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Abstract: Rehabilitation science has evolved significantly with the integration of technology-supported
interventions, offering objective assessments, personalized programs, and real-time feedback for
patients. Despite these advances, challenges remain in fully addressing the complexities of human
recovery through the rehabilitation process. Over the last few years, there has been a growing
interest in the application of biomimetics to inspire technological innovation. This review explores
the application of biomimetic principles in rehabilitation technologies, focusing on the use of animal
models to help the design of assistive devices such as robotic exoskeletons, prosthetics, and wearable
sensors. Animal locomotion studies have, for example, inspired energy-efficient exoskeletons that
mimic natural gait, while insights from neural plasticity research in species like zebrafish and axolotls
are advancing regenerative medicine and rehabilitation techniques. Sensory systems in animals, such
as the lateral line in fish, have also led to the development of wearable sensors that provide real-time
feedback for motor learning. By integrating biomimetic approaches, rehabilitation technologies can
better adapt to patient needs, ultimately improving functional outcomes. As the field advances,
challenges related to translating animal research to human applications, ethical considerations, and
technical barriers must be addressed to unlock the full potential of biomimetic rehabilitation.

Keywords: rehabilitation technology; animal models; prosthetics; neural plasticity; assistive
technology; regenerative medicine

1. Introduction

Rehabilitation is a fundamental component of healthcare that focuses on helping
individuals recover, improve, or maintain functional abilities following injury, surgery,
or the onset of chronic conditions [1]. Traditionally, rehabilitation has relied on therapist-
guided exercises and manual techniques to restore patient function [2]. However, the
field has undergone a significant transformation in recent years, with the integration of
technology-supported interventions that provide more objective assessments, personalized
interventions, and real-time feedback for patients [3]. Technologies such as virtual reality
(VR) systems, robotic exoskeletons, wearable sensors, and mobile health applications have
become integral components of modern rehabilitation, enabling patients to engage in more
effective and adaptive therapeutic programs [4].

The rapid advancement of these technologies has opened new possibilities for enhanc-
ing recovery, especially for individuals with neurological and musculoskeletal impairments.
Yet, despite these advances, there is an emerging consensus that technology alone cannot
fully address the intricacies of human movement and the complexities of the recovery
process [5]. This has led to a growing interest in biomimetics—the study of nature’s models,
systems, and elements to inspire new technologies [6]. Biomimetic approaches in rehabili-
tation focus on understanding and replicating the highly efficient, adaptive mechanisms
found in animals to develop therapeutic solutions that can better support human recovery.
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Animal models play a crucial role in this biomimetic approach, offering unique insights
into the mechanisms of movement, sensory processing, and recovery from injury. Animals
have long played a pivotal role in biomechanics and motion analysis, a practice that dates
back to the 19th century. A notable figure in this field, Eadweard Muybridge, revolutionized
motion capture through his pioneering photographic techniques [7]. Muybridge’s work
began when he was tasked with proving whether all four of a horse’s hooves left the ground
during a gallop. In 1878, he successfully captured this in a series of photographs using
a system of cameras triggered in rapid succession (Figure 1). His study, known as The
Horse in Motion, became one of the earliest examples of biomechanical motion analysis.
Muybridge’s methods laid the foundation for modern techniques in motion capture, which
are now integral in studying both human and animal locomotion [8].
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A few years later, in 1885, Muybridge and Dercum, working at the University of
Pennsylvania, conducted the first motion picture study of neurological patients using early
photographic technology previously developed [9]. The technological advancements they
initiated, including the use of high-speed photography, enabled researchers to dissect the
biomechanics of movement in ways that were previously impossible (Figure 2), creating a
pathway for the use of animals in gait and motion studies [10]. Studying the gait of animals
like mice has provided invaluable data on how central nervous system (CNS) dysfunctions
impact movement patterns. In a translational study comparing gait signatures between
mice and humans, researchers have developed a method to account for changes in walking
speed and velocity, enabling a more accurate comparison of gait abnormalities across
species [11]. This approach is significant as it helps bridge the gap between quadrupedal
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and bipedal locomotion, overcoming one of the major barriers in translating findings
from animal models to human applications. By understanding how gait parameters
change in response to neurological conditions like Parkinson’s disease in both human and
animal models, researchers can better identify the underlying CNS circuit dysfunctions
and develop targeted treatment strategies.
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The value of animal models extends beyond mere observation of movement. Studies
using mice with induced conditions such as experimental parkinsonism have revealed how
changes in gait quality and stride length can indicate shifts in the neurological control of
movement [11]. These findings are not just theoretical; they have practical implications for
designing rehabilitation technologies that can adjust to the specific needs of patients. For
example, robotic gait trainers and exoskeletons can be programmed to mimic the natural
gait patterns observed in animals, adapting to changes in stride length, stance duration,
and cadence to provide a more effective rehabilitation experience. The insights from these
animal studies ensure that rehabilitation devices are not simply rigid tools but adaptive
systems that respond to the complexities of human movement in a dynamic way.

Another area where animal models have significantly contributed is in understanding
the relationship between body size, posture, speed, and movement efficiency. Predictive
musculoskeletal simulations have been used to study a wide range of mammalian sizes,
from small animals like mice to larger species like elephants, simulating how these different
sizes impact maximum speed and energy efficiency during movement [12]. The simulations
reveal a curious pattern where intermediate-sized animals achieve the fastest speeds, with
a notable decline in speed among both the smallest and largest species. This hyperbolic
relationship highlights the balance between muscle force production, ground reaction
forces, and the mechanical constraints of locomotion, which are critical for optimizing
prosthetic and orthotic designs in humans. By applying these principles, engineers can
create more efficient and effective mobility aids that take into account the biomechanics of
movement, allowing users to conserve energy and achieve more natural gait patterns.

The findings from these studies have profound implications for rehabilitation, espe-
cially in the context of designing assistive technologies that are both energy-efficient and
effective at restoring natural movement. For instance, robotic exoskeletons inspired by the
spring-like mechanisms found in animals such as kangaroos can store and release energy
during movement [13], reducing the metabolic cost of walking for users and enhancing
their endurance [14]. Similarly, wearable sensors that emulate the proprioceptive feedback
systems found in animals, like the lateral line system in fish, provide real-time data on body
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movements, enabling precise adjustments during rehabilitation exercises. This approach
ensures that patients receive immediate feedback, which is critical for motor learning and
improving functional outcomes during recovery [15].

Moreover, animal models have also been instrumental in advancing the field of neural
regeneration and plasticity, which are essential for recovery from neurological injuries such
as strokes or spinal cord injuries [16]. Species like the zebrafish and axolotl are known
for their remarkable ability to regenerate spinal cord neurons and even entire limbs after
injury [17]. Research into the molecular pathways that enable these regenerative processes
has provided valuable insights that could be applied to human therapy, potentially leading
to new treatments that promote neural plasticity and facilitate recovery in patients with
CNS injuries.

In summary, the integration of biomimetic principles into technology-supported
rehabilitation represents a promising path forward for enhancing therapeutic strategies.
By leveraging insights gained from animal models, researchers can develop innovative
rehabilitation technologies that are better suited to the complex needs of human patients.
The study of animal locomotion, neural adaptation, and energy-efficient movement patterns
offers a roadmap for designing devices that not only mimic natural processes but also
improve functional outcomes for patients. As the field continues to evolve, it is increasingly
clear that a deeper understanding of nature’s solutions will be key to unlocking the full
potential of rehabilitation technology, offering new hope and possibilities for individuals
on their journey to recovery.

2. Animal Models in (Rehabilitation) Research

Animal models have long served as a cornerstone in biomedical research, providing
unique insights into the physiological and behavioral adaptations that have evolved over
millions of years [18], some examples (non-exhaustive list) are presented in Table 1.

Table 1. Examples of animal studies in general healthcare research.

Animal Model Research Area Purpose/Insight Examples/Applications

Mice Immuno-Oncology [19]
Study tumor growth, metastasis, and

response to treatments due to their similar
genetic and physiological traits to humans.

Development of immunotherapies
and targeted treatments for cancers

like breast cancer.

Rats Neurology [20]
Used to model neurodegenerative diseases,

helping researchers understand brain
function and disease progression.

Testing new drugs for Parkinson’s
and exploring potential treatments

for brain injuries.

Guinea Pigs Respiratory
Disorders [21]

Models for studying asthma, chronic
obstructive pulmonary disease (COPD), and

tuberculosis due to similar
respiratory systems.

Development of inhalers, vaccines,
and medications for asthma and

respiratory conditions.

