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Abstract

People with disabilities often face challenges like moving around independently and de-
pending on personal caregivers for daily life activities. Traditional assistive devices are
universally accepted by these communities, but they are designed with one-size-fits-all
approaches that cannot adjust to individual human sizes, are not easily customized, and
are made from rigid materials that do not adapt as a person’s condition changes over time.
This systematic review examines the integration of smart materials, sensors, actuators, and
3D/4D printing technologies in advancing assistive devices, with a particular emphasis on
mobility aids. In this work, the authors conducted a comparative analysis of traditional
devices with commercially available innovative prototypes and research stage assistive
devices by focusing on smart adaptable materials and sustainable additive manufactur-
ing techniques. The results demonstrate how artificial intelligence drives smart assistive
devices in hospital decentralized additive manufacturing, and policy frameworks agree
with the Sustainable Development Goals, representing the future direction for adaptive
assistive technology. Also, by combining 3D /4D printing and Al, it is possible to produce
adaptive, affordable, and patient centered rehabilitation with feedback and can also pro-
vide predictive and preventive healthcare strategies. The successful commercialization
of adaptive assistive devices relies on cost effective manufacturing techniques clinically
aligned development supported by cross disciplinary collaboration to ensure scalable,
sustainable, and universally accessible smart solutions. Ultimately, it paves the way for
smart, sustainable, and clinically viable assistive devices that outperform conventional
solutions and promote equitable access for all users.

Keywords: artificial intelligence; smart assistive devices; smart materials; 3D /4D printing;
smart sensors; actuators; sustainable healthcare

1. Introduction

People having mobility challenges and physical disabilities such as Parkinson’s disease,
spinal cord injuries (SCI), multiple sclerosis, amyotrophic lateral sclerosis, cerebral palsy,
and muscular dystrophy have to live a hard life with less confidence and complex challenges
like pressure sores and endure chronic pain and fatigue. It includes impaired mobility and
muscle control, making routine activities, such as sitting, standing, dressing, eating, and
moving independently, difficult without assistance. Patients with mobility impairments
generally experience one of two basic types of disability: progressive disabilities, which
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involve a gradual physical decline over time, and static disabilities, which remain stable
but still necessitate ongoing adaptation [1]. Additionally, societal misconceptions [2],
employment barriers, and financial hardship further erode their quality of life, whereas
assistive technologies (ATs) [3], tailored rehabilitation, and inclusive policies are crucial in
empowering individuals to regain autonomy [4]. Actual equity demands not just providing
medical help but also eliminating the unfair attitudes and systems that strip people of their
dignity and choice of career [5,6].

There is a need to study and evaluate a wide range of devices, software, support, and
assistive services designed to improve lifestyle, daily activities, manage chronic conditions,
enhance health, and promote functional independence for individuals with disabilities and
chronic conditions [7]. Assistive devices (ADs) [8,9], including mobility aids, communi-
cation devices, hearing aids, and adaptive equipment, have increased control in daily life
activities for patients with disabilities. In recent times, smart materials (SMs) and artificial
intelligence (AI) have transformed these technologies.

Beyond physical devices, for effective adoption and long term usability, personalized
assessments, training, cost, aesthetics, comfort, ease of maintenance, and control are critical
fields that need to be focused on. After addressing gaps in mobility [10], communication,
and self-care assistive devices, users will be able to overcome barriers and actively par-
ticipate in education, employment, and social life without relying on others for support.
However, to unlock the transformative potential of AT, there is a need for inclusive policies
and equitable distribution. The United Nation’s convention on the rights of persons with
disabilities [11] strongly supports the opportunities for exercising personal choice and liv-
ing independently within the community for persons with disabilities. Rehabilitation and
treatment of disabled patients, even with minor injuries and disabilities, is an essential yet
underestimated aspect of global healthcare. During 2019 alone, approximately 2.41 billion
individuals, representing one third of the world’s population, required rehabilitation ser-
vices, marking a striking 63% rise since 1990 [12]. Musculoskeletal disorders, notably low
back pain, sports injuries, and military rehabilitation, emerged as the main reason for
rehabilitation practices. To address this issue, three key actions should be undertaken:
elevating rehabilitation within health policy agendas, securing sustainable funding, and
integrating rehabilitation services into primary healthcare departments.

