and other sophisticated
actions. Additionally, natural fish can achieve hydrodynamic drag reduction and energy
efficiency through the utilization of diverse biological mechanisms.

Inspired by nature, the biomimetic robotic fish has attracted the attention of many
scientists and engineers [1–6]. Katzschmann et al. designed a new kind of soft robotic
fish named Sofi, which can interact with remote control personnel through ultrasonic
communication module and realize the close observation of underwater organisms with a
maximum diving depth of 18 m [1]. By mimicking yellowfin tuna, White et al. developed a
series of high-speed biomimetic robotic tuna [7,8], and achieved tail-fin flapping frequencies
of up to 15 Hz. To quantify the role of body flexibility in high-speed swimming, they further
presented Tunabot Flex, which could achieve a high swimming speed of 4.6 BL/s (body
length per second, BL/s) at a swing frequency of 8 Hz. Yu et al. designed a robotic dolphin.
Based on the motion control strategies, a high swimming speed of 2.05 m/s (2.85 BL/s)
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was achieved, and the action of repetitive leaping similar to that of biological dolphins was
completed [9]. Compared with the traditional autonomous underwater vehicles (AUVs),
the biomimetic robotic fish has the advantages of high maneuverability, strong concealment,
and better biocompatibility. These attributes underscore their considerable potential for
application across diverse domains.

More importantly, by learning the motion mechanism of biological fish, the movement
performance of the robotic fish can be further improved, e.g., by using fish schooling
movement to save energy. It is hypothesized that fish schooling movements can improve the
hydrodynamic efficiency via a certain swimming mode [10]. In a school of fish, the leader
fish tend to consume more energy than the follower fish. The eddy current generated
by the tail of leader fish can provide a certain amount of water power to the follower,
thus achieving the effect of energy saving. This movement has a similar phenomenon
in birds. As a result, biological fish tend to travel in flocks for long-distance voyages.
Many researchers have investigated the fish schooling mechanism. Li et al. focused on
how the fish plan their movement to save energy and achieve larger thrust from the
vortices generated by others [11,12]. They designed some bionic robotic fish to measure
the energy consumption when the robotic fish swim in the pool. Further, a vortex phase-
matching strategy was obtained, indicating that the schooling fish exhibited a tailbeat
phase difference that varied linearly with front–back distance. They also found that when
the fish swim side by side, an individual could improve its efficiency if they changed the
tailbeat phase to a certain angle, such as 0.25π. By measuring the actual movement of
15 fish, Marras et al. found that compared with the individual swimming, the schooling
fish in any position can save energy, and the fish swimming behind the neighbours showed
the best performance [13]. Thandiackal et al. conducted an interesting experiment to
observe the movement of natural trout when it interacted with the thrust wakes via a
robotic mechanism. The results illustrated that the trout exhibited reduced pressure drag,
further proving the energy saving [14]. Li et al. investigated the pressure and vorticity
fields between a single fish and a pair of fish, and offered some results. However, there are
insufficient conclusions about motion benefits of fish schooling [15]. Dai et al. investigated
a variety of stable formations with the schooling of two, three and four self-propelled
fish-like swimmers, and examined the energy efficiency of each formation [16]. Verma et al.
explained the energy-saving mechanism in the schooling behavior of fish. By combining
deep reinforcement learning and fluid simulation, an energy-saving strategy was proposed,
which enabled followers to save energy by using vortices in the leader’s wake [17]. More
studies can be found in [18].

With regard to the target following control, there are many related results. Dai et al. [19]
designed a robust tube model predictive controller (MPC) with an extended Kalman filter
target observer for an underwater vehicle-manipulator system, specifically tailored to
address the challenge of capturing moving targets. Cui et al. [20] proposed an optimal
trajectory tracking method for AUVs, applying reinforcement learning techniques with
critic and action neural networks. He et al. [21] formulated asynchronous multithreading
proximal policy optimization-based algorithms to tackle issues related to path planning and
trajectory tracking in unmanned underwater vehicles. Jiang et al. [22] introduced a model-
free attention-based, model-agnostic meta-learning algorithm for AUVs, demonstrating
efficacy in achieving high-precision tracking tasks. Zou et al. [23] designed an image-guided
motion controller which consists of a genetic algorithm-based linear quadratic regulator
velocity controller and direction controller to realize mobile target following for micro-
robotic swarms. Yan et al. [24] designed a reinforcement learning and orthogonal fractional
factorial design-based tracking controller for AUVs to enhance the scalability of uncertainty
evaluation. Shi et al. [25] applied a hybrid actors–critics architecture to improve following
control accuracy of AUVs. Gao et al. [26] introduced a fixed-time resilient cooperative
edge-triggered estimation and control framework designed to facilitate cooperative target
tracking for unmanned surface vehicles (USVs). Wai et al. [27] constructed an adaptive
following control scheme with a dynamic recurrent fuzzy neural network that allowed
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the vision-based mobile robot to track the moving target. Huang et al. [28] designed a
homography-based visual servo controller that allowed the unmanned aerial vehicle to
track the moving ship trajectory. Lin et al. [29] designed an image-based visual servoing
geometric controller for quadrotors for tracking the desired trajectory.

Our work is motivated by the collective motion observed in fish schooling, where
a phenomenon is known to enhance motion efficiency and reduce energy consumption.
The studies on fish schooling movement can be theoretically categorized into kinematic and
behavioral levels. At the kinematic level, the studies primarily focus on the macroscopic
distances and swimming postures among fish. By closely observing the swimming patterns
within fish schools, optimal distances and directions can be discerned. Further, at the
behavioral level, greater emphasis may be placed on the individual body swimming
postures of fish. For instance, in the context of tail-wagging fish swimming, it becomes
imperative to synthesize parameters such as tail-wagging frequency, amplitude, and phase
differences within the fish school. In this paper, we focus on the kinematic level, wherein we
translate the complexities of fish schooling swimming into the pursuit of target position and
attitude, thereby providing foundational support for biomimetic research at the behavioral
level. The primary contributions of this paper can be concluded in three aspects.

• Inspired by fish schooling movement, we focus on the kinematic level and propose a
target following control framework, including a predictive deep deterministic policy
gradient controller (PDDPG) and nonlinear model predictive controller (NMPC).

• Aiming to address the hysteresis characteristics of following control for the robotic
fish, we introduce the predictive concept into the deep deterministic policy gradient
method. By predicting the future state and adding it to the buffer pool, we effectively
mitigate the overshooting phenomenon during the tracking process. Furthermore,
the state space is intentionally designed in a normalized manner, concurrently featur-
ing a multi-objective optimization reward function.

• Taking the kinematic and dynamic models as the predictive model, we derive the
nonlinear model predictive control law with full consideration of the stage cost and
terminal cost. Extensive simulations are carried out to verify the effectiveness of the
proposed PDDPG and NMPC methods.

The subsequent sections of this paper are structured as follows. Section 2 provides an
exposition of the problem statement and the control framework. Section 3 delves into the
target-following control methodologies, encompassing the predictive deep deterministic
policy gradient controller and the nonlinear model predictive controller. Furthermore,
Section 4 presents simulation results, followed by a comprehensive analysis. Finally,
Section 5 offers concluding remarks to summarize the paper.

2. Problem Statement and Control Framework

In this section, we commence by introducing the target-following task and succinctly
present the kinematic and dynamic models pertaining to the underwater robot. Subse-
quently, aligned with the specified task, we formulate a target-following framework for the
robotic fish. Additionally, an alternative movement strategy is proposed, which integrates
both the predictive deep deterministic policy gradient controller and the nonlinear model
predictive controller.

In view of the observations that fish schooling movement in nature can save energy con-
sumption and improve movement efficiency, this paper aims to design a target-following
control method for the robotic fish. As shown in Figure 1, by selecting a robotic fish as the
leader, a path cruise task that involves setting target points can be executed. Pl = (xl , yl)
denotes the real-time position of the leader robotic fish while ϕl is its yaw angle. dg and ϕg
indicate the Euclidean distance and relative direction between the leader robotic fish and
the target points, respectively. ϕlg = ϕl − ϕg illustrates the attitude direction difference
between the leader robotic fish and the target points.
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Figure 1. The illustration of the target-following task and coordinate system definition.

Furthermore, we set some robotic fish as followers. Pi
f =

(
xi

f , yi
f

)
denotes the real-

time position of the follower robotic fish, where i = 1, 2, . . . , n. The purpose of the following
task is to maintain the set target distance di

f and direction ϕi
f between the follower and

leader robotic fish. Given the aforementioned variables, the target position point for the
follower can be obtained as follows:

xi
f = xl + di

f cos
(

ϕi
f − ϕl

)

yi
f = yl + di

f sin
(

ϕi
f − ϕl

) . (1)

It should be noted that the target point undergoes real-time variations with the move-
ments of the leader. Consequently, for the follower, this task is characterized as a dynamic
following mission. One of the principal improvements of this study lies in the approach
based on a deep reinforcement learning framework. During training, static target-following
scenarios are employed, yet the method is endowed with the capability to dynamically
follow targets. Besides, for each single robotic fish, we offer the kinematic model for the
following control, which can be formulated by

ẋ = u cos ϕ− v sin ϕ, (2)

ẏ = u sin ϕ + v cos ϕ, (3)

ϕ̇ = r, (4)

where p(t) = (x(t), y(t), ϕ(t)) represent the position and yaw angle with respect to inertia
frame, respectively. (u, v, r) denote the linear and angular velocities with respect to body
frame, respectively. Thereafter, the dynamic model can be derived as follows:

u̇ =
1

m11
(τu + m22vr− d11u), (5)

v̇ =
1

m22
(−m11ur− d22v), (6)

ṙ =
1

m33
(τr + (m11 −m22)uv− d33r), (7)
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where (m11, m22, m33) and (d11, d22, d33) are the mass and damping parameters larger than
zero. τu and τr indicate the thrust force and yaw moment, respectively.