Rabbits Cardiovascular
Medicine [22]

Used for studying atherosclerosis and heart
disease because of their susceptibility to

cholesterol-induced heart conditions.

Development of heart disease
treatments and

cholesterol-lowering drugs.

Non-Human
Primates (e.g.,

macaques)

Infectious Disease
Research [23]

Study immune responses and potential
vaccines for viruses like HIV/AIDS and

COVID-19, closely mimicking human
immune response.

Development of HIV vaccines,
testing efficacy of new

antiviral drugs.

Zebrafish Developmental
Biology [24]

Study of vertebrate development, genetic
functions, and effects of genetic mutations,

due to transparent embryos and
fast reproduction.

Insights into genetic disorders,
drug screenings, and

developmental processes.
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Table 1. Cont.

Animal Model Research Area Purpose/Insight Examples/Applications

Pigs Organ
Transplantation [25]

Used in transplantation studies due to
anatomical and physiological similarities to
humans, such as heart and liver structure.

Research into xenotransplantation
and testing new surgical techniques

for organ transplants.

Sheep
Orthopedics and

Regenerative
Medicine [26]

Studying bone healing, joint replacement,
and tissue regeneration, reflecting similar

bone size and healing processes as humans.

Development of joint replacement
materials and testing new

surgical procedures.

Dogs Diabetes Research [27] Used for studying type 1 diabetes due to
their similar insulin response mechanisms.

Development of insulin therapies
and devices for glucose monitoring.

Ferrets Influenza and
Respiratory Viruses [28]

Used to model respiratory infections as they
show similar symptoms to humans

when infected.

Study of flu virus transmission and
vaccine development for influenza.

These models are particularly valuable for understanding the mechanisms of move-
ment, sensory processing, and recovery from injury, making them indispensable in the
field of rehabilitation research. By studying the ways animals adapt to their environments,
including their locomotion patterns, researchers have uncovered principles that can be
applied to human rehabilitation—especially in developing technologies that emulate or
enhance natural processes. This section explores how animal models have been leveraged
to advance rehabilitation science, focusing on key areas such as locomotion and prosthetics,
neural plasticity and recovery, and sensory systems and assistive technologies.

2.1. Locomotion and Prosthetics

Animal locomotion has not only provided insight for motion analysis [7], but also
provided inspiration for developing prosthetic and orthotic devices aimed at restoring
movement in humans. The efficiency and adaptability observed in animal movement offer
valuable models for creating prosthetics that more closely mimic natural human gait [29].
For example, studies on the gait of quadrupeds, such as horses and dogs, have informed
the design of lower limb prosthetics that minimize energy expenditure during walking,
allowing users to move with greater ease and endurance [30].

A particularly important area of research has been the analysis of gait changes in ani-
mals, such as mice, after inducing neurological conditions like parkinsonism. These studies
help to understand how CNS dysfunctions alter gait parameters such as stride length,
cadence, and stance duration [31]. For instance, research has shown that parkinsonism in
mouse models leads to significant shifts in gait patterns, which can be studied through
velocity-dependent regression models [11]. These findings are crucial for human applica-
tions because they allow researchers to differentiate between changes in gait speed and
changes in gait quality, helping to refine the design of therapeutic interventions that target
specific gait abnormalities in humans, such as robotic gait trainers and exoskeletons [32].

While functional biomimetics emphasizes solving specific problems by mimicking
nature’s solutions, esthetic biomimetics often copies natural movements for appearance
rather than performance. This distinction is particularly relevant in prosthetic design.
Although mimicking smooth human movements (such as through the minimum jerk model)
is popular in synthetic systems, this approach may not optimize the control objectives
like speed and accuracy in prosthetics [33]. True biomimetic systems must account for
the complex neural and muscular architecture that governs human movement. Therefore,
future innovations in prosthetics may benefit from integrating neuro-morphic systems that
adapt to natural plasticity, enabling prosthetic limbs to achieve human-like movement
over time [33].

Robotic exoskeletons, inspired by the biomechanics of various animals, have become
a key application of this research. These devices are designed to assist individuals with
mobility impairments by augmenting their strength and endurance during walking [34].
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For example, exoskeletons that emulate the energy-storing capabilities of a kangaroo’s hind
legs provide a more natural gait experience for users, facilitating longer and more effective
rehabilitation sessions [13,35]. By incorporating the principles of animal locomotion, these
technologies can adapt to the user’s movement needs, allowing for a more seamless
transition between different walking speeds and terrains, similar to the adaptability seen in
animal gait patterns [36].

2.2. Neural Plasticity and Recovery

Neural plasticity, or the ability of the brain and nervous system to adapt and reorganize
itself, is a fundamental factor in recovery from neurological injuries, such as stroke and
spinal cord damage [37]. Animals exhibit extraordinary neural plasticity, making them
valuable models for studying processes that could enhance similar capabilities in humans.
For example, zebrafish have the ability to regenerate spinal cord neurons after injury, a
capability that has made them a model organism for studying spinal cord regeneration
and repair [38]. Research into the molecular mechanisms underlying this regenerative
process has provided insights that could inform new treatments aimed at promoting neural
regeneration and plasticity in humans, potentially leading to breakthroughs in therapies
for spinal cord injuries and neurodegenerative diseases [39].

Another notable example is the axolotl, a salamander species known for its ability to
regenerate not only limbs but also spinal cord tissue and even portions of its brain [40].
This remarkable capacity is linked to the axolotl’s retention of embryonic characteristics
throughout its life, a phenomenon known as neoteny. Understanding the molecular path-
ways that enable the axolotl’s regenerative abilities has inspired research into methods for
enhancing neural plasticity and tissue regeneration in humans [41]. These studies provide
a roadmap for developing therapies that could facilitate recovery from conditions such
as traumatic brain injuries or degenerative neurological disorders by harnessing similar
regenerative processes [42].

The findings from these animal studies have practical implications for rehabilitation
technologies. For example, robotic interfaces and neuroprosthetics designed to support
recovery from spinal cord injuries can be adapted based on insights gained from the
regenerative processes observed in animals. Such devices can be programmed to encourage
neural pathways to reorganize and adapt, aiding in the restoration of motor function in
patients undergoing rehabilitation [43].

2.3. Sensory Systems and Assistive Technologies

The sensory systems of animals are highly specialized, enabling them to interact with
their environments in ways that often surpass human capabilities [44]. These systems have
served as models for developing assistive technologies that enhance or compensate for
sensory impairments in humans [45]. A prime example is the echolocation ability of bats,
which has inspired the development of devices for visually impaired individuals [46]. These
devices use ultrasonic waves to map the surrounding environment, providing auditory
feedback that allows users to navigate spaces with greater ease and confidence [47].

Similarly, the lateral line system found in fish, which detects subtle changes in water
currents and vibrations [48], has influenced the design of wearable sensors for rehabilita-
tion [49]. These wearable systems can provide real-time feedback on body posture and
movement, similar to how fish sense their surroundings. By emulating the proprioceptive
feedback mechanisms of the lateral line system, these devices allow for precise corrections
during rehabilitation exercises, enhancing motor learning and improving balance and
coordination in patients recovering from strokes or traumatic brain injuries. Clinical stud-
ies have shown that patients who use such biomimetic devices often demonstrate better
functional outcomes compared to those undergoing traditional rehabilitation methods [50].

Moreover, the electroreception abilities of certain fish, such as sharks and rays, have
inspired sensory augmentation devices that aim to enhance the input available to individ-
uals with sensory processing disorders [51]. These technologies can provide alternative
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means of environmental interaction for people with severe sensory impairments, offering
new possibilities for improving their quality of life.

2.4. Brain Machine Interface

Brain-machine interfaces (BMI) have emerged as a promising technology to restore
communication pathways between the nervous system and external devices, offering
promising advancements in physical medicine and rehabilitation aimed at recovering lost
sensory and motor functions [52]. However, despite significant progress in basic research,
the majority of the systems developed in laboratory settings have not yet successfully
transitioned into practical, home-based applications [53]. One of the primary challenges
hindering this shift is the absence of naturalistic feedback mechanisms that inform users of
the consequences of their BMI-controlled actions.

To address this limitation, recent BMI advancements have been guided by the prin-
ciple of biomimicry—replicating natural neural processes to enhance the functionality of
these systems. The focus on reproducing biological feedback mechanisms, particularly
somatosensory feedback, has become crucial for improving the user experience and ef-
fectiveness of BMIs. Somatosensory feedback, which provides information about body
position, movement, and interaction with the environment, is key in enabling the more
natural and intuitive control of BMIs. By integrating such feedback, BMIs can offer users a
more realistic and precise interaction with their external environment [54].