Previous reviews have mainly focused on material development, fabrication strategies,
and general biomedical applications of 3D/4D printing [13,14]. In contrast, this work ad-
dresses a specific research gap by integrating both 3D and 4D printing with their application
domains, emphasizing their role in ADs. This perspective provides a user centered and clinical
focus that distinguishes this review from [13], which concentrates on magnetically responsive
memory polymers, and [14], which discusses 4D printing primarily as a technology.

1.1. Statistics on Global Disability

The World Health Organization (WHO) [15] has extensively documented the global
crisis in access to ADs. According to the 2022 global report on AT, almost one billion
people with minor or major disabilities are living without any access to AT, whereas
an estimated 2.5 billion people need at least one device for assisting in motion, such as
wheelchairs, prosthetics, and hearing aids; yet nearly 1 billion people remain without access
to these products. This gap is severe in countries having low and middle incomes, where
healthcare systems often lack the infrastructure and funding to provide these life changing
technologies. The report emphasizes that if no action is taken, the issue will continue to
grow, particularly as aging populations increase the demand for mobility and sensory aid.

The WHO identifies 50 essential assistive products, such as wheelchairs, hearing
aids, and communication devices, from the priority assistive products list [16] to meet
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global needs, yet despite the critical role of these technologies, 80% of countries still lack
national policies to ensure their role in providing accessibility of these devices to all age
groups. There is a report on disability in 2011 [17] by the WHO, which was later updated
in 2023, highlighting that 50% of individuals with disabilities cannot afford essential ADs.
As a result, many are forced to rely on outdated, inexpensive, and makeshift solutions,
which restrict their independence, thereby limiting their adaptability, and provide only
limited support. Additionally, the report emphasizes how societal stigma and poor policies
marginalize disabled individuals.

Certain types of minor disabilities are becoming common in children; as per the re-
port [18], an estimated 240 million children worldwide are living with disabilities. However,
75% of them lack access to basic ADs. Hence, 50% of them will not attend school, as they
require ADs for mobility and psychological support. UNICEF and WHO call for global
action on inclusive policies, increased funding, and strengthened international cooperation
to ensure that no child is left behind.

In May 2018, there was a resolution, World Health Assembly 71.8 [19], passed by an
assembly representing health professionals, urging countries to improve access to AT. This
resolution calls for its inclusion in universal health coverage and the creation of a global
report on access to AT, utilizing worldwide research and experience. WHO must also report
progress made in 2022 and future purposes for 2026 and 2030. These reports will highlight
the large gap in access to AT but also show a way to improve the situation. They call on
governments, researchers, and industry leaders to focus on creating affordable solutions,
making policies more inclusive, and ensuring that AT is part of universal healthcare. By
working together, they can help more people obtain the devices and provide moral, ethical,
and financial support for better lives.

1.2. Limitations of Traditional Assistive Devices

The traditional ADs, shown in Figure 1, such as manual wheelchairs, basic hearing
aids, white canes, and bare prosthetic limbs, have long been used by individuals with
disabilities [20]. These devices are affordable and straightforward, with prices ranging from
as low as USD 20 for white canes to several thousand dollars for prosthetic limbs. These
traditional aids, which had a greater impact in the past, now have numerous limitations.
As technology advances, there is a corresponding need for the development of these
devices as well. For example, manual wheelchairs [21] require physical strength to propel,
whereas basic hearing aids merely amplify sound without offering advanced features
such as Bluetooth connectivity and noise cancellation. Similarly, white canes are effective
for basic navigation but lack the real time feedback and navigation assistance found in
modern bright canes. Prosthetic limbs, though offering basic functionality, do not offer the
precision, adaptability, and control provided by advanced bionic and myoelectric limbs [22].
Devices like raised toilet seats and walkers, while providing essential support, offer limited
customization and are fixed in their design. In contrast, advanced technologies such as
smart toilets and robotic walkers are more adaptable, utilizing sensors, Al, and SMs. Grab
bars and crutches, although reliable, often work without the aid of smart sensors (SSs). In
contrast, ergonomic innovations, such as bright grab bars and crutches, reduce strain. Bed
rails and shower chairs are also effective but lack the motorized and automated adjustments
seen in modern solutions. Devices like long reach grabbers and sock aids are simple and
cost effective but do not offer the precision and motorized control found in advanced ADs;
also, button hooks and utensil cuffs are functional but lack the multi-functionality available
in modern adaptive wearables. Braille books, while still crucial, are bulky compared to
digital Braille displays [23], having greater flexibility. Pill organizers and transfer boards
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remain useful, but they are far less sophisticated compared to bright medication dispensers
and motorized lift systems.
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Figure 1. Traditional ADs.