Therefore, based on the aforementioned problem statement, this paper proposes a
target-following control framework, as illustrated in Figure 2. The framework comprises
a biomimetic autonomous system consisting of one leader robotic fish (referred to as
Agent_0) and multiple follower robotic fish. Initially, a cruising target point is set for the
leader robotic fish. Utilizing the proposed PDDPG controller, real-time control force and
moment can be generated to achieve cruising control. It is noteworthy that although these
target points are discrete, if they are relatively close, an effect similar to continuous path
following can be achieved. Subsequently, through a task allocation module based on the
principles of natural fish, real-time target following positions can be determined for each
follower robotic fish. Furthermore, for each follower robotic fish, a controller selector is
designed, corresponding to the proposed PDDPG controller and NMPC, to output real-
time control force and moment for target following. It is essential to emphasize the dual
purposes of designing the selector. On one hand, the PDDPG controller exhibits strong
environmental adaptability and scalability, suggesting that it has an advantage over NMPC
when introducing random obstacle avoidance tasks in this mission. However, NMPC
features stable solution finding and smooth motion output, contributing to improved
control stability. On the other hand, in this paper, the two controllers are independent
and are switched through a toggle switch. In practice, they can be organically integrated
based on certain principles, such as event-triggered mechanisms, according to different
task scenarios.

Agent_0

PDDPG controller

System 

model 

and 

Environment

NMPC controllerGoal_i

PDDPG controllerGoal_1

Goal_0

Task 

assignment

.

.

.
.
.
.

PDDPG controller

Agent_1

Agent_i

State

Action

Controller 

selector

Actor Critic
Predictive 

model

Environm

ent

Optimizer

Online network

Target network

Optimizer

Online network
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i = 1 or Np

Figure 2. The target following control framework.

3. The Methodology of Target Following Control
3.1. The Predictive Deep Deterministic Policy Gradient Controller

In consideration of the dynamic characteristics and strong interference in underwater
environments, this section introduces a following controller based on a predictive deep
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deterministic policy gradient. Firstly, the target-following problem is formulated as a multi-
objective optimization issue through the design of network architecture, state space, action
space, and reward function. Secondly, to enhance the training performance, normalization
scaling is applied to the designed state variables, and reward values are standardized.
More importantly, due to the highly nonlinear nature exhibited by biomimetic robotic fish,
traditional control methods often result in following overshooting. To address this issue,
the predictive approach is incorporated into the conventional deep deterministic policy
gradient (DDPG) method. Specifically, when certain conditions are met, state variables
and reward values after Np steps are calculated and stored in a buffer pool. During the
testing stage, actions can be output from the network based on the state variables after Np
steps. This technique can expand the training space to some extent, effectively avoiding
overshooting without increasing the state space, thereby reducing network complexity.

First, the target-following task can be regarded as a Markov decision process. The tuple
data comprises the state variable s ∈ S , the action variable a ∈ A, the reward function
R(s), the state transition function F : (s, a)→ s′, and the discount factor γ. By inputting
the current state into a neural network, the action variable can be outputted, leading to the
transition to the next state. The optimization objective is to maximize the reward function,
driving parameter updates in the neural network. In recent years, DDPG has come to
stand out as a reinforcement learning algorithm that has garnered substantial interest
in recent years due to its efficacy in addressing challenges associated with continuous
action space problems. Its applications span diverse domains, including robotics, control,
and various other fields. DDPG amalgamates concepts from both value-based and policy-
based reinforcement learning, utilizing a dual-neural network architecture comprising the
Critic and the Actor. In this paper, we introduce certain enhancements to the conventional
DDPG framework to accomplish the target-following task.

For deep reinforcement learning algorithms, the selection of appropriate state and
action spaces, along with the design of a suitable reward function, stands as a pivotal deter-
minant of network performance. In the subsequent section, specific design methodologies
will be elucidated.

3.1.1. State Space

In pursuit of reducing the complexity of deep neural networks, we exclusively focus
on the design of two state variables as follows:

• dsg: The state variable considered in this context pertains to the distance between the
current position of the robot and the target point. This variable primarily ensures that
the robot consistently approaches the target point at a predetermined velocity.

• ϕsg: The state variable involves the angular separation between the robot’s current
position and the target point. This variable is crucial for ensuring the robot’s sustained
alignment towards the target, serving the dual purpose of minimizing travel distance
and maintaining a stable motion posture.

To enhance training performance and expedite convergence, we propose a normal-
ization and scaling technique for a specific set of state variables. Firstly, we determine the
maximum values for two state variables. In this study, the Euclidean distance between the
robot’s starting point (xo, yo) and the target point (xg, yg) is designated as the maximum
value for dsg, as follows:

dmax =

√(
xo − xg

)2
+
(
yo − yg

)2. (8)

As for ϕmax, we set it to 2π. Additionally, after normalization, we introduce a scale-up
factor for two primary purposes. Firstly, post-normalization, the values fall within the
[0, 1] range, which might be unsuitable for network convergence. Hence, amplification is
applied. Secondly, considering the difference in the physical interpretations of dsg and ϕsg,
it is necessary to balance their magnitudes for faster convergence when inputting into the
network. It is noteworthy that the selection of dmax is not a fixed value due to the real-time
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variability of the follower robot’s target. Hence, by dynamically updating the target point
(xg, yg) for the follower robot, more effective action values can be obtained. Considering
these aspects, the formulated state variables are expressed as follows:

d̃sg = k1
dsg

dmax

ϕ̃sg = k2
ϕsg

ϕmax

. (9)

3.1.2. Action Space

Based on the kinematic and dynamic models of biomimetic robotic fish, we define
forward thrust and yaw moment as action variables. In contrast to conventional kinematic
navigation approaches, we directly employ control quantities as actions, implying that it is
necessary to traverse two layers of non-linear models, namely kinematics and dynamics,
which increases the learning complexity. Additionally, building upon our previous work,
we set the action ranges for forward thrust and yaw torque to [0, 6 N] and [−6 Nm, 6 Nm],
respectively. Moreover, since this study does not involve information exchange among
robot swarms, the leader robotic fish does not decelerate when the distance between
the leader and follower robotic fish is substantial. Hence, it is essential to ensure that
the follower robotic fish possesses the ability to catch up with the leader, leading to the
specification of the maximum forward thrust range for the follower robotic fish as [0, 8 N].

Furthermore, the forward thrust of the robotic fish is constrained to be consistently
greater than zero, while the yaw torque exhibits bilateral symmetry. Therefore, a bilateral
correction is applied to the forward thrust. Specifically, during both the network output
and replay buffer storage phases, the range of forward thrust is adjusted to [−3 N, 3 N].
When inputted into the training environment, the forward thrust outputted by the network
is increased by 3 N, rendering it unilaterally positive, and subsequently fed into the motion
model to update the environmental information.

3.1.3. Reward Function

The reward function constitutes a pivotal element in deep reinforcement learning.
With full consideration of path smoothness and length factors, a multi-objective optimiza-
tion reward function is proposed as follows:

R =
3

∑
i=1

ciri, (10)

where ci denotes the weight coefficients and ri represents the different reward forms. There
are three principles.

• The principle of minimum distance: it is expressed as r1 = −
∣∣d̃sg

∣∣, primarily employed
to minimize the length of the motion path.

• The principle of directional convergence: it is expressed as r2 = −
∣∣ϕ̃sg

∣∣, with the
aim of guiding the robot to orient itself towards the target point during motion. This
principle not only contributes to the reduction in path length but also serves to ensure
a certain degree of stability in the output yaw moment.

• The path-smoothing principle: it is characterized by r3 = −
∣∣∣ϕ̃sg − ϕ̃′sg

∣∣∣, where ϕ̃′sg

represents the previous time step’s ϕ̃sg. This principle primarily aims to enhance
control stability by minimizing the yaw angle difference between consecutive time
steps, thereby smoothing the motion path.

3.1.4. Predictive Concept-Based Improvement

In light of the aforementioned state space, action space, and reward function, it is
evident that the learning objective of the proposed method is to achieve rapid and smooth
target following. However, in practical tracking scenarios, due to the highly nonlinear
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characteristic of the system, the steering of robotic fish exhibits a certain degree of lag,
leading to the occurrence of overshooting phenomena. To address this issue, the most direct
solution is to introduce angular velocity as an additional state variable and incorporate it
into the learning network. Nevertheless, this approach encounters two primary challenges.
Firstly, the introduction of angular velocity increases the complexity of the state space,
thereby escalating the training difficulty. Secondly, in real-world applications, angular
velocity information is typically obtained from inertial measurement unit (IMU) sensor
modules, making it susceptible to external environmental factors and noise, manifesting
notable information instability such as abrupt fluctuations. Therefore, angular velocity
is deemed unsuitable as a state variable. With these considerations, this paper integrates
a predictive approach into the traditional DDPG framework, presenting a novel train-
ing architecture. This structure effectively mitigates overshooting phenomena without
introducing additional state variables.