Advancements in both invasive and non-invasive BMI systems have shown varying
degrees of biomimicry. Invasive BMIs, which involve direct implantation of electrodes
into the brain, often provide more precise control and feedback but come with higher risks
and complexity. Non-invasive BMIs, which rely on external sensors, are safer and more
accessible but may offer less precise feedback and control. The challenge lies in striking a
balance between the level of biomimicry achieved and the practicality of the BMI system
for everyday use [54].

A notable approach to enhancing BMIs involves the integration of sensory feedback
that mimics natural touch or proprioception [55]. In animal studies, for example, researchers
have used primates to explore the effectiveness of artificial sensory feedback in BMI systems.
In these studies, monkeys have been able to perform complex tasks with a BMI by receiving
tactile or proprioceptive feedback through artificial means, allowing them to adjust their
movements more accurately. These findings underscore the importance of somatosensory
feedback in making BMIs more intuitive and effective, offering insights into how similar
systems could be applied to human rehabilitation [54].

3. Case Studies in Biomimetic Rehabilitation Technologies
3.1. Selection Criteria and Unique Contributions of Animal Models in Biomimetic
Rehabilitation Technologies

The selection of animal models in biomimetic rehabilitation research is guided by
specific criteria that maximize the relevance of findings for human applications. Key consid-
erations include anatomical and physiological similarities to humans, unique regenerative
capabilities, neural plasticity, and movement patterns that align closely with human biome-
chanics. For instance, species like zebrafish and axolotls are frequently chosen for their
remarkable regenerative abilities, offering insights into neural and spinal cord recovery
mechanisms. These models contribute significantly to the development of technologies
aimed at promoting neural regeneration and functional recovery following spinal injuries
in humans. The integration of insights from animal models into the design of rehabilitation
technologies is not merely theoretical but has led to tangible advancements in patient care;
a few examples are presented in Table 2 and Figure 3.



Biomimetics 2024, 9, 723 8 of 23

Biomimetics 2024, 9, 723 8 of 24 
 

 

Quadrupedal animals such as dogs and horses provide valuable data on gait dynam-
ics, which are integral to the design of prosthetic limbs and robotic exoskeletons. Their 
gait patterns and movement efficiency offer insights into energy conservation strategies 
that can be replicated in rehabilitation devices, enhancing their adaptability and energy 
efficiency for users [56]. Additionally, rodent models, particularly those of mice and rats, 
are extensively used to study neurological impairments and motor function recovery. 
These models facilitate the study of central nervous system dysfunctions and gait abnor-
malities, which directly inform the design of neurorehabilitation technologies for condi-
tions such as stroke or Parkinson’s disease [57,58]. 

The proprioceptive and sensory systems of certain animals have also contributed 
unique insights. For example, the lateral line system in fish has inspired the development 
of wearable sensors that provide proprioceptive feedback, enhancing motor learning and 
correction during rehabilitation [59]. This feedback-driven approach is critical in rehabil-
itation technologies that aim to restore balance and coordination in patients recovering 
from neurological injuries. 

By carefully selecting animal models based on these specific contributions, research-
ers can ensure that biomimetic principles are effectively translated into functional reha-
bilitation technologies that meet the complex needs of human patients. 

 
Figure 3. Example of animals inspiring research in technology-supported rehabilitation. (A) Mice 
for motor recovery; (B) cats for robotic assisted gait training; (C) pigs for post-injury muscular re-
covery; (D) macaques for cognitive training; (E) rabbits for tendinitis and tendon recovery; (F) dogs 
for physical therapy techniques; (G) zebrafish for nerve regeneration; (H) sheep for osteoarthritis; 
(I) rats for nerve recovery and sensorimotor function (Photos from Freepik 
https://www.freepik.com/(access on 10 November 2024)). 

Figure 3. Example of animals inspiring research in technology-supported rehabilitation. (A) Mice
for motor recovery; (B) cats for robotic assisted gait training; (C) pigs for post-injury muscular
recovery; (D) macaques for cognitive training; (E) rabbits for tendinitis and tendon recovery; (F) dogs
for physical therapy techniques; (G) zebrafish for nerve regeneration; (H) sheep for osteoarthritis;
(I) rats for nerve recovery and sensorimotor function (Photos from Freepik https://www.freepik.com/
(accessed on 10 November 2024)).

Quadrupedal animals such as dogs and horses provide valuable data on gait dynamics,
which are integral to the design of prosthetic limbs and robotic exoskeletons. Their gait
patterns and movement efficiency offer insights into energy conservation strategies that can
be replicated in rehabilitation devices, enhancing their adaptability and energy efficiency for
users [56]. Additionally, rodent models, particularly those of mice and rats, are extensively
used to study neurological impairments and motor function recovery. These models
facilitate the study of central nervous system dysfunctions and gait abnormalities, which
directly inform the design of neurorehabilitation technologies for conditions such as stroke
or Parkinson’s disease [57,58].

The proprioceptive and sensory systems of certain animals have also contributed
unique insights. For example, the lateral line system in fish has inspired the development
of wearable sensors that provide proprioceptive feedback, enhancing motor learning and
correction during rehabilitation [59]. This feedback-driven approach is critical in rehabilita-
tion technologies that aim to restore balance and coordination in patients recovering from
neurological injuries.
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Table 2. Examples of animal studies in rehabilitation research.

Animal Model Research Area Purpose/Insight Examples/Applications

Rats Spinal Cord Injury [60]

Used to study nerve regeneration and
motor recovery through rehabilitation

techniques such as treadmill training and
electrical stimulation.

Development of therapies to
enhance motor function recovery

after spinal cord injuries.

Mice Stroke Recovery [61]

Models for studying brain plasticity and
motor recovery, allowing testing of

rehabilitation strategies like
constraint-induced movement therapy.

Insights into neuroplasticity and
development of post-stroke

rehabilitation protocols.

Cats Locomotor Rehabilitation [62]

Employed in studies of gait and
locomotor function, particularly useful in

understanding how spinal circuits
contribute to movement recovery.

Development of robotic-assisted
gait training devices for humans

with spinal injuries.

Pigs Muscle Regeneration [63]

Used to study the effects of exercise and
physical therapy on muscle recovery after

injury due to their muscle structure
similarity to humans.

Insights into improving
rehabilitation for muscle injuries,

such as post-surgical recovery.

Non-Human
Primates (e.g.,

macaques)
Cognitive Rehabilitation [64]

Models for testing rehabilitation
approaches for cognitive and motor

function recovery after brain injuries,
closely mimicking human brain function.

Development of cognitive
therapies and advanced

rehabilitation technologies.

Rabbits Tendon Healing [65]

Studied for their response to various
physical therapy modalities like

ultrasound and controlled movements to
enhance tendon repair.

Development of rehabilitation
protocols for tendinitis and

post-surgical tendon recovery.

Dogs Orthopedic Rehabilitation [66]

Used for modeling rehabilitation after
joint surgeries, including physical
therapy regimens to restore range

of motion.

Insights into physical therapy
techniques for post-operative care

in joint replacement.

Zebrafish Regenerative Medicine [67]
Allows study of neural regeneration and
recovery due to their ability to regenerate

central nervous system tissues.

Development of approaches for
nerve regeneration and spinal

injury recovery in humans.

Sheep Joint Rehabilitation [68]

Used to study cartilage repair and
recovery after joint injuries, focusing on

rehabilitation techniques that
promote healing.

Insights into physical therapy
methods for joint recovery and

treatment of osteoarthritis.

Rats Peripheral Nerve Injury [69]

Models for studying the recovery of
sensory and motor functions after nerve
damage using rehabilitation strategies

like electrical stimulation.

Insights into therapies that aid
nerve recovery and improve

sensory function after injuries.

By carefully selecting animal models based on these specific contributions, researchers
can ensure that biomimetic principles are effectively translated into functional rehabilitation
technologies that meet the complex needs of human patients.

By studying how animals maintain stability and adapt to varying speeds and ter-
rains [12], researchers can design rehabilitation devices that are not only effective but
also adaptable to real-world environments. This adaptability is critical for ensuring that
patients can translate the skills they acquire in clinical settings to everyday life, leading to
more sustainable recovery outcomes. As rehabilitation research continues to evolve, the
integration of biomimetic principles promises to create more effective and personalized
care strategies that bring the benefits of nature’s innovations to those in need of recovery.
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This section presents several case studies that highlight how insights from animal mod-
els have been successfully translated into practical rehabilitation technologies, illustrating
the potential of biomimetics to improve rehabilitation.