Overall, traditional ADs (see Table 1), while foundational and accessible, cannot com-
pete with the flexibility, adaptability, and customization offered by advanced technologies.
New technologies, such as SMs and SSs, and customized 3D-printed devices [24,25] are
helping people with disabilities live more independently and comfortably in ways that
traditional ADs were never able to [26]. However, globally, access to smart ADs [27], dura-
bility, customer satisfaction, cost, and acceptance by healthcare professionals and patients
still need to be addressed.

Table 1. Widely adopted traditional ADs.

No. Conventional Early-Stage ADs Core Functionalities Material Type Customization Possible
. It has a hand rim drive, reliable, a
Wheelchairs serve . . .
1 o foldable frame, and requires upper Steel, aluminum Partial
as mobilityaid
body strength.

Sound amplification only

2 Basic hearing aid . . :
improves basic hearing.

Metal, plastic Partial

White canes help patients with Foldable, tactile tip, affordable

3 visual impairments for mobili and effective, having no Aluminum, rubber No
P ty electronic feedback.
Basic prosthetic limbs Passive limb replacement
4 P 1 supports basic function but Fiberglass, rubber Yes, to specific sizes
for mobility 1 -
with limited motion.
. . Printed braille on paper,
5 Braille boqks p1j0v1de independent reading, bulky, and Paper, embossed print No
a reading aid .
limited content.
Grab bars are safety tools for Wall mounted support for balance,
6 patients with extreme prevents falls in bathrooms, fixed Stainless steel No
mobility problems frame, so installation is mandatory.
Crutches help patients move Underarm and forearm support,
7 during minor and major lightweight and portable, strain Aluminum, foam No

limb disabilities arms with extended use.
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Table 1. Cont.

No. Conventional Early-Stage ADs Core Functionalities Material Type Customization Possible
. . Prevent falls from bed, but is .
8 Bed rails act as a safety aid limited to use in bed. Steel, plastic No
. . The trigger grip extender tool
9 Along rea;h grabl?er is a daily assists with reaching items that Aluminum, plastic No
iving aid T
require limited strength.
Plastic funnel and ropes,

10 Sock aid is a dressing aid has limited function only for Plastic, foam No

certain sock types.

Metal hook with ergonomic
1 Button.hook. helps patients Wlth handle, makes buttoning clothes Metal, plastic No
hand impairments in dressing easier, but slower than

everyday dressing.

12 Cane with 4 quad. baseisa Four prong base for stability. Aluminum, rubber No
mobility aid
Utensil cuff helps patients eat Straps the spoon and fork to
13 during extreme the hand but have limited Neoprene, Velcro No
medical conditions utensil options.
o . . Handheld lens with no light and .

14 Magnifying glass improves vision low technology. Glass, plastic No
15 Pill organizer .for old a'nd deabled Daily compartments Plastic No

patients is a medical aid but no reminders

Flat board to slide between
16 Transfer board (transfer patients) surfaces but needs a caregiver Wood, plastic No
for setup.