In the conventional DDPG algorithm, the replay buffer stores a series of experience
tuples (st, at, st+1, rt), including the representation of the state at the next time step st+1,
i.e., st+1 = f (st, at). Here, f denotes a composite motion model of kinematics and dynamics.
The key improvement in the proposed method lies in the replacement of the current state
with the state quantity obtained after Np steps when the steering angular velocity exceeds
a predefined threshold. Both the state after Np steps and the current state are then stored in

the replay buffer, i.e.,
(

st, at, st+Np , rt

)
. This process generates a sequence of states as

S =
(

st+Np , st+Np−1, · · · , st+1, st

)

st+i = f (st+i−1, at)
. (11)

Based on the above illustration, the calculation process of PDDPG is presented in
Algorithm 1.

Algorithm 1 Algorithm for PDDPG

1: Initialize the parameters of Actor network and Critic network.
2: Initialize the experience replay buffer pool.
3: for episode = 1 to N do
4: Reset the control system, and obtain the initial states s0.
5: for step =1 to M do
6: According to the trained strategy, select the output action with the added noise

information.
7: Perform actions in the model environment.
8: if ϕ̇ > 20◦/s then
9: Apply the predictive model, and calculate st+Np .

10: Put
(

st, at, st+Np , rt

)
into buffer pool.

11: else
12: Based on the motion model, calculate st+1.
13: Put (st, at, st+1, rt) into buffer pool.
14: end if
15: Sample a subset of data from the experience replay buffer for network updating.
16: Update the Critic network according to the loss.
17: Update the Actor network based on deterministic policy gradient followed by

the target Actor network.
18: end for
19: end for

3.2. The Nonlinear Model Predictive Controller

In recent years, the utilization of MPC has become increasingly prevalent within the
domain of robotics. MPC proves valuable not only in tackling the intricacies of systems
with multiple inputs and outputs, but also in addressing and managing control constraints
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effectively. The control approach employed in this paper can be considered as a means
of achieving setpoint stabilization to a certain extent. This is achieved by designing a
controller that effectively stabilizes a predefined stationary setpoint.

Although the approach proposed in this paper also allows for dynamic target points
to be followed, the switching of these dynamic targets is governed by specific triggering
rules. On one hand, for the leader robotic fish, the target point switching criterion is based
on the condition that the robotic fish is within a certain threshold distance from the target.
As a result, this type of target point switching can be considered as setpoint stabilization on
a time scale. On the other hand, for the follower robotic fish, the target points change in real
time with the position of the leader robotic fish. However, due to the time-independence
characteristic of target point locations during the controller design process, these changes
can be simplified as setpoint stabilization. Furthermore, in order to achieve the following
control, we need to stabilize the key variables, including the planar position and the yaw
attitude. Hence, based on the kinematic and dynamic models of the robotic fish, the state
variables can be selected as P f = (x, y, ϕ). Correspondingly, we consider the forward thrust
and yaw moment as control variables, i.e., u f = (τu, τr).

This design implies the incorporation of both the kinematic and dynamic models as
components of the predictive model, which simplifies the controller design process. How-
ever, the combination of two nonlinear models may introduce a degree of computational
complexity and elevate optimization challenges. Iterative solution-seeking is necessary,
and parameter adjustments are implemented to address these complexities. Therefore, by
defining the reference Λ f = (xd, yd, ϕd) and error item e, we can consider the cost function
as follows:

J
(

e(tk), u f

)
=
∫ tk+T

tk

L
(

e(τ), u f

)
dτ + g(e(tk + T)), (12)

where L indicates the stage cost while g is the terminal penalty. T is the prediction horizon.
Furthermore, the optimal control problem addressed at each sampling instant can be
structured as follows:

min
u f

J
(

e(tk), u f

)
, (13)

Subject to

e(tk) = ξ
(

x(tk), y(tk), ϕ(tk), R f

)
, (14)

L = e(τ|tk)
TQe(τ|tk) + u f (τ|tk)

T Ru f (τ|tk), (15)

g = e(tk + T|tk)
TKe(tk + T|tk), (16)

u f ∈
[
u f min, u f max

]
, (17)

where ξ can be calculated by the motion model of the robotic fish. Q, R, and K represent
the coefficient matrix. Through the resolution of the optimization problem outlined above,
the optimal control sequence can be derived. Subsequently, solely the control sequence up
to the next sampling instant is considered, and the optimization process is reiterated in a
receding horizon way.

4. Simulation and Analysis

In this section, extensive simulation tests were conducted to validate the effective-
ness of the proposed target following method. Firstly, we constructed a simulated pool
environment and performed network training using Pytorch 1.12.1. In pursuit of real-time
performance, a four-layer fully connected structure was chosen for the architecture of the
Actor and Critic networks. The neuron counts in the intermediate two hidden layers are set
to 400 and 300, respectively. For key training parameters, the discount factor was set to 0.9,
the learning rate to 1 × 10−5, the target smoothing coefficient to 0.005, the minimum batch
size to 256, the maximum training episodes to 3000, and the maximum training steps per
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episode to 300. The control period is 0.1 s. The other key parameters of the motion model
and control system can be seen in more detail in Table 1.

Table 1. Parameters of the following control system.

Item Value Item Value Item Value

m11 9.9 kg m22 14.5 kg m33 1.8 kg
d11 17.2 kg/s d22 19.3 kg/s d33 1.1 kg·m/s2

Q diag{50, 50, 0.2} R diag{0.005} K diag{0.5}
c1 0.4 c2 0.4 c3 0.2
k1 10 k2 20 T 10

u f min τu = 0, τr = −6 u f max τu = 8, τr = 6

4.1. Training Results and Analysis

In this section, the neural network constructed based on the proposed reinforcement
learning method was trained. When the prediction step size was set to five, Figure 3
presented the results of six training sessions, including rewards, Actor loss, and Critic
loss. The shaded area in the figure represents the range of the maximum and minimum
values for each round in the six training sessions. The obtained results indicate that the
proposed method exhibits a relatively rapid convergence rate in the initial stages, achieving
preliminary convergence at around 500 steps. By the time the training steps reach 3000,
complete convergence is achieved, resulting in satisfactory training outcomes.
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Figure 3. The training results of PDDPG when Np = 5.

It should be noted that in Figure 3, the Done flag is used to indicate whether the
target point is reached in each training round. In each training session, if the target point
was reached within the current round, the variable was set to 1; otherwise, it was set to
0. The Done flag represents the cumulative sum of these binary values in the six training
sessions, with a minimum value of zero and a maximum value of six. Therefore, the results
suggest that with an increase in the number of training steps, the Done flag exhibited an
overall upward trend, indicating that convergence was ultimately achieved in each training
session. As a whole, from the reward and loss results, it can be seen that the values reached
a satisfactory level after 3000 iterations, and the curves appeared relatively smooth. In terms
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of completion, the Done flag was essentially at the maximum value around 3000 steps,
indicating successful attainment of the target point in each training instance.

To investigate the impact of different prediction steps on training outcomes, we
conducted relevant simulation experiments. Initially, we set the parameter Np to values
of 0, 3, 5, 8, and 10, employing identical training parameters. The training results are
illustrated in Figure 4a. The findings indicate optimal training performance when Np is
set to 5, followed by Np = 3. Notably, with Np = 5, not only did rapid convergence occur,
but a certain degree of training stability was also observed. Subsequently, we performed
an extension of training for the case where Np was set to 5, reaching 5000 steps. The results
demonstrate that the reward has stabilized without significant fluctuations.
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Figure 4. The reward comparison of testing results. (a) Under different Np. (b) Under differ-
ent episodes.

Further analysis is presented in Figure 4b, depicting comparative results of training
with fixed steps under different Np. Overall, PDDPG exhibits superior training performance
compared to traditional DDPG, with Np = 3 and Np = 5 showcasing particularly outstanding
results. However, it is noteworthy that temporary divergence phenomena were observed
during the training processes with Np = 8 and Np = 10. This suggests that when the
prediction step size is too small or too large, the training outcomes are unsatisfactory. This
phenomenon can be attributed to two main factors. Firstly, a too small prediction interval
implies an ineffective restriction on overshooting, leading to frequent changes in system
attitude and triggering substantial penalties. Secondly, influenced by the inaccuracy of
the motion model, longer prediction intervals may render the system more sensitive to
model uncertainty, since model predictions over extended periods may accumulate errors.
This could result in a decrease in the robustness of control performance, particularly in the
presence of uncertainty or environmental changes.

Hence, the selection of an appropriate prediction interval is crucial for enhancing
model training effectiveness, as both excessively small and large prediction intervals may
impact the stability and performance of training results. The obtained results support the
selection of Np as 5 during the training process, as it exhibits superior performance in terms
of rapid convergence and training stability. These findings provide valuable insights into
the optimization of prediction step parameters for effective model training.