3.2. Practical Examples
3.2.1. Robotic Exoskeletons

Robotic exoskeletons represent one of the most promising biomimetic technologies
in the field of rehabilitation, particularly for patients recovering from spinal cord injuries,
strokes, or other conditions that impair mobility [70]. These devices are designed to
augment the user’s physical capabilities by providing additional support during movement,
enabling individuals to regain lost function through repetitive, assisted gait training. Many
exoskeletons are designed to mimic the energy-conserving mechanics of kangaroos and
other animals by incorporating spring-like mechanisms that store and release energy. These
systems can be described using a simple spring-mass model, where the elastic potential
energy (U) in the spring is given by Equation (1).

U =
1
2

kx2 (1)

where k is the spring constant and x is the displacement. This stored energy can be released
to aid movement, thus reducing the metabolic energy required by the user.

A crucial element in the design of these exoskeletons is the incorporation of principles
derived from animal locomotion, which ensures that the devices can replicate natural
movement patterns and optimize energy efficiency [71].

Exoskeletons often use dynamic models that incorporate Lagrangian mechanics to
optimize energy storage and release. For instance, the Lagrangian function L for a spring-
mass system in an exoskeleton leg can be defined by Equation (2), as follows:

L = T − U =
1
2

mx2 − 1
2

kx2 (2)

where T is the kinetic energy, U is the potential energy, m is the mass, x2 is the velocity, and
k is the spring constant. By differentiating the Lagrangian function with respect to x and x2,
equations of motion can be derived to optimize minimal energy expenditure and efficient
gait assistance.

For example, the mechanics of animal locomotion have inspired the development of
exoskeletons that mimic the energy-storing capabilities found in species like kangaroos
and horses [72]. These exoskeletons utilize elastic components that store and release energy
during walking, similar to the spring-like mechanisms of the hind legs. This design allows
users to move more naturally, reducing the metabolic cost of walking and increasing their
endurance during rehabilitation sessions [73]. The ability to replicate these energy-efficient
movement strategies is particularly valuable for patients who may have limited physical
strength, as it enables them to engage in more intensive and prolonged training sessions,
which are critical for successful rehabilitation outcomes.

Proportional-derivative control is often used to maintain stability and responsiveness.
The control force F applied by the exoskeleton can be defined by Equation (3), as follows:

F = Kp(xd − x) + Kd
( .
xd −

.
x
)

(3)

where Kp and Kp are the proportional and derivative gains, xd is the desired position, and
.
xd is the desired velocity. These parameters are tuned based on the biomechanics of natural
gait, ensuring that the exoskeleton’s movement closely matches the user’s; an example is
presented in Figure 4.
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Figure 4. Comparative illustration of elastic and mechanical force models in animal locomotion ap-
plied to soft exoskeleton. Top figures show examples of animal movement dynamics: a kangaroo 
(left) illustrating the role of elastic energy storage and release during hopping, and horses (right) 
showcasing controlled movement dynamics with muscle forces. Bottom figures represent the sim-
plified biomechanical model of joint forces and elastic components at different stages of the gait 
cycle, specifically highlighting the knee and ankle forces. During initial contact, the spring (repre-
senting elastic tissue) is relaxed as ground reaction forces are absorbed. In mid stance, the spring 
maintains its original state, supporting joint stability. Terminal stance shows a stretched spring, 
maximizing energy storage in preparation for the push-off phase. In pre-swing, the spring contracts, 
converting stored energy into propulsion. Arrows indicate the directions of knee and ankle forces 
applied during each phase, depicting the interaction between muscle forces and elastic tissue re-
sponse (Photos from Freepik https://www.freepik.com/(access on 10 November 2024)). 

In rehabilitation, an anthropomorphic exoskeleton with a variable instantaneous cen-
ter of rotation has been proposed to accommodate the individual differences in knee joint 
mechanics. The exoskeleton design utilizes a two-degrees-of-freedom, five-bar mecha-
nism optimized to reduce errors in knee biomechanics, gait angle, and ankle trajectory, 
achieving near-human movement patterns. Experimental tests confirmed minimal dis-
crepancies, indicating improved comfort and reduced human–machine interaction forces 
during use [50]. Additionally, a novel central tendon-based bellows actuator inspired by 
the muscle structure of dragonflies has been integrated. This actuator significantly en-
hances tensile strength compared to traditional pneumatic actuators, offering over ten 
times the pulling force with minimal added weight, presenting promising applications in 
exoskeleton robotics for rehabilitation and beyond [51]. Advanced exoskeletons use vari-
able stiffness actuators, allowing the adjustment of the spring constant k in response to 
movement demands. This stiffness modulation is calculated to adapt dynamically, 

Figure 4. Comparative illustration of elastic and mechanical force models in animal locomotion
applied to soft exoskeleton. Top figures show examples of animal movement dynamics: a kangaroo
(left) illustrating the role of elastic energy storage and release during hopping, and horses (right)
showcasing controlled movement dynamics with muscle forces. Bottom figures represent the simpli-
fied biomechanical model of joint forces and elastic components at different stages of the gait cycle,
specifically highlighting the knee and ankle forces. During initial contact, the spring (representing
elastic tissue) is relaxed as ground reaction forces are absorbed. In mid stance, the spring maintains
its original state, supporting joint stability. Terminal stance shows a stretched spring, maximizing
energy storage in preparation for the push-off phase. In pre-swing, the spring contracts, converting
stored energy into propulsion. Arrows indicate the directions of knee and ankle forces applied during
each phase, depicting the interaction between muscle forces and elastic tissue response (Photos from
Freepik https://www.freepik.com/ (accessed on 10 November 2024)).

In rehabilitation, an anthropomorphic exoskeleton with a variable instantaneous cen-
ter of rotation has been proposed to accommodate the individual differences in knee joint
mechanics. The exoskeleton design utilizes a two-degrees-of-freedom, five-bar mechanism
optimized to reduce errors in knee biomechanics, gait angle, and ankle trajectory, achieving
near-human movement patterns. Experimental tests confirmed minimal discrepancies, in-
dicating improved comfort and reduced human–machine interaction forces during use [50].
Additionally, a novel central tendon-based bellows actuator inspired by the muscle struc-
ture of dragonflies has been integrated. This actuator significantly enhances tensile strength
compared to traditional pneumatic actuators, offering over ten times the pulling force
with minimal added weight, presenting promising applications in exoskeleton robotics for
rehabilitation and beyond [51]. Advanced exoskeletons use variable stiffness actuators,
allowing the adjustment of the spring constant k in response to movement demands. This
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stiffness modulation is calculated to adapt dynamically, enhancing energy conservation by
imitating how biological muscles alter stiffness during different phases of gait.

In addition, exoskeletons that draw on the lightweight and adaptive movement strate-
gies of birds and insects, thanks to modern 3D printing techniques, have been developed to
support gait training in clinical settings [74].

Furthermore, advanced prosthetic limbs can use neuro-morphic control, which sim-
ulates human neural pathways, to enable real-time adaptability in response to the user’s
movements. The control of these limbs can be optimized by minimizing the “jerk” (rate
of change in acceleration), often modeled with the minimum jerk model Equation (4)
as follows:

J =
∫ T

0

(
d3x
dt3

)2

dt (4)

where J represents jerk, x is position, and T is the duration. Minimizing this integral allows
for smoother, more human-like motion, which is especially useful in prosthetics intended
for daily activities.

3.2.2. Wearable Sensors and Feedback Systems

Wearable sensors have become increasingly popular in rehabilitation, offering a way
to monitor patient progress and provide real-time feedback on body movements [75]. These
devices have been significantly influenced by the sensory systems of animals, which have
evolved to provide precise and rapid feedback about the environment. For example, the
lateral line system in fish, which detects changes in water currents and vibrations, has
inspired the design of wearable systems that emulate proprioceptive feedback mecha-
nisms [49]. These sensors provide continuous data on body posture, joint angles, and
movement patterns, allowing patients to make immediate adjustments during rehabilita-
tion exercises [76].

One practical application of these biomimetic wearable sensors is in gait training
for patients recovering from stroke or traumatic brain injury. These devices can provide
feedback on gait symmetry, stride length, and weight distribution during walking exercises,
helping patients correct abnormal movement patterns and improve their balance [77].