17 Basic raised plate edge Keeps food on the plate. Plastic No

The challenges of high costs and limited accessibility in ADs are often due to the ex-
pensive materials, technology, and manufacturing processes involved [28]. Additionally, the
distribution networks in these regions can be inefficient, and a lack of local suppliers may
lead individuals to rely on expensive imports. In terms of static designs, many traditional
ADs are based on one-size-fits-all models that do not account for the unique and evolving
needs of individual users. These devices often have limited customization options, meaning
that once a device is purchased, it cannot be easily adjusted and adapted to changes in the
patient’s condition and preferences. For example, a wheelchair with a fixed seat and arm-
rest configuration might not be comfortable for all users, especially as their mobility needs
change over time [29,30]. Similarly, prosthetic limbs, which often come in fixed designs, may
not provide sufficient flexibility to adapt to the varying levels of activity and functionality
required by the user. The lack of adaptability in these devices results in a situation where
users may have to settle for a suboptimal solution, leading to decreased comfort, functionality,
and independence. Both the high costs and limited access of advanced, customizable, and
adaptive ATs pose significant barriers for people having disabilities.

The combination of these factors makes it even more challenging for individuals with
disabilities to lead independent, dignified lives, highlighting the need for innovation in
both affordable pricing and more adaptable, user required designs [28].

1.3. Commercially Used Advanced ADs: Current Functioning, Limitations and Future Implementations

This subsection discusses several commercially available ADs, examining their current
functionalities, limitations, and potential future developments aimed at improving and
expanding their applications. These ADs have undergone rigorous industry validation,
secured patent protection, and are now subject to continuous annual enhancements. An
overview of these devices is also presented in Table 2.
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1. The EksoNR [31] exoskeleton has been utilized to assist patients with neurological
impairments in regaining mobility through guided standing and walking rehabilitation
(Figure 2a). The most important characteristics include sensor adaptive algorithms, which
ensure safe and effective therapy but also involve high costs, limiting accessibility for
smaller clinics and those treating diverse patient anatomies [32,33]. Due to advancements
in manufacturing techniques, users and health professionals also demand human body
dimension based exoskeleton components, Al-controlled tele-rehabilitation, and 4D-printed
SMs, which pose future challenges.

2. The ReWalk [34,35] is a motorized, wearable exoskeleton enabling mobility, walking,
stair climbing, and ramp navigation for people with spinal problems. Adaptive gait control,
clearance by the Food and Drug Administration (FDA) for personal use, and overground
mobility are essential performance parameters. In contrast, limited battery life, restricted
adaptability for varying levels of paralysis, uneven terrain, and fast transitions from sitting
to standing are challenges for future researchers [36]. Stroke patients were trained with a
soft exosuit (Figure 2b) for almost two months to test the effects of gait training. Clinical
and biomechanical performance were measured and paved the way for adopting exosuits
for post-rehabilitation of stroke patients [37]. At the same time, real-time adaptability to
muscle fatigue can be improved by using 4D-printed shape memory alloys (SMAs) and
self-adjusting structures. Modular designs of brain controlled exoskeletons could also
revolutionize mobility for individuals with paralysis.

3. Carbon hand (Figure 2c) is a soft robotic glove, which is designed to provide grip
strength for individuals with hand weakness. It utilizes flexible actuators and pressure
sensors to detect grip intent and provide proportional assistance, enabling tasks such as
holding utensils, tools, and domestic items. It also features intuitive control over shelf sizing.
Soft materials wear out over time, have a moderate grip force, which is unsuitable for heavy
lifting, and lack finger independence, which are the current challenges [38]. Personalized
glove liners for deformed and atrophied hands, 4D smart textiles that integrate haptic
feedback, and Al-controlled grip prediction sensors for individual finger movement could
bridge current gaps, making it viable for high precision and critical tasks.

4. Neuro Node [39] can control AT with the help of muscle signals and head/limb
motions. It is a wireless wearable sensor designed for patients with extremely critical SCI. It is
a universal control interface for all digital devices. A study [40] uses neuro node technology
(Figure 2d) to test the speed and accuracy of an eye gaze augmentative and alternative
communication system with dwell selection (extended gaze) compared to eye gaze combined
with electromyography switching, a method designed for users with disabilities that limit
independence and communication. Limited precision for multiple tasks, dependence on
residual muscle and neck movement, skin irritation, grip assistance problems, and relying
on external devices for physical function are current challenges. Eye-tracking hybrid modes,
combined with 3D-printed, softer, and more breathable materials, as well as durable direct
neural interfaces, can enable seamless control for users with paralysis.