4.2. Testing Results and Analysis
4.2.1. Fix-Point Target Following under Single Robotic Fish

To further validate the effectiveness of the proposed method, simulation tests were
conducted in this section. Firstly, fix-point target following tests under single robotic fish
were performed by setting the initial position, initial attitude, and target point. The trained
network results were evaluated based on different prediction horizons. Figure 5a illustrates
the motion trajectories of the robotic fish under different prediction horizons. Figure 5b
depicts the motion trajectories of the robotic fish at different episodes when Np = 5. Motion
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data results, including distance to the target point, the yaw angle difference, forward thrust,
and yaw moment, are presented in Figure 6.
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Figure 5. The trajectories comparison of testing results. (a) Under different prediction horizons.
(b) Under different episodes.
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Figure 6. The motion data results of testing results. (a) Distance to the target point and forward
thrust. (b) Yaw angle difference and yaw moment.

It can be seen that the trajectories reveal noticeable overshoot phenomenon in the
early stages, when the initial pose set at −100°. Without a prediction horizon, the control
performance exhibits poor performance. As the prediction horizon increases, the overshoot
is effectively suppressed. However, when the prediction horizon reaches 8, some motion
instability phenomena begin to emerge. Particularly in the case of Np = 10, the yaw angle
curve is unsmooth; the reason for this may be that the increased prediction horizon can lead
to a chaotic learning process. Specially, although the performance of Np = 3 is superior to
Np = 8 from a training perspective, the motion trajectories suggest that the performance
of Np = 8 seems more favorable. The reasons for this phenomenon may be identified
in Figure 6b. It can be observed that the test results for Np = 8 show small oscillations
in the yaw moment even after entering the steady-state following process, indicating an
instability in its swimming posture. The obtained results indicate that there are interactions
between the prediction horizon and control performance, and it also influences overshoot
suppression and post-steady-state stability in following motion.
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4.2.2. Dynamic Target Following under Single Robotic Fish

To assess the effectiveness of the proposed methods in dynamic target following,
a standard circle was employed for testing, establishing a foundation for collaborative
following. Initially, the circle’s center was positioned at (4, 4) with a set radius of 2. The circle
was then partitioned into 200 points and followed sequentially. The robotic fish transitioned
to the next target point when its distance to the target point fell below 0.3 m.

Figure 7 presents the following path, while Figure 8a,b provide insights into the
following data. The results demonstrate the successful implementation of the proposed
method for standard circle following, yielding some conclusions. Initially, during the stable
following process, the distance between the robotic fish and the dynamic target point is
maintained at 0.32 m. According to the switch criterion for dynamic target following,
the proposed method can be validated to accomplish following promptly and effectively.
Subsequently, the yaw attitude during the following process exhibits relative stability but
with subtle oscillations. The forward thrust remains at its maximum value for the majority
of the time, which is primarily attributed to the consistent distance between the robotic
fish and the dynamic target point. In the context of turning motion, a certain degree of
lateral movement is induced, resulting in a lateral velocity. Finally, consistent with the
performance of yaw attitude, both the yaw moment and turning angular velocity display
slight oscillations characterized by small amplitudes, without significantly affecting the
system stability.
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Figure 7. The simulation results of circle following trajectory.

4.2.3. Cooperative Following Control under Multiple Robotic Fish

In this section, inspiration from the efficient mechanisms of fish schooling motion
is applied to multi-robot cooperative motion. Studies indicate that maintaining a certain
distance and direction between multiple fish swimming together can enhance hydrody-
namic performance. For instance, swimming in a side-by-side following manner can reduce
energy consumption. Therefore, we emulate the principles of fish swarm motion at the
locomotion level, laying the foundation for research on robotic fish swarms. It should be
noted that the proposed methods in this paper can be directly applied to any agent in the
cluster, and are not limited to the number of agents. To better demonstrate simulation
results, this section takes the example of a following task with two biomimetic robotic fish
to validate the effectiveness of the proposed methods.
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Figure 8. The motion data results of dynamic target following control. (a) The velocity illustration
and control force/moment. (b) The following distance and yaw attitude.

Throughout the cooperative following involving multiple robotic fish, the dynamic
repositioning of the leader robotic fish prompts a corresponding adjustment in the target-
following coordinates Pi

f for the follower robotic fish. Hence, if the initial position of
the follower robotic fish remains fixed, dmax is a variable which will introduce a notable
drawback. In the scenario where the leader robotic fish is engaged in a single-point
following task, the ongoing following motion results in a progressive increase in the
distance Pi

f from the initial point, leading to an augmentation of the follower robotic fish’s
dmax, as indicated in Equation (9). Despite the continuous pursuit of the leader by the
follower robotic fish, it is indicated that there is potential for a decreasing dmax, ultimately
causing a gradual reduction in pursuit speed until it becomes insufficient for successful
following. To mitigate this challenge, both dmax for the leader and follower robotic fish
are intentionally maintained as constants, specifically set at 6 during the testing phase in
this section.

Furthermore, we outline a task for a biomimetic autonomous system. The task involves
a leader robotic fish guiding a collective of follower robotic fish in the exploration of a
predefined area. The exploration process is facilitated by establishing search target points
for the leader robotic fish, with the other follower robotic fish collaboratively tailing
the leader in the exploration endeavor. Besides, the distances and orientations during
the following process can be determined based on biological mechanisms observed in
natural fish. Consequently, this section presents the simulation testing of leader–follower
cooperative following control. First, the corner points of a square are defined as search
target points for the leader robotic fish, specifically at (6, 2), (6, 6), (2, 6), and (2, 2). The leader
robotic fish aligns its movement towards these target points, switching to the next target
point when the distance from the current target falls below 0.3 m. Further, the follower
robotic fish dynamically follows the movement of the leader robotic fish in real time.

In alignment with the biological mechanisms of collaborative motion [16], we stipulate
a distance of di

f = 0.5 m and a target orientation of ϕi
f = 135◦ concerning the leader

robotic fish. Thus, based on Equation (1), we can derive the real-time target position for the
follower robotic fish. Figure 9 provides snapshot sequences of the cooperative following
control, encompassing leader trajectory generated by PDDPG, and the follower trajectories
generated by PDDPG and NMPC. The obtained results demonstrate that the leader robotic
fish successfully completes the standard square path search task with minimal overshooting.
Notably, the follower robotic fish, under the control of both PDDPG and NMPC methods,
successfully accomplishes the following task.
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Figure 9. The snapshot sequences of cooperative following control.

Figure 10 depicts the motion data results for cooperative following. Based on dsg, it
can be seen that NMPC displays a marginally superior performance in following distance
compared to PDDPG, indicating a capacity for faster target following. However, concerning
ϕsg, PDDPG significantly outperforms NMPC, especially when the leader robotic fish
switches target points for a right-angle turn. The distinct weak overshooting characteristic
of PDDPG is conspicuously manifested, while NMPC exhibits a noticeable degree of
overshooting, resulting in unstable yaw attitude. To further verify the superiority of the
proposed method, some quantitative comparison results are offered. On one hand, the total
lengths of the following path generated by PDDPG and NMPC are 18.34 m and 18.36 m,
respectively, which indicates the slim margin for PDDPG. On the other hand, when the
robotic fish turns at a right angle, the overshoot phenomenon is obvious. Taking the time
interval of t = [10 s, 20 s] as an example, the root-mean-square error (RMSE) of ϕsg for
PDDPG and NMPC are 8.3◦ and 45.6◦, respectively. Additionally, the mean absolute error
(MAE) of ϕsg for PDDPG and NMPC are 7◦ and 25.5◦, respectively. Therefore, the obtained
results illustrate that the proposed PDDPG shows more satisfactory performance.

Moreover, Figure 11 provides insight into the control quantities of forward thrust and
yaw moment. In terms of forward thrust, PDDPG seldom reaches its maximum value,
whereas NMPC consistently maintains a near-maximum swimming speed throughout
the pursuit process. This may be attributed to PDDPG learning, which revealed that
that overshooting is prone to occur during high-speed turns, prompting the model to
avoid utilizing maximum thrust to prevent this phenomenon. Regarding yaw moments,
consistent with yaw attitudes during turning, NMPC outputs a more substantial moment
amplitude during turning phases. Nevertheless, it can be observed that in the steady-
state tracking phase, NMPC’s yaw moment is more stable, while PDDPG exhibits slight
oscillations, resembling the swimming behavior of real tail-flapping fish.
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Figure 11. The motion data results of control quantities.

4.3. Discussion

Drawing inspiration from the schooling movement of biological fish, a target-following
method based on deep reinforcement learning is proposed, leading to successful imple-
mentation of cooperative following control. On one hand, by incorporating predictive
thinking into the traditional DDPG algorithm, the system overshooting is effectively re-
duced. Notably, the method utilizes static target-following scenarios during training but
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demonstrates the ability to follow dynamic targets. On the other hand, as an auxiliary
control, a target-following controller based on NMPC is designed.