Wearable sensors combine accelerometers, gyroscopes, and magnetometers in an
Inertial Measurement Unit (IMU) to track complex movements. By applying sensor fusion
algorithms, such as complementary filtering or extended Kalman filtering, the system can
estimate orientation and angular velocity accurately through Equation (5), as follows:

θk = (1 − α)
(

θ(k−1) + ω∆t
)
+ αak (5)

where θk is the estimated angle at time k, ω is the angular velocity, ∆t is the time step, α is
a filter constant, and ak is the accelerometer measurement. These filters are essential for
minimizing noise and improving the reliability of data in real-time applications.

The ability to receive immediate feedback enhances motor learning by reinforcing cor-
rect movements and minimizing compensatory behaviors that could hinder recovery. This
approach has been shown to improve outcomes in patients, leading to better coordination
and more natural walking patterns compared to traditional rehabilitation methods that
lack real-time monitoring [78].

Machine learning algorithms are often applied to process sensor data and provide
feedback to users. For example, a support vector machine classifier can differentiate
between types of movements (e.g., correct vs. incorrect gait patterns) by training on labeled
datasets. The classifier function f (x) is given by Equation (6).

f (x) = sign(∑N
i=1 αiyiK(xi, x) + b) (6)
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where x is the input data, αi and yi are model parameters, K(xi, x) is the kernel function,
and b is the bias term. This allows wearable devices to detect and correct posture and gait
in real time.

In addition to improving the precision of movement training, wearable sensors in-
spired by animal sensory systems have been adapted for use in virtual reality (VR) en-
vironments [79]. By integrating wearable devices with VR systems, patients can engage
in immersive rehabilitation exercises that simulate real-life challenges. For instance, the
sensors can track the user’s movements and adjust the virtual environment accordingly,
creating a more engaging and interactive rehabilitation experience [80]. This combination
of wearable sensors and VR, or augmented reality (AR), is especially useful for patients
who need to practice complex motor tasks, such as navigating through crowded spaces or
climbing stairs, in a controlled and safe setting.

3.2.3. Regenerative Medicine and Biomaterials

Biomimetics has also made significant contributions to the field of regenerative
medicine, particularly in the development of biomaterials and scaffolds designed to pro-
mote tissue repair and regeneration [81]. The study of animals with remarkable regenerative
capabilities, such as salamanders and zebrafish, has provided critical insights into the cel-
lular and molecular mechanisms that enable these species to regenerate limbs and spinal
cord tissue. These insights have been translated into the design of biomimetic scaffolds
that mimic the natural extracellular matrix found in regenerative species, providing a
supportive environment for cell growth and differentiation [82].

Biomimetic scaffolds use finite element analysis to simulate stress–strain characteristics
and ensure durability. For example, the von Mises stress criterion, often applied in scaffold
design, is given by Equation (7).

σv =

√
1
2
((σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2) (7)

where σ1, σ2, and σ3 are principal stresses. This equation ensures that the scaffold can
withstand physiological loads without failure.

One prominent example is the development of biomimetic scaffolds that are used
to repair damaged nerves and promote spinal cord regeneration. These scaffolds are
designed to replicate the structure and function of the extracellular matrix, providing a
framework for new nerve cells to grow and establish connections [83]. In addition to their
structural properties, these biomaterials often incorporate bioactive molecules that mimic
the signaling cues found in regenerative animals. These molecules play a crucial role in
guiding the regenerative process, promoting cell proliferation and migration to the injury
site. Clinical trials have shown that these biomimetic scaffolds can significantly improve
the recovery of nerve function in patients with spinal cord injuries, offering new hope for
those with conditions that were once considered irreversible [84].

Moreover, the application of biomimetic principles in regenerative medicine extends
to the development of bioengineered tissues for musculoskeletal repair. Inspired by the
natural healing processes observed in animals, researchers have created scaffolds that
support the regeneration of cartilage, skin, and other tissues [85]. These biomaterials are
designed to degrade gradually as new tissue forms, ensuring that the regeneration process
mimics the natural healing trajectory seen in species like zebrafish [86].

For example, biodegradable scaffolds are designed to degrade at a rate matching tissue
regeneration. This degradation follows a first-order kinetic model, where the degradation
rate D is given by Equation (8).

D = D0e−kt (8)

where D0 is the initial degradation rate, k is the degradation constant, and t is time. This
model helps align scaffold degradation with tissue healing, ensuring structural support
during the critical initial phase of regeneration.
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This approach allows for the seamless integration of the regenerated tissue with the
patient’s existing structures, reducing the risk of complications and improving the overall
quality of the repair [87].

4. Challenges

While the integration of biomimetic principles into rehabilitation technology offers
significant promise, as presented above, several challenges must be addressed to fully
realize its potential. These challenges range from the technical difficulties of translating
biological systems into functional human-compatible technologies to ethical considerations
surrounding the use of animal models in research [88]. Additionally, as biomimetic reha-
bilitation technologies advance, it is essential to ensure their accessibility and integration
into clinical practice. This section discusses these challenges and outlines potential future
directions for research and development in this interdisciplinary field.

4.1. Technical Challenges

One of the primary technical challenges in developing biomimetic rehabilitation tech-
nologies is the complexity of accurately replicating biological processes in mechanical or
electronic systems. Biological systems, particularly those related to movement and sensory
processing, are highly intricate, involving multiple interacting physiological, biochemical,
and neural mechanisms [89]. Translating these systems into functional technologies for hu-
man rehabilitation requires a deep understanding of the underlying biological mechanisms
and engineering expertise needed to recreate them effectively.

For instance, while robotic exoskeletons have made significant strides in mimicking
the movement patterns of animals, achieving the same level of adaptability and energy
efficiency remains a challenge. Animal locomotion, such as the spring-like movements seen
in kangaroos or the efficient gait of quadrupeds, involves a level of fluidity and energy
conservation that is difficult to replicate in mechanical systems [90]. Technologies must
not only emulate these natural movements but also adapt to the unique anatomical and
physiological characteristics of each human user. Developing actuators and sensors that
can provide real-time feedback and adjust movements dynamically is critical for achieving
this level of adaptation [91].

Additionally, predictive musculoskeletal simulations, while invaluable for understand-
ing the principles of animal movement and applying them to rehabilitation, face limitations
in accurately modeling the complexities of human anatomy across different populations.
The scaling of musculoskeletal properties to match human physiology—especially when
modeling variations in body size, posture, and gait speed—presents a significant chal-
lenge [12]. Ensuring that these models can predict movement accurately across a diverse
range of individuals is necessary for their effective application in clinical rehabilitation.

4.2. Ethical Considerations

As biomimetic technologies move toward human applications, it is critical to address
the ethical dimensions associated with their clinical use. Clinical trials and regulatory
approvals should consider issues such as accessibility, equity, and the potential for health
disparities. Expanding access to these advanced technologies across diverse patient demo-
graphics can mitigate inequalities and ensure that the benefits of biomimetic advancements
are broadly distributed. This human-centered approach not only enhances the ethical foun-
dation of biomimetic research but also improves the real-world applicability and societal
acceptance of these technologies. The use of animal models in biomimetic research raises
important ethical questions [88,92].

While animals provide invaluable insights into biological processes that can inform
human rehabilitation technologies, their use in research must be carefully justified and
conducted with the highest ethical standards. This includes ensuring that animal studies
are designed to minimize suffering, using alternatives wherever possible, and adhering to
the principles of the 3Rs—Replacement, Reduction, and Refinement [93].
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4.2.1. Replacement

Some studies have minimized animal use by employing in vitro models or computer
simulations to replicate biological functions before advancing to in vivo animal studies [94].
For instance, predictive musculoskeletal simulations are used to model animal movement
patterns and muscle dynamics, reducing the initial reliance on live animals by allowing the
preliminary testing of robotic systems and prosthetics in a simulated environment.

Researchers often design experiments to obtain maximum data from a minimum
number of animals. For example, studies on animal locomotion and gait analysis aim to use
fewer animals by employing advanced imaging and sensor technologies, collecting more
detailed biomechanical data per individual [95]. Additionally, techniques such as cross-over
studies allow animals to serve as their own controls, further reducing the number needed.

4.2.2. Reduction

By maximizing data collection from each subject, researchers can reduce the number of
animals required for statistical validity. For instance, in studies examining gait patterns, so-
phisticated imaging and sensor technologies capture a comprehensive set of biomechanical
data, thus reducing the need for larger sample sizes [96].

In some studies, animals serve as their own control group, allowing for comparative
analysis within the same subject. This method not only reduces the number of animals
needed but also minimizes variability, leading to clearer, more reliable data. For example,
prosthetic limb testing in animal models often employs cross-over designs, where the same
subjects experience different experimental conditions sequentially [97].

4.2.3. Refinement

In studies involving sensor applications or gait analysis, non-invasive methods like
external sensor placement reduce animal discomfort while allowing precise monitoring
of movement [98]. Additionally, remote monitoring and non-contact imaging techniques
(e.g., high-resolution video capture) limit physical handling, thereby minimizing stress and
promoting well-being.

Certain animals, such as axolotls and zebrafish, are selected for their innate regener-
ative abilities, which can be studied with minimal intervention. This approach ensures
that studies on tissue regeneration are less invasive, leveraging the species’ natural biology
for scientific benefit without extensive harm [99]. Ethical protocols also mandate refined
housing and environmental enrichment to reduce stress, promoting the overall welfare of
these animals during their time in the study.

Moreover, as biomimetic technologies increasingly draw from species with unique
regenerative or adaptive abilities, there is a risk of over-reliance on a small number of
model organisms, which could have implications for biodiversity and conservation. For
example, the axolotl, a critical model for regenerative studies, is also a species under threat
in the wild [41]. Researchers must balance the need for scientific advancement with the
responsibility to protect and preserve the species they study [100].

In addition to animal ethics, the application of biomimetic technologies in humans also
raises questions about safety, efficacy, and accessibility. It is crucial to conduct thorough
clinical trials to ensure that these technologies are safe and effective for all patients, and
to address any potential disparities in access to advanced rehabilitation technologies.
Ensuring that these technologies are available to a broad patient population, regardless of
socioeconomic status, will be an important consideration as the field advances.

4.3. Translational Challenges

Another major challenge lies in the translation of findings from animal models to
human applications [101]. Although animal studies provide crucial insights into the mech-
anisms of gait and neural regeneration, significant differences remain between animal and
human biology that can limit the direct applicability of these findings. For example, the
regenerative capabilities observed in animals like zebrafish or axolotls are not directly
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transferrable to humans due to fundamental differences in cellular and molecular pro-
cesses [102]. This makes it difficult to develop therapies that can achieve similar levels of
regeneration in human patients.

Similarly, the differences in gait between quadrupedal animals and bipedal humans
can complicate the direct application of gait analysis findings. Studies that focus on mouse
models of parkinsonism provide valuable information on how CNS dysfunctions affect
gait, but translating these velocity-dependent changes into therapeutic interventions for
human patients remains challenging.

Enhancing the accuracy of translational models is crucial in bridging these gaps.
One approach involves improving cross-species biomechanical and neural simulation
frameworks, which allow researchers to apply insights from animal models to human phys-
iology with greater precision [103]. Predictive musculoskeletal simulations, for example,
have emerged as valuable tools in understanding and adapting biomechanical differences
across species. By accurately modeling variables like joint mechanics, muscle force, and
gait patterns, these simulations make it possible to tailor assistive technologies, such as
exoskeletons or prosthetics, to meet the specific physical demands of human users.

Further advancements can be achieved by developing hybrid models that integrate
both animal and human data through AI-driven simulations. These hybrid models enable
more accurate predictions of human responses to biomimetic devices, drawing on data
from both human and animal studies to inform technology development [104]. Such
models are particularly beneficial in personalizing rehabilitation strategies, as they allow
for adjustments based on individual physiological data, thus enhancing the efficacy and
comfort of wearable assistive devices.

Implementing adaptive technologies inspired by animal models offers another solution
to cross-species translational challenges. Variable stiffness actuators in exoskeletons, for
instance, replicate the natural adaptability seen in animal movement, allowing devices to
adjust their rigidity based on the user’s specific needs and movements. Similarly, biohybrid
materials for prosthetics—materials that mimic the flexibility and durability of natural
tissues—help align the mechanical properties of these devices with human biomechanics,
ensuring greater user comfort and natural functionality [105].

The integration of sensory feedback mechanisms, such as proprioceptive feedback in
robotic systems, further enhances the adaptability of biomimetic devices. Proprioception,
an essential sensory feedback system in animals, provides real-time information about body
position and movement. By incorporating this feature into assistive devices, engineers can
develop systems that react to the user’s actions with greater fluidity and responsiveness,
effectively closing the loop between the user’s intentions and the device’s mechanical
response. This integration allows devices to adapt to the user’s sensory environment,
promoting natural interaction and supporting the motor learning processes essential for
effective rehabilitation.

Bridging these gaps requires innovative approaches to adapt the core principles
learned from animal models into human-compatible technologies, ensuring that the ther-
apies and devices remain effective in a clinical setting [106]. Through a combined focus
on cross-species modeling, adaptive technical solutions, and ethical scaling, biomimetic
research can better bridge the gap between animal-based insights and effective, ethically
implemented rehabilitation solutions for humans.

5. Future Directions

The future of rehabilitation technology lies in the continued fusion of biological in-
sights with advanced engineering, leading to innovations that can better replicate and
enhance natural movement and recovery processes. Addressing the challenges of inte-
grating biomimetic principles into clinical practice will require a multifaceted approach,
focusing on research, technological innovation, interdisciplinary collaboration, and the
broader implementation of these advances in diverse healthcare settings. Here are several
key areas for future development.
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5.1. Advancing Computational Models, AI, and Simulations

The role of computational models and predictive simulations will continue to be central
in bridging the gap between animal studies and human applications. As seen in studies
that explore the relationship between body size, speed, and locomotion across species [12],
advanced simulations can help researchers understand the fundamental principles that
govern movement. Future work should aim to refine these models to better capture the
complexities of human anatomy and physiology across a wide range of ages, body types,
and health conditions.

One promising direction is the integration of machine learning and artificial intelli-
gence (AI) with musculoskeletal modeling. Future research could focus on integrating
AI to enhance the adaptability and personalization of rehabilitation programs. Key ar-
eas of exploration include the development of AI-driven models capable of the real-time
adaptation to patient progress, creating personalized rehabilitation plans that adjust dy-
namically to the individual’s physical and cognitive states [107]. AI can analyze large
datasets from both animal and human studies, identifying patterns and making predictions
about movement that were previously difficult to quantify [108]. One other potential area
involves integrating machine learning algorithms with wearable sensors inspired by animal
proprioception systems. This AI-driven system could monitor and analyze real-time data
on patient movements, adjusting therapeutic exercises based on immediate feedback. For
instance, stroke patients could benefit from a system that detects minor gait asymmetries
and automatically modifies the rehabilitation protocol to address specific weaknesses [109].
This approach could lead to more efficient, patient-centered rehabilitation with fewer
in-person adjustments.

Another promising area for future research is the creation of predictive models that
leverage AI to forecast patient recovery patterns. Drawing on animal studies of motor
recovery, researchers could develop AI models trained on both animal and human data,
allowing clinicians to anticipate individual responses to rehabilitation treatments. Such
models could inform personalized therapy recommendations, aligning with each patient’s
specific progress, reducing trial-and-error adjustments, and ultimately enhancing the
effectiveness of rehabilitation interventions.

Finally, AI could support the development of hybrid bio-mechanical systems that
combine biomimetic prosthetics or exoskeletons with adaptive feedback mechanisms. For
example, incorporating AI-driven variable stiffness actuators could allow exoskeletons to
adjust in real time to different terrains or physical tasks, mimicking the adaptability seen in
animals. This integration would facilitate smoother, more natural movements, improving
user comfort and effectiveness during daily activities.

5.2. Development of Hybrid Bio-Mechanical Devices

As the understanding of animal locomotion and neural plasticity deepens, there is
potential to develop hybrid devices that combine biological and mechanical components.
For example, the field of soft robotics, which takes inspiration from the flexible and adaptive
movements of animals like octopuses and worms, offers new opportunities for creating
exoskeletons and prosthetic devices that are both strong and highly adaptable [110]. These
devices could be designed to provide varying levels of support, adjusting in real time to the
user’s needs and the environment, whether they are navigating uneven terrain or moving
at different speeds.

In addition to soft robotics, biohybrid systems that integrate living tissues with syn-
thetic materials represent another area of growth [111]. These systems could mimic the
responsiveness of biological muscles and tendons, providing a more natural interface be-
tween the human body and assistive devices. Research into biomimetic materials, such as
those that replicate the energy-storing properties of animal tendons [112], could lead to pros-
thetics and orthotics that more closely emulate the dynamic behavior of natural limbs. This
would not only improve user comfort but also reduce the energy required for movement,
making daily activities more accessible for individuals with mobility impairments.
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5.3. Expanding the Scope of Neural Regeneration Research

Building on insights from animals with remarkable regenerative capabilities, such as
zebrafish and axolotls, future research should focus on developing therapies that enhance
neural regeneration and plasticity in humans [113]. This could involve exploring the genetic
and molecular pathways that enable these animals to regenerate spinal cord tissue and
other nervous system components, with the goal of translating these mechanisms into
clinical therapies.