When adjusting the parameters of neural networks and hyperparameters of deep
reinforcement learning, we adhere rigorously to the principle of cross-validation to identify
the most suitable parameter combinations for a specific task while mitigating issues such
as overfitting or underfitting. With the consideration of model complexity, we explore
multiple combinations of neurons, conduct cross-validation, and ultimately select appro-
priate parameters. With regard to the discount factor, learning rate, smoothing coefficient,
and batch size, we conduct preliminary tests based on conventional DDPG parameters and
further engage in simulation testing to finalize the parameters. Concerning certain parame-
ter settings in the reward function of deep reinforcement learning, we adjust the parameters
from the aspects of objectives significance and simulation test results. Regarding general-
ization performance, we employed several strategies to enhance generalization, including
the normalization and scaling technique for the state variables, adding the noise for action
generation, and adjusting the target network update frequency. Further, in dynamic target
following and cooperative following control simulations, even with real-time changes
to the target point, the proposed method consistently demonstrated effective following
capabilities, providing further evidence of its robust generalization performance.

Furthermore, extensive simulations are conducted. First, the training results reveal
optimal performance with a prediction step of Np = 5. Excessively large or small prediction
periods yield unsatisfactory performance. This conclusion is further validated through
stationary target-following tests. Second, to assess dynamic target-following performance,
the proposed PDDPG algorithm successfully follows a circular trajectory. Finally, by setting
up a cooperative following task, the proposed method accomplishes cooperative explo-
ration in a quadrilateral environment, concluding with a performance comparison between
PDDPG and NMPC, confirming the effectiveness and superiority of the proposed method.

Despite the successful implementation of cooperative following control, there are
still some limitations. On one hand, this paper places particular emphasis on the motion
of individual robotic fish, with the goal of directly transferring learned target-following
capabilities to swarm control. Consequently, considerations such as inter-swarm motion
constraints or obstacle avoidance are omitted. By incorporating neighboring robotic fish
states into the state space and devising appropriate reward functions, this issue may be
addressed. On the other hand, we focus on the kinematic level of biological fish schooling
movement, without delving into behavioral level [30]. To this end, it is required that the
joint dynamic models and biomimetic motion control algorithms should be introduced,
which is our ongoing endeavor.

5. Conclusions and Future Work

In this paper, we have developed a target-following control framework, including a
predictive deep deterministic policy gradient controller and a nonlinear model predictive
controller. Inspired by the mechanism of hydrodynamic efficiency improvement observed
in fish schooling movement, we aim to investigate a target following method that can be
applied to achieve a cooperative following task. In view of the nonlinear characteristics
in the motion model of the robotic fish, the predictive modeling concept is incorporated
into the conventional DDPG algorithm. On this basis, the training framework is developed,
including the normalization of the state space, action space, and the standardization of the
reward function. Additionally, we introduce an auxiliary controller based on a nonlinear
predictive model, offering an alternative for cooperative following control of the follower
robotic fish. Finally, extensive simulations are conducted, demonstrating the effectiveness
of the proposed method.

In future work, we plan to further investigate the mechanistic aspects of the behavioral
level in the biological fish schooling movement. By incorporating inter-cluster motion
constraints, more intelligent cooperative following can be achieved. Furthermore, how
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to realize three-dimensional cooperative following control is another issue worthy of
in-depth study.
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Abstract: The stability of the body during locomotion is a fundamental requirement for walking
animals. The mechanisms that coordinate leg movement patterns are even more complex at water–air
interfaces. Water striders are agile creatures on the water surface, but they can be vulnerable to leg
damage, which can impair their movement. One can assume the presence of certain compensatory
biomechanical factors that are involved in the maintenance of postural balance lost after an ampu-
tation. Here, we studied changes in load distribution among the legs and assessed the effects of
amputation on the locomotory behavior and postural defects that may increase the risk of locomotion
failure. Apparently, amputees recover a stable posture by applying leg position modifications (e.g.,
widening the stance) and by load redistribution to the remaining legs. Water striders showed steering
failure after amputation in all cases. Amputations affected locomotion by (1) altering motion features
(e.g., shorter swing duration of midlegs), (2) functional constraints on legs, (3) shorter travelled
distances, and (4) stronger deviations in the locomotion path. The legs functionally interact with
each other, and removal of one leg has detrimental effects on the others. This research may assist the
bioinspired design of aquatic robots.

Keywords: locomotion; aquatic bugs; robotics; morphology; insects

1. Introduction

The legs serve as supports for the body of insects in standing posture and during
locomotion [1]. Stability of the body is an imperative requirement that must be maintained
by all six legs [2,3]. Even though many studies have documented how the mechanical
characteristics of legs influence the locomotion in terrestrial insects [4–7], the biomechanics
of locomotion and the requirements for stability in semi-aquatic insects have only been
studied to a very limited extent.

Water striders are carnivorous insects that dwell on the calm surface of diverse wa-
terbodies [8–11] (Figure 1A). Their body weight is supported by the water surface owing
to the cohesive property of water molecules [12–15]. They perform striding, leaping and
jumping to move around on the water surface for finding nutrients, chasing each other to
mate or fight, and for predation avoidance [16–21]. It is common for water striders to be
attacked by predators, such as birds, fishes and aquatic beetles [22–24], which may lead to
physical injury with leg loss, as we frequently observed in the studied population of water
striders (Figure 1B).

The effect of amputation on terrestrial locomotion has been studied extensively in
insects with tripod gaits [25–28]. In view of their sculling abilities and sliding on the water
surface, water striders are particularly suitable semi-aquatic insects to study the compen-
satory behavior during aquatic locomotion in amputated animals. It has been shown that
water striders can modify their motion by regulating leg movements [29–32], but it is
unclear, which compensatory leg movements facilitate their ability to cope with the new
conditions associated with missing supporting legs. In addition, the efficiency of striding
changes following leg amputations is unknown. Non-synchronized leg movements can
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reduce the efficiency of locomotion in insects due to the unbalanced body [33]. Earlier stud-
ies indicated that amputation in crickets leads to impairments of locomotory behavior [34],
but this effect in a similar situation has not been documented in water walking insects.
Water striders with their various body alignments are, therefore, suitable models to study
the potential impairments of aquatic locomotion.
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Figure 1. The experimental setup. (A) Water strider in its natural resting position. (B) Wild captured
water strider missing part of hind leg (arrowhead). (C) The experimental setup including aquarium
(2), light source on the top (1), high speed camera, (4) and mirror (3) below the aquarium. (D) Side
view of a water strider in standing position, the white arrowheads indicate joints that were disabled
by gluing. (E) Water strider during standing position while all legs are in contact with water surface.
(F) Water strider with an amputation in the right hindleg. Scale bar = 5 mm.

It has been not previously documented how water striders enact adaptive striding
patterns when they become deprived of their natural leg number. In the present paper, we
manipulated the legs by immobilizing them in order to investigate the effects of mechanical
dysfunction on the insect’s mobility. Therefore, the severity of amputations was categorized
in three grades based on their stable balance during standing and motion. Striding is more
likely to be performed by amputees with one unilaterally or maximum two contralaterally
amputated legs. But for individuals with bilaterally and ipsilaterally amputated legs, it
was difficult or impossible to traverse the water surface.

Additionally, we conducted tests to investigate how the reduced number of supporting
sites could affect the distribution of the bodyweight. As a means of understanding motion
modifications after amputation, we assessed the alterations in body posture, as well as the
sequential order of leg movements involved in performing a sculling stroke. This modelling
approach may be useful in determining the biomechanical requirements for maintaining
floating bodies on the water surface under a variety of conditions. In general, this research
not only helps understand aquatic locomotion control in water striders but may potentially
assist the bioinspired design of aquatic robots.

2. Material and Methods
2.1. Animals

Water striders, Gerris argentatus, were collected from a pond located in the botanical
garden of Kiel University, Kiel, Germany. Several groups of amputees were established
in the laboratory to simulate physical injuries. We immobilized their legs rather than cut
them during the experiments to avoid wounds and causing misbalance by asymmetrical
removal of weight. A bead volume of glue was applied to the joint between the coxa and
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femur while the femur was flexed upward to keep the tip of the target leg away from the
water surface (Figure 1D,F).

2.2. Protocol of Measurement of Load Changes

Load change on the legs were estimated by the shadow tracking method, which has
been used in previous studies [31,35–37]. As water striders float on the top of water, the
surface below the legs is deformed in significant relationship with the load on each leg [38]
(Figure 1A). As light beams pass through water, dimples cause them to be distorted, which
leads to the appearance of a shadow area with a bright perimeter on the bottom of the
aquarium. After proper calibration, the loads on individual legs can be estimated by
measuring the size of these shadows [36,37]. According to the shadow method, vertical
forces on the water surface have a significant correlation with the shadow area of the
corresponding leg at the bottom of the vessel, and the bodyweight of water striders can be
estimated by the total shadow areas of the legs [37].

Based on the measurements of leg shadows, the load applied by each leg can be
expressed as a fraction of the total in percentage. In the present paper, based on the size
of leg shadows, the load applied by each leg was calculated, and the measurements were
converted into percentages to visualize the patterns of load changes for the amputated
water striders.

2.3. Experimental Setup

Individuals were tested in a vessel with dimensions 10 cm× 5 cm× 5 cm (L ×W ×H)
and filled with distilled water (ca. 5 mm in height), (Figure 1C). The tested groups per-
formed striding freely, unassisted with external stimuli, to start or finish the motion. A
source of illumination (Storz Techno Light 270 Cold Light Projector, KARL STORZ SE & Co.,
Tuttlingen, Germany) was installed on the top. The bottom of the vessel was lined with a
125-micron white semi-transparent polymer sheet (GBC) to make the shadows visible. An
inclined mirror (45 ) was placed below the vessel, to guide the shadow images to the camera.
The animals were video-recorded over a period of 255 ms using a high-speed camera at
2000 frames per second (Olympus I-Speed 3 Series High-Speed Cameras, Olympus, Tokyo,
Japan). The experiments were conducted at room temperature (25 ◦C).

2.4. Analysis Procedure

The frames of the captured videos were analysed using ImageJ to measure the shadow
areas caused by the legs [39]. From the shadows, we tracked the positions of the body
center and legs using the Manual Tracking plugin in ImageJ. We assumed the body center
corresponded to the likely position of the center of body mass. Statistical analyses were
performed by using SigmaPlot 12.0 (Systat Software Inc., San José, CA, USA).

2.5. Labeling of Legs and Their Amputations

The dark spots on the bottom of the aquarium are the shadows of the legs (Figure 1E).
The shadows correspond to the dimples in the water surface tension film under the legs.
The shadows of forelegs, midlegs, and hindlegs on the left and right sides are indicated
by (LF, LM and LH) and (RF, RM and RH), respectively [40] (Figure 2A). FL, ML, and HL
indicate the pairs of forelegs, midlegs, and hindlegs, respectively.

We amputated animals by immobilizing the target legs to assess different effects
depending on the disability of particular legs or their combinations. “−” indicates the body
side with the amputated leg, “+” represents the normal side of body, and “&” indicates the
combination of two amputations. This study addresses the impact of unilateral (−/+ or
+/−), bilateral (−/−), ipsilateral (−/+ &−/+) and contralateral (−/+ & +/−) amputations.
Accordingly, the amputation possibilities are listed in Table 1.
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dots denote the contact points of legs. The scheme of BOS for the amputees. The normal BOS (shown
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RH. (C) Left-foreleg amputation −/+ LF. (D) Right-hindleg and left-foreleg amputation +/− RH &
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Table 1. The amputation possibilities.

Symbols Amputated Leg(s)

+/− RH Right-hindleg

−/+ LF Left-foreleg

−/− HL Hindlegs pair

−/−ML Midlegs pair

−/− FL Forelegs pair

+/− RH & +/− RM Right-hindleg and Right-midleg

+/− RF & +/− RM Right-foreleg and Right-midleg

3. Results
3.1. Severity Grades of Amputations

A common trait among all amputees was the inability to perform straightforward
striding. Striding occurs through the symmetrical process of sculling, which is carried
out by the midlegs (scull-legs) while the body slides on the water by the forelegs and
hindlegs (ski-legs) [31,35] (Figure 3A). A sculling stroke is generated by the midlegs during
the driving phase as the tips of legs move backward from the catch position to the finish
position. Following this, the midlegs swing forward through the air to the recovery position,
while the body continues to slide without effort during the passive sliding. On the basis of
the experimental data, we classified the severity effect of amputations into three grades
based on their ability to execute sculling (Table 2).

Table 2. Severity grades of amputations.

Grade I Grade II Grade III

+/− RH +/− RH & −/+ LF −/− HL

−/+ LF −/− FL −/−ML

+/− RM +/− RH & +/− RM

+/− RF & +/− RM
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(Figure 4A). In +/− RH&−/+ LF, the right midleg never swings through the air and stays 
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Figure 3. Sequences of leg kinematics during striding cycles. (A–E) The body position within a
striding sequence for intact and individuals with +/−RH, −/+ LF, +/− RH & −/+ LF and +/−
RM amputations, respectively. The insets indicate the BOS and the position of the center of the body
during swinging the midlegs. The number in each frame indicates the time in millisecond. (A) Dotted
line separates the driving phase (left) and the recovery phase (right). The circle, square and triangle
indicate three key positions of the midlegs at the catch, finish and recovery positions, respectively.
During the driving phase, the midlegs travel backward from the catch position to the finish position
and touch-off from the water surface. The recovery phase starts with swing of the midlegs while the
body passively continues sliding. During passive sliding, the body slides across the surface of the
water without effort of the midlegs. The midlegs after swing touch-down to the water surface at the
recovery position.

Grade I: Amputees, with ability to maintain standing position, can execute sculling
(+/− RH, −/+ LF, and +/− RM) (Figures 2B,C,E and 3B–E).

Grade II: Amputees can stand on water, while unable to perform a typical striding
(+/− RH&−/+ LF and −/− FL) (Figures 2D, 3D and 4A). In −/− FL, the ventral side of
the thorax serves as a bearing point for a short period of time during swinging of midlegs
(Figure 4A). In +/− RH&−/+ LF, the right midleg never swings through the air and stays
attached to the water surface.

Grade III: This grade of amputation leads to the inability to stand and move over
water (−/−ML, −/− HL, +/− RH & +/− RM and +/− RF & +/− RM). In this case, the
water striders are trapped in the water and sink shortly after being above the water surface
(Figure 4B,C; Figure 5A,B). Similar outcomes are expected for more severe amputations.
Individuals without both midlegs can remain over the water surface and perform a stagger-
ing motion (Figure 4B). The motion is accomplished by rotation of the body to one side and
pulling forward the hindleg on the other side, then repeating the motion to the other side.
These amputees can only travel over a very short distance of a few millimeters. Although
the grooming behavior is normal behavior for intact individuals, with of rubbing midlegs
against forelegs or hindlegs on the same side, in our observations, +/− RH & +/− RM and
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+/−RF & +/− RM amputations were trapped by the water as soon as they were put on the
water surface (Figure 5A,B).
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Figure 5. +/− HL & +/−ML (A) and +/− FL & +/−ML (B) amputations were trapped in water
immediately after they were put on the water surface.

Amputees of all types demonstrate non-symmetrical leg movement in comparison
with intact individuals. In this study, we report on measurements mainly performed for
amputees in Grades I and II.

3.2. Changes in Standing Posture

Generally, water striders stand with six points of contact, while the body center is located
over the middle of the base of support (BOS) (Figure 2A). BOS refers to the imaginary area
beneath the body and within the points where the legs contact the surface. BOS is associated
with maintaining the equilibrium of body posture [41]. An amputation leads to an asymmetry
in the BOS, while the area of BOS varies by the number of legs circumscribing the area. On the
same scale, the BOS for the studied insects showed a variety of shapes and sizes (Figure 2B–E).
BOS measurements for the intact, +/− RH, −/+ LF, +/− RH & −/+ LF, and +/− RM
amputated individuals were 274, 177, 288, 144, and 220 mm2, respectively.

3.3. Load Change on the Legs during Locomotion

The kinematics of leg sequences for amputees differed from those of intact individuals
(Figure 3A–E). We plotted the load changes on the legs for amputees during a given time
(Figure 6A–D). The load change graphs for amputees showed different load patterns for all
legs, compared with intact individuals (Supplementary Figure S1).
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initial load reduction on the only foreleg was followed by a massive load increase to a 
peak value (Figure 6B). The increasing load acting on the forelegs could be due to anterior 
leaning of the body. In both types of +/−RH and −/+ LF amputations, the swing duration 
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In the case of the +/−RH & −/+ LF amputation, the range of load disruption for the 
legs was more extensive than in all other amputees (Figure 6C). Also, the right midleg 
acted as a support during the passive sliding phase and was constantly in contact with the 
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in percentage for individuals with +/−RH, −/+ LF, +/− RH & −/+ LF and +/− RM amputations,
respectively. Each graph shows the mean value of load, with the legs of each pair presented in one
plot. Black lines with squared joints represent right-legs, and gray lines with triangled joints represent
left-legs. The dashed lines are the baselines that represent the average load value applied on right-legs
in the static state, and the dash-dotted gray lines are the baselines that represent the average load
value applied on left-legs in the static state. (A) Faint gray lines with circled joints represent normal
mean values of load for intact individuals for reference (Supplementary Figure S1). N = 3.

For +/−RH, an abnormal increase in the load on the right foreleg was observed. This
was accompanied by a decrease in the load on the left foreleg (Figure 6A). For −/+ LF,
the initial load reduction on the only foreleg was followed by a massive load increase to a
peak value (Figure 6B). The increasing load acting on the forelegs could be due to anterior
leaning of the body. In both types of +/−RH and −/+ LF amputations, the swing duration
of the midlegs was shorter than in intact animals, particularly on the affected side of body.

In the case of the +/−RH & −/+ LF amputation, the range of load disruption for the
legs was more extensive than in all other amputees (Figure 6C). Also, the right midleg
acted as a support during the passive sliding phase and was constantly in contact with
the water surface (Figure 3D). Following the driving phase, the load increased on the
remaining foreleg.

In the case of +/−RM amputation, with a shortened swing period, the load on the
only midleg was higher than normal (Figure 6D). There was an unusually high level of
pressure on the left foreleg and hindleg during the sculling stroke.