Gene editing technologies like CRISPR-Cas9, which allow precise manipulation of
genetic material, could be leveraged to activate regenerative pathways in human cells [114].
By identifying and replicating key genes involved in the regenerative processes of animals,
scientists could potentially create new treatments for spinal cord injuries, strokes, and neu-
rodegenerative diseases. These advances would complement existing rehabilitation tech-
nologies, offering a more holistic approach to restoring function after neurological damage.

5.4. Integrating Rehabilitation Technologies into Broader Healthcare Ecosystems

For biomimetic rehabilitation technologies to have a widespread impact, they must
be integrated into broader healthcare ecosystems, including tele-rehabilitation and digital
health platforms. The COVID-19 pandemic highlighted the importance of remote care, and
this trend is likely to continue as healthcare providers seek ways to deliver high-quality
care outside traditional clinical settings [115]. Future efforts should focus on creating digital
platforms that support remote monitoring and adjustment of biomimetic rehabilitation
devices, allowing patients to receive continuous feedback and support from their therapists.

These platforms could leverage data from wearable sensors, VR environments, and AI
algorithms to provide personalized exercise programs, track patient progress, and offer
real-time adjustments to rehabilitation protocols [4]. For instance, data on a patient’s gait
patterns collected through a wearable device could be analyzed using AI to detect changes
that may indicate improvement or the need for adjustments to their therapy plan [116].
This kind of integration would not only enhance the effectiveness of rehabilitation but also
ensure that it remains accessible to those who live in remote or underserved areas.

5.5. Integration of Biomimetic Technologies with Digital Health Platforms

The combination of biomimetic technologies with digital health platforms represents
an exciting avenue for advancing telerehabilitation and remote patient monitoring. By
integrating wearable biomimetic devices, such as sensors inspired by proprioceptive sys-
tems or exoskeletons with adaptive feedback, with digital health platforms, clinicians can
remotely monitor patient progress, adjust therapies, create digital twins models and track
recovery in real time.

One potential application is in telerehabilitation for stroke patients or individuals with
mobility impairments. Wearable sensors modeled after proprioceptive feedback systems
could continuously monitor gait, balance, and muscle activity, transmitting these data to a
digital platform accessible to healthcare providers [117]. This real-time monitoring would
allow clinicians to assess patient progress, identify potential issues, and adjust rehabilitation
protocols without requiring the patient to be physically present. Such integration would be
especially valuable for patients in rural or underserved areas, who may have limited access
to rehabilitation facilities.

Furthermore, remote monitoring of biomimetic devices, such as wearable exoskele-
tons or prosthetic limbs with AI-driven adaptability, could provide insights into patient
adherence and device functionality in daily activities. For example, a patient’s activity
level, movement patterns, and feedback from an exoskeleton could be monitored remotely,
allowing adjustments to be made to the device’s settings or therapy plan as needed. This
approach not only supports continuity of care but also enhances personalized rehabilitation
by making adjustments based on real-world usage data [116].

The integration of these biomimetic technologies with digital health platforms could
also support patient engagement. Gamified elements, progress tracking, and personalized
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feedback provided through mobile applications could motivate patients to adhere to their
rehabilitation routines [115], further improving outcomes. Overall, the convergence of
biomimetic technology and digital health holds great promise for making rehabilitation
more accessible, adaptable, and personalized.

5.6. Strengthening Interdisciplinary Collaboration

The development of biomimetic rehabilitation technologies requires collaboration
across multiple fields, including biomechanics, neuroscience, materials science, robotics,
and clinical rehabilitation. By fostering stronger interdisciplinary partnerships, researchers
can accelerate the pace of innovation and ensure that new technologies are designed with
both scientific rigor and practical usability in mind [118]. Collaborative efforts can also
bridge the gap between fundamental research on animal models and the development of
user-friendly, patient-centered technologies.

This collaboration should extend beyond academia to include partnerships with
industry and healthcare providers. By involving end-users—patients and clinicians—in
the design process through methods like co-creation and design thinking, developers can
create technologies that are better suited to real-world needs. Engaging with healthcare
professionals during the early stages of development can also ensure that new technologies
align with clinical workflows, making them easier to integrate into existing care practices.

6. Conclusions

The challenges faced in the development of biomimetic rehabilitation technologies are
significant, but so too are the opportunities. By continuing to draw inspiration from the
natural world, researchers can develop new tools and therapies that enhance the recovery
process for patients with neurological and musculoskeletal impairments. Overcoming
the technical, ethical, and practical challenges will require a concerted effort from mul-
tiple disciplines, but the potential benefits for patient care are immense. As the field of
biomimetics continues to evolve, its application in rehabilitation science holds the promise
of transforming the future of healthcare.
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74. Rojek, I.; Dorożyński, J.; Mikołajewski, D.; Kotlarz, P. Overview of 3D Printed Exoskeleton Materials and Opportunities for Their

AI-Based Optimization. Appl. Sci. 2023, 13, 8384. [CrossRef]
75. Fazio, R.D.; Mastronardi, V.M.; Vittorio, M.D.; Visconti, P. Wearable Sensors and Smart Devices to Monitor Rehabilitation

Parameters and Sports Performance: An Overview. Sensors 2023, 23, 1856. [CrossRef]
76. Porciuncula, F.; Roto, A.V.; Kumar, D.; Davis, I.; Roy, S.; Walsh, C.J.; Awad, L.N. Wearable Movement Sensors for Rehabilitation:

A Focused Review of Technological and Clinical Advances. PM R J. Inj. Funct. Rehabil. 2018, 10, S220. [CrossRef] [PubMed]
77. Chamorro-Moriana, G.; Moreno, A.J.; Sevillano, J.L. Technology-Based Feedback and Its Efficacy in Improving Gait Parameters in

Patients with Abnormal Gait: A Systematic Review. Sensors 2018, 18, 142. [CrossRef] [PubMed]
78. Moinuddin, A.; Goel, A.; Sethi, Y. The Role of Augmented Feedback on Motor Learning: A Systematic Review. Cureus 2021, 13,

e19695. [CrossRef] [PubMed]
79. Gao, Y.; Yao, K.; Jia, S.; Huang, Y.; Zhao, G.; Zhang, B.; Liu, Y.; Yu, X. Advances in Materials for Haptic Skin Electronics. Matter

2024, 7, 2826–2845. [CrossRef]
80. Pyun, K.R.; Kwon, K.; Yoo, M.J.; Kim, K.K.; Gong, D.; Yeo, W.-H.; Han, S.; Ko, S.H. Machine-Learned Wearable Sensors for

Real-Time Hand-Motion Recognition: Toward Practical Applications. Natl. Sci. Rev. 2024, 11, nwad298. [CrossRef]
81. Liu, S.; Yu, J.-M.; Gan, Y.-C.; Qiu, X.-Z.; Gao, Z.-C.; Wang, H.; Chen, S.-X.; Xiong, Y.; Liu, G.-H.; Lin, S.-E.; et al. Biomimetic

Natural Biomaterials for Tissue Engineering and Regenerative Medicine: New Biosynthesis Methods, Recent Advances, and
Emerging Applications. Mil. Med. Res. 2023, 10, 16. [CrossRef]

82. Gómez, C.M.A.; Echeverri, K. Salamanders: The Molecular Basis of Tissue Regeneration and Its Relevance to Human Disease.
Curr. Top. Dev. Biol. 2021, 145, 235. [CrossRef]

83. Subramanian, A.; Krishnan, U.M.; Sethuraman, S. Development of Biomaterial Scaffold for Nerve Tissue Engineering: Biomaterial
Mediated Neural Regeneration. J. Biomed. Sci. 2009, 16, 108. [CrossRef]

84. Yari, D.; Saberi, A.; Salmasi, Z.; Ghoreishi, S.A.; Etemad, L.; Movaffagh, J.; Ganjeifar, B. Recent Advances in the Treatment of
Spinal Cord Injury. Arch. Bone Jt. Surg. 2024, 12, 380. [CrossRef]

85. Chen, M.; Jiang, Z.; Zou, X.; You, X.; Cai, Z.; Huang, J. Advancements in Tissue Engineering for Articular Cartilage Regeneration.
Heliyon 2024, 10, e25400. [CrossRef]

86. Golebiowska, A.A.; Intravaia, J.T.; Sathe, V.M.; Kumbar, S.G.; Nukavarapu, S.P. Decellularized Extracellular Matrix Biomaterials
for Regenerative Therapies: Advances, Challenges and Clinical Prospects. Bioact. Mater. 2024, 32, 98–123. [CrossRef] [PubMed]