3.4. Positioning of Bodies during Striding Cycle

In amputees, the striding cycle was associated with heading error, while the bodies
rotated around the vertical axis of the body center (Figure 7). Based on the body center
tracking, the heading error angles for +/− RH, −/+ LF, +/− RH & −/+ LF and +/− RM
were α = 8◦, β = 21◦, γ = 10◦ and ε = 47◦, respectively, and the body yaw angles were
τ = 19◦, φ = 29◦, ω = 20◦ and ϕ = 35◦ and 9◦, respectively. For ϕ, we presented two values
as the animals initially showed a sharp yaw angle, but the body continued sliding with
a low change in the yaw angle. Contralateral amputation of one foreleg and one hindleg
resulted in the rotation of the body in zigzagged patterns, but the striding cycle ended with
a deviation, as well as rotation toward the direction of the amputated hindleg (Figure 7D).
The amputees travelled shorter distances than intact animals during a given time (255 ms),
with distances of 28, 23, 21, 14, and 18 mm for the intact, +/− RH, −/+ LF, +/− RH & −/+
LF, and +/− RM individuals, respectively (Figure 8A).
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Figure 7. Illustration of the body trajectory. (A–E) The body positions during a striding cycle. The
black arrow lines indicate the real direction of body sliding. (B–E) α = 8◦, β = 21◦, γ = 10◦ and
ε = 47◦ show the angle of deviation between the direction of body sliding and the reference pose of
the body (Dashed arrow lines). τ = 19◦, φ = 29◦, ω = 20◦ and ϕ = 35◦ and 9◦ indicate the spinning
angles of heads relative to the vertical axis of the body center. (A) Intact water strider. (B) Right-
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amputation −/+ FL & +/− HL. (E) Right-midleg amputation +/−ML.
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(A,B) Travelling distances within a given time (255 ms) for intact, right-hindleg amputation +/− HL,
left-foreleg amputation −/+ FL, right-hindleg and left-foreleg amputation −/+ FL & +/− HL, and
right-midleg amputation +/−ML. The lines with arrowhead denote the bodies still moving, the line
with a dot at the end denotes a body that stopped within the given time. (B) Velocity of bodies over
time for intact, right-hindleg amputation +/− HL, left-foreleg amputation −/+ FL, right-hindleg
and left-foreleg amputation −/+ FL & +/− HR, and right-midleg amputation +/−ML.
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The loss of one foreleg and one hindleg, or contralateral limb loss, causes the velocity
of the body to rapidly reach peaks that are lower than normal for intact individuals and
then drop to zero in a short period of time (Figure 8B).

3.5. Jumping Ability

Although only striding has been characterised, the ability of the amputees to jump
was also noted in this study. According to previous studies, synchronized movements of
the midlegs and the hindlegs are required to perform jumping [30,32]. The amputee water
striders with one missing foreleg, one hindleg, one midleg, both forelegs, a combination of
one foreleg and one hindleg, and a combination of one midleg and one foreleg were able to
jump, whereas individuals missing both midlegs, both hindlegs or a combination of one
midleg and one hindleg were unable to jump. Consequently, water striders must possess a
minimum of three middle and hind legs (both midlegs with one hindleg, or one midleg
with both hindlegs) to be able to jump.

4. Discussion
4.1. Postural Change after Amputation

A highly sprawled position of the legs can provide insects with a stable posture [42].
However, insects can stand on fewer than six legs in contact with the water surface during
the grooming behavior [43,44]. The absence of support from a single leg leads to immediate
body postural changes [45]. Nevertheless, amputated insects adjust the legs to widen their
stance in order to increase the size of the BOS [26]. As we observed for the examined
amputee groups of water striders, the BOS changed in different ways due to different sets
of weight-supporting legs (Table 2). With a larger area BOS, there is more chance for the
center of the body to be positioned within the BOS and to increase body stability [28]. Based
on the size and shape of the BOS, we anticipate that individuals are in unstable position
in the following order with the first one as the most unstable: +/−RH&−/+ LF, +/− RM,
+/− RH and−/+ LF (Figure 2B–E). Although the individuals without forelegs can perform
a kind of sculling, those with an absence of support from the hindlegs are even unable to
stay on the water surface (Figure 4A,C). Our previous study indicated that the midlegs play
a compensatory role during absence of support from the forelegs [31]. Also, amputation
of each hindleg alone or in combination with other legs has a more substantial impact on
falling risk due to the strong shrinkage of the BOS. Based on the natural configuration of
the legs, the removal of both hindlegs causes the center of the body mass to be located
outside the BOS (Figures 2A and 4C).

Compared with the pattern of weight distribution in intact individuals, the shadows
below the legs of amputees resized, whereas the shadows on the left and right sides
were not equal (Figure 2A–E). The leg sensory equipment assists with the control of load
distribution among the legs [46,47]. Amputated insects can benefit from this mechanism to
coordinate the rest of their legs with a gentle load shift among them. Quantifying changes
in the shadow sizes of the legs provides a precise measurement that indicates the extra
weight from removed legs was unevenly shifted to different remaining legs (Table 3). Based
on the particular set of missing legs, the body shows some degree of leaning toward a side.
In the absence of support from one leg, the adjacent leg, and the rest of legs on the same
side of amputation primarily take the load bearing, and also those on the opposite side
play a compensatory role to support the body.

The water striders are extremely efficient and agile water surface walkers, which makes
them ideal for inspiring the design of robots that need to operate on water surfaces [48,49].
This knowledge can assist with understanding how multi-legged aquatic robots could
coordinate support on the water surface to maintain a stable stance.
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Table 3. Static measurements.

Animal Model
Load Value on Legs (%) BOS

(mm2)R1 R2 R3 L1 L2 L3

Intact * 19 10 21 19 10 21 274

+/− RH 21 18 0 20 13 28 177

−/+ LF 30 10 22 0 11 27 288

+/− RH & −/+ LF 34 22 0 0 15 29 144

+/− RM 21 0 27 20 13 19 220
* Typical pattern of bodyweight distribution in intact water striders [31].

4.2. The Presence of All Legs Is Essential for Straightforward Striding

A major challenge for walking animals is maintaining body balance, particularly
during the transition between two gaits, when the stability of the body is low [28]. A larger
BOS that is obtained by widening the angle of the legs improves stability of the body during
stepping [25–27]. In terrestrial insects, the BOS is small in size during the tripod gait when
only three legs are in contact with the surface [3,28,42]. In addition to the shrinkage of the
BOS, an amputation-induced condition moves the center of the body to the edge of the
BOS, resulting in an unstable state, which is further exacerbated, when it is situated outside
of the BOS [50–54] (Figure 2B–E). However, insects can slightly improve their mechanical
efficiency by adjusting locomotory behavior after amputation [27].

Prior to performing motion, semi-aquatic insects can adjust the position of their legs,
to achieve a six-legged starting posture with appropriate weight distribution [31,35,55]. In
the case of severe types of amputation, falling of the body occurs in the standing position or
immediately at the beginning of sculling (Figure 5). Despite this, some types of amputees
can adjust their legs to execute striding. However, synchronization of midlegs movement,
which is imperative for straightforward striding [56,57], is not commonly achieved for all
amputees (Figure 3A–E).

Hence, the most important consequence of leg amputation was the change in the body
locomotion trajectory (Figure 7). The body of disabled water striders rotated toward the
affected side due to a lack of any support from the hindleg and midleg, or toward the
opposite side after removal of the foreleg. This rotation causes the body to pull to the same
side and results in the heading error.

A substantial risk of steering control loss can occur after the removal of a hindleg
and particularly in combination with the amputation of a foreleg when the amputees
were unable to keep the body in the initial posture (Figure 7B–D). On the other hand,
following a sharp rotation about the vertical axis of body at the beginning of locomotion, the
striding path was improved for the individuals with −/+ LF and +/− RM characteristics
(Figure 7C,E). It seems that the hindlegs enable the insects to reverse the body rotation
and direct it on a nearly straight path; however, a little heading error remains as the body
continues sliding. The heading error is opposite or toward the side on which only the
midleg or foreleg are in contact with the water surface in the cases of −/+ LF and +/− RM
amputations, respectively. This shows that the hindlegs are functionally essential, but not
sufficient, for steering.

In terrestrial insects, the legs work together to provide an optimal locomotion pro-
cess [58]. Similarly, in water striders, all the legs are seen to play an essential role in efficient
striding. Previous studies reported a rudder role for the hindlegs during striding [16,59,60].
However, the rudder function of hindlegs to direct and improve the locomotion trajectory
is not independent of the natural movements of other legs. In other words, the hindlegs
are unable to perform their steering function when other legs are not functioning prop-
erly. However, further studies are needed to uncover how the kinematic chain of each
leg, which is dependent on the degrees of freedom of their joints, is important in motion
trajectory control.

197



Biomimetics 2023, 8, 524

4.3. Asymmetrical Load Changes on the Legs during Locomotion

Sculling performance is well known to fluctuate with changes in body posture and
the distribution of load on the legs [56,57,61]. During sculling, loading and unloading of
the legs must occur symmetrically to ensure straightforward sliding [31,35]. Load shifting
among the legs is an important factor strongly affecting the insect walking [50,62]. Insects
are unable to execute stepping without the compensatory weight support by the other
legs [45]. By switching from the more stable six-legged posture [1] to a stance with fewer
legs, the body posture of the water strider becomes asymmetrical (Figure 2). In response,
during striding, an irregular pattern is observed with increases and decreases in the load
carried by the remaining legs that is different from the symmetrical pattern in an intact
water strider (Figures 3 and 6) (Supplementary Figure S1). This is important because the
power generation for walking is influenced by the pattern of load distribution among the
legs [63]. During passive sliding, the loads on the legs gradually return to the levels at
the starting position. With dysfunction of the legs, the amputees are unable to avoid the
irregularity of body sliding, and lean back to the normal posture, which causes a load
perturbation on the legs (Figure 6). With an increasing number of amputated legs, the
range of the load perturbation for the remaining legs was more extensive (Figure 6C). Thus,
with the complete set of legs in intact animals which allows load balancing, the disturbance
of locomotion performance remains minimal.

Amputation of any leg interferes with the load-bearing task of the other legs (Figure 2).
Subsequently, disproportionate load distribution influences the sequential order of locomo-
tion features, which leads to abnormality in the striding performance (Figures 3 and 6–8).
Earlier studies have shown that irregular loading of legs directly influences kinematics of in-
sects [64,65]. However, during terrestrial locomotion, insects can coordinate the movements
of their legs during stepping and modify their motion in response to load changes [66,67].
With a fair striding performance, individuals with +/− RH or −/+ LF can roughly re-
establish their postural control. This shows that there is a degree of coordination between
the legs which allows water striders to optimize their ability to float in water.

As a result of amputations, terrestrial insects change their stepping pattern due to
alterations in their balance. In turn, this leads to an increasing energy cost of locomo-
tion [34,68]. Water striders with amputations must put their legs in unusual positions
to fulfil the supportive function, which can restrict their normal leg movements. Conse-
quently, it becomes increasingly difficult for amputees to maintain their floating on the
water surface. In addition, they are unable to achieve a smooth load shifting among the
legs that is required for a gentle striding performance (Supplementary Figure S1).

4.4. Changes in Locomotory Behavior after Amputations

The horizontal thrust of body is exclusively provided through the sculling stroke, by
using the midlegs [14,56,69,70]. In the present paper, this was also confirmed by observing
the inability of the amputees without midlegs to execute striding (Figure 4B). Absence of
support from one leg interferes with the kinematics of the other legs since the latter change
their usual function, which in turn affects the efficiency of locomotion [45,71]. Quantifi-
cation of velocity and travelling distance associated with the locomotion of intact water
striders provided us with an indicator to assess the interaction between sculling and strid-
ing. Shorter traveling distances by amputees with only one midleg is attributed to impaired
sculling stroke (Figure 8A). The travelling distances indicating the efficiency of sculling
stroke were negatively affected by all types of amputation, even if both midlegs remained
intact. It seems that missing any other supporting leg also leads to impaired locomotory
behavior. Impaired locomotion also leads to reduced walking speed in terrestrial insects,
such as cockroaches [72], mole crickets [73], and stick insects [58,74]. In water striders,
the results are similar, showing that amputations affect both floating of the body and the
generation of propulsion.

Despite having both midlegs, +/− RH & −/+ LF, +/− RH and −/+ LF amputees
were found to be unable to execute symmetrical sculling. This exacerbates the lack of

198



Biomimetics 2023, 8, 524

steering control that affects the locomotion parameters. For instance, the velocity of the
body drops faster than normal (Figure 8B). The initial surge in body velocity that is followed
by a gradual deceleration occurs during steady sliding [31]. The common feature of the
amputees is a rapid drop in velocity from the peak that is gained during the sculling
stroke (Figure 8B). It is unclear whether the presence of all legs is essential for a gradual
reduction in the body velocity or if animals behaviorally reduce it in response to weak
steering control. The striding cycle ended during the given time for the +/−RH&−/+ LF
amputees, but the remaining amputees were able to maintain velocity to cover further
distances. Affected by a lack of stabilizing function provided by the hindlegs and forelegs,
amputees may have greater loss of control over their stability and thus reduce their speed
to avoid toppling (Figure 8B). Thus, it can be deduced that instability of the body negatively
affects striding during both driving and passive sliding phases. It shows the efficient
striding of water striders requires synergic function of all legs, especially the midlegs. If
missing any leg, water striders are unable to sustain a proper balance, and a considerable
amount of propelling power may be wasted in attempting to maintain body floating and
steering. This is manifested as a reduction in travelling distances during a given period of
time (Figure 8A). Even so, the exact mechanism of how water striders control their speed
during passive sliding is unknown, which can be explored in future studies. We predict the
presence of certain mechanical constraints on the degrees of freedom in leg joints leading
to unbalanced posture of the body that in turn increases the expenditure of energy.

4.5. Characterizations of Striding after Amputation

Utilizing their sensory system, insects govern their normal leg kinematics and adapt
to various walking surfaces [45,75]. Adaptive spatiotemporal coordination patterns after
leg amputation are known in cockroaches [45,68], stick insects [53,58], desert ants [76,77],
and fruit flies [78,79]. Even after amputation, insects can execute a coordinated approach
to adaptation of leg movement patterns to improve their mechanical efficiency [27]. In
water striders, the leg pairs on two sides of the body normally move in synchrony with
each other during both phases of driving and passive sliding. The supportive role of
the legs extensively changes after amputation, mainly with asymmetrical alterations in
leg movement timings (Figure 3). Amputations induce dramatic changes in patterns of
the midleg movements, particularly in the timing of key events including sculling stroke,
touch-off from and touch-down to the water surface, swing and so on (Figure 3). Water
striders use asymmetrical sculling in some cases, such as when carrying prey. They support
their bodies with one midleg and propel themselves forward with the other [80]. In the
amputated water striders, the midlegs never detach from the water surface, or swing
quickly in a shorter period of time (Figure 3). This illustrates that the midlegs are required
to take more weight-bearing responsibilities as the body is in an instable state. It is a sign
of coordination of the legs, which ensures a proportionate load distribution between the
remaining legs. The assessment of the leg loading patterns of water striders indicates
their partial dependency on each other. Although it seems that the sculling movements of
midlegs are largely independent of each other, their kinematics are loosely coupled with
the function of other legs (Figure 3).

An amputation impedes the natural leg placement and reduces the leg’s ability to
govern movements. In fact, the dysfunction of each leg adversely affects the overall
functioning of the locomotion system. Although their mobility continues, the amputees
show difficulties in maintaining a stable locomotion trajectory, velocity and travelling
distance (Figures 7 and 8). However, amputated water striders can partially adapt the
orchestration of leg movements to establish striding. Although the forelegs and hindlegs
do not contribute to sculling, they may actively minimize the body instability imperfections
to enable smooth locomotion [31]. There seems to be a predominant impact on striding
performance associated with the loss of the hindleg (Figures 6 and 7).

Amputations, depending on their severity, lead to behavioral changes in striding.
Since the probability of falling becomes more pronounced, as the center of body approaches
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the edge of the BOS, animals reduce the time of sculling and sliding, depending on the
severity of their amputation (Figures 3 and 8). Hence, the present study represents a useful
approach for understanding adaptability of the locomotory system of water striders to
challenging situations.

The amputees, in some cases, can perform locomotion in a rather stable manner
despite differences from the typical striding. Thus, water striders can be a good model
system for the optimisation of walking robots after accidental damage. Our findings can
also potentially help to develop aquatic-legged robots for use in environments with high
risks of damage.

5. Conclusions

Water striders with missing legs achieve posture stability by adapting their BOS using
their remaining legs. Despite not being sufficiently coordinated, they modify the position
of their legs after amputation to improve weight distribution and avoid falling. Water
striders spread their legs further apart from the body to compensate for the shrinkage of
the BOS that results from a decreased number of contact points. Only individuals with
one or two unpaired missing supports can stand over water, but this does not imply their
ability to execute sculling. After amputation, the efficiency of striding becomes lower,
the risk of falling higher, the travelling distance shorter and the maximum velocity lower.
During locomotion, the amputees control leg movements by a fast recovery that is coupled
with a rapid body re-alignment, which minimizes the induced irregularities in locomotion
and prevents the body from toppling. There is a certain interdependence between the
kinematics of each leg and that of the other legs. In either case, steering control error of the
body appears to result from the loss of hindlegs and forelegs at the first and second ranks,
respectively. Our results help to elucidate the adaptability of water strider locomotion to
the challenging condition of missing extremities. Additionally, this research may facilitate
the design of stable water-walking robots with different numbers of supporting limbs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomimetics8070524/s1. Figure S1: Load changes on the legs
during striding. (A) The gray boxes in the background indicate the driving phase. The dashed lines
are the baselines that represent the average load value applied on the legs in the static state. Gray
lines are individuals, and the black lines are the mean for each leg. (B) The black lines are the mean
for each leg pair. The dashed lines are the baselines that represent the average load value applied on
the legs in the static state. Shadows below the forelegs, midlegs and hindlegs are labeled as LF, LM
and LH, and as RF, RM and RH, on the left and right sides, respectively. FL ML and HL represent the
pairs of forelegs, midlegs, and hindlegs respectively [31].
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