87. Krishani, M.; Shin, W.Y.; Suhaimi, H.; Sambudi, N.S. Development of Scaffolds from Bio-Based Natural Materials for Tissue
Regeneration Applications: A Review. Gels 2023, 9, 100. [CrossRef] [PubMed]

88. Kiani, A.K.; Pheby, D.; Henehan, G.; Brown, R.; Sieving, P.; Sykora, P.; Marks, R.; Falsini, B.; Capodicasa, N.; Miertus, S.; et al.
Ethical Considerations Regarding Animal Experimentation. J. Prev. Med. Hyg. 2022, 63, E255. [CrossRef] [PubMed]

89. Han, Y.; Yuan, M.; Guo, Y.-S.; Shen, X.-Y.; Gao, Z.-K.; Bi, X. The Role of Enriched Environment in Neural Development and Repair.
Front. Cell. Neurosci. 2022, 16, 890666. [CrossRef]

90. Peyré-Tartaruga, L.A.; Coertjens, M. Locomotion as a Powerful Model to Study Integrative Physiology: Efficiency, Economy, and
Power Relationship. Front. Physiol. 2018, 9, 1789. [CrossRef]

91. Zhou, S.; Li, Y.; Wang, Q.; Lyu, Z. Integrated Actuation and Sensing: Toward Intelligent Soft Robots. Cyborg. Bionic Syst. 2024, 5,
0105. [CrossRef]

92. Domínguez-Oliva, A.; Hernández-Ávalos, I.; Martínez-Burnes, J.; Olmos-Hernández, A.; Verduzco-Mendoza, A.; Mota-Rojas, D.
The Importance of Animal Models in Biomedical Research: Current Insights and Applications. Animals 2023, 13, 1223. [CrossRef]

93. Maestri, E. The 3Rs Principle in Animal Experimentation: A Legal Review of the State of the Art in Europe and the Case in Italy.
BioTech 2021, 10, 9. [CrossRef]

94. Pastorino, P.; Prearo, M.; Barceló, D. Ethical Principles and Scientific Advancements: In Vitro, in Silico, and Non-Vertebrate
Animal Approaches for a Green Ecotoxicology. Green Anal. Chem. 2024, 8, 100096. [CrossRef]

95. Moore, T.Y.; Clifton, G.T. Jumping over Fences: Why Field- and Laboratory-Based Biomechanical Studies Can and Should Learn
from Each Other. J. Exp. Biol. 2023, 226, jeb245284. [CrossRef]

96. Richter, S.H. Challenging Current Scientific Practice: How a Shift in Research Methodology Could Reduce Animal Use. Lab Anim.
2024, 53, 9. [CrossRef] [PubMed]

97. Bate, S.; Karp, N.A. A Common Control Group—Optimising the Experiment Design to Maximise Sensitivity. PLoS ONE 2014, 9,
e114872. [CrossRef] [PubMed]



Biomimetics 2024, 9, 723 23 of 23

98. Silva, B.; João, F.; Amado, S.; Alvites, R.D.; Maurício, A.C.; Esteves, B.; Sousa, A.C.; Lopes, B.; Sousa, P.; Dias, J.R.; et al.
Biomechanical Gait Analysis in Sheep: Kinematic Parameters. Front. Bioeng. Biotechnol. 2024, 12, 1370101. [CrossRef] [PubMed]

99. Mokalled, M.H.; Poss, K.D. A Regeneration Toolkit. Dev. Cell 2018, 47, 267. [CrossRef]
100. McCusker, C.; Gardiner, D.M. The Axolotl Model for Regeneration and Aging Research: A Mini-Review. Gerontology 2011, 57,

565–571. [CrossRef]
101. Leenaars, C.H.C.; Kouwenaar, C.; Stafleu, F.R.; Bleich, A.; Ritskes-Hoitinga, M.; De Vries, R.B.M.; Meijboom, F.L.B. Animal to

Human Translation: A Systematic Scoping Review of Reported Concordance Rates. J. Transl. Med. 2019, 17, 223. [CrossRef]
102. Tanaka, E.; Reddien, P.W. The Cellular Basis for Animal Regeneration. Dev. Cell 2011, 21, 172. [CrossRef]
103. Barré-Sinoussi, F.; Montagutelli, X. Animal Models Are Essential to Biological Research: Issues and Perspectives. Future Sci. OA

2015, 1, FSO63. [CrossRef]
104. Xu, Y.; Liu, X.; Cao, X.; Huang, C.; Liu, E.; Qian, S.; Liu, X.; Wu, Y.; Dong, F.; Qiu, C.-W.; et al. Artificial Intelligence: A Powerful

Paradigm for Scientific Research. Innovation 2021, 2, 100179. [CrossRef]
105. Preethichandra, D.M.G.; Piyathilaka, L.; Sul, J.-H.; Izhar, U.; Samarasinghe, R.; Arachchige, S.D.; de Silva, L.C. Passive and Active

Exoskeleton Solutions: Sensors, Actuators, Applications, and Recent Trends. Sensors 2024, 24, 7095. [CrossRef]
106. Spanagel, R. Ten Points to Improve Reproducibility and Translation of Animal Research. Front. Behav. Neurosci. 2022, 16, 869511.

[CrossRef] [PubMed]
107. Bonnechère, B. Unlocking the Black Box? A Comprehensive Exploration of Large Language Models in Rehabilitation. Am. J. Phys.

Med. Rehabil. 2024, 103, 532–537. [CrossRef] [PubMed]
108. Nosrati, H.; Nosrati, M. Artificial Intelligence in Regenerative Medicine: Applications and Implications. Biomimetics 2023, 8, 442.

[CrossRef] [PubMed]
109. Dresser, L.P.; Kohn, M.A. Artificial Intelligence and the Evaluation and Treatment of Stroke. Del. J. Public Health 2023, 9, 82.

[CrossRef] [PubMed]
110. Calisti, M.; Giorelli, M.; Levy, G.; Mazzolai, B.; Hochner, B.; Laschi, C.; Dario, P. An Octopus-Bioinspired Solution to Movement

and Manipulation for Soft Robots. Bioinspir. Biomim. 2011, 6, 036002. [CrossRef]
111. Wang, C.; Zhang, Z.; Wang, J.; Wang, Q.; Shang, L. Biohybrid Materials: Structure Design and Biomedical Applications. Mater.

Today Bio 2022, 16, 100352. [CrossRef]
112. Citeroni, M.R.; Ciardulli, M.C.; Russo, V.; Porta, G.D.; Mauro, A.; Khatib, M.E.; Mattia, M.D.; Galesso, D.; Barbera, C.; Forsyth,

N.R.; et al. In Vitro Innovation of Tendon Tissue Engineering Strategies. Int. J. Mol. Sci. 2020, 21, 6726. [CrossRef]
113. Velikic, G.; Maric, D.M.; Maric, D.L.; Supic, G.; Puletic, M.; Dulic, O.; Vojvodic, D. Harnessing the Stem Cell Niche in Regenerative

Medicine: Innovative Avenue to Combat Neurodegenerative Diseases. Int. J. Mol. Sci. 2024, 25, 993. [CrossRef]
114. Gaj, T.; Sirk, S.J.; Shui, S.; Liu, J. Genome-Editing Technologies: Principles and Applications. Cold Spring Harb. Perspect. Biol. 2016,

8, a023754. [CrossRef]
115. Daniels, K.; Mourad, J.; Bonnechère, B. Exploring the Use of Mobile Health for the Rehabilitation of Long COVID Patients: A

Scoping Review. Healthcare 2024, 12, 451. [CrossRef]
116. Lebleu, J.; Daniels, K.; Pauwels, A.; Dekimpe, L.; Mapinduzi, J.; Poilvache, H.; Bonnechère, B. Incorporating Wearable Technology

for Enhanced Rehabilitation Monitoring after Hip and Knee Replacement. Sensors 2024, 24, 1163. [CrossRef] [PubMed]
117. Xing, Y.; Xiao, J.; Zeng, B.; Wang, Q. ICTs and Interventions in Telerehabilitation and Their Effects on Stroke Recovery. Front.

Neurol. 2023, 14, 1234003. [CrossRef] [PubMed]
118. Genge, C.; McNeil, H.; Debergue, P.; Freeman, S. Technology to Support Aging in Place: Key Messages for Policymakers and

Funders. Front. Psychol. 2023, 14, 1287486. [CrossRef] [PubMed]

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.