5. LUKE Arm [41] is an advanced prosthetic limb, that is designed for upper arm am-
putees, focusing on replacing limb function rather than rehabilitating movement, offering
multi-articulating joints and intuitive control. Weight and bulkiness compared to biological
arms, as well as the lack of full tactile feedback, can restrict fine motor tasks, such as
handling fragile items, which are the functional improvements required in the most recent
model of 3D- and 4D-printed materials, touch sensation, and closing. A modern six degree
of freedom (DOF) LUKE Arm (Figure 2e) is used in a study to achieve natural and precise
control of the arm using a modified Kalman filter (a smart control system) [42]. Predictive
motion control and battery free power solutions, as well as brain machine interfaces, serve
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as future challenges. If researchers succeed in solving these issues, it will enable the LUKE
Arm to behave more like a real human arm.

6. The HERO (Hand Extension Robot Orthosis) glove (Figure 2f) is an assistive device
for heart patients with severe hand impairment, using artificial tendons driven by a linear
actuator to enable finger grasping and assisting users in relearning hand movements
through automated finger flexion triggered by inertial sensors. Insufficient force for heavy
objects, lack of individual finger control, dependency on residual arm movement, and
severe spasticity are current trends missing in this glove [43,44]. Three-dimensional printed
tendon systems, 4D printed self-stiffening materials, and hybrid control for users with
minimal limb mobility, learning user specific movement patterns with the help of Al, could
personalize rehabilitation and make this device a modern and adaptive control.

7. Myo suit [45] is a soft exo muscle that uses artificial tendons and elastic bands, and it
is designed for users with lower limb weakness who retain some walking ability but fatigue
quickly. It lacks adaptive Al control, and no ankle support is available [46]. A study involved
experimental evaluation of lower limb joint kinematics and electromyography patterns in
healthy subjects walking with and without the Myo suit (Figure 2g) during level overground
and incline treadmill walking [47]. Three-dimensional printed elastic actuators and sensors,
such as neuro nodes, could improve responsiveness by combining Myo suit’s soft robotics
with functional electrical stimulation, among other future challenges for this device.

8. Exo glove is a tendon driven actuation system embedded in flexible polymers. The
most important drawback is the dependency on residual muscle signals, which is challeng-
ing for high level amputations [48,49]. Advances in pressure sensitive skin, which enhance
sensory feedback, and neural lace interfaces may enable direct brain control, serving as a
viable alternative for advanced prosthetic hands. Similarly, in order to achieve effective
finger rehabilitation, lightweight exo gloves (Figure 2h) using nitinol shape memory alloy
(SMA) actuators have been fabricated [50], then numerically simulated and experimentally
verified as well. Hence, remote therapy will be achieved using smart actuators combined
with telerehabilitation to print small, efficient wearable devices that can help patients
recover better.

9. Qolo rehabilitation system is a mobility aid designed for individuals with difficulties
in walking and standing. These rehabilitation devices consist of numerous sensors that
help in adjusting supports. The human machine interface has been used for rehabilitation
sessions. Currently, due to the high-level of advanced digital technology, it has limited
home use [51]. Although this system is advanced, personalized rehabilitation based on
patient progress, affordable modular supports utilizing 3D and 4D materials, and remote
therapist monitoring via cloud data are some improvements that can be made to make this
device completely compatible with all kinds of digital advancements needed according
to modern digital protocols. To achieve quality of life for children with cerebral palsy,
dynamic standing and static standing designs (Figure 2i) were studied over a 4-month
period, and dynamic standing was preferred, while more personalized standing care was
preferred for each patient [52].

10. The able chair is a hybrid mobility device that transitions from wheelchairs to
assisted walking. It consists of a seated support system with motorized walking actuators
and balance aids to prevent falls. It promotes rehabilitation, reduces pressure sores, and
improves cardiovascular health. It is not designed for long distance mobility, such as
wheelchairs; that is why it is less portable than soft exosuits. Additionally, it requires
residual leg strength, which is also suitable for cases of complete paralysis, although with
some limited applications [53]. Seat and walker components are tailored to individual
body shapes using advanced 3D and 4D printed materials and shapes, then adjust support
levels based on real time fatigue and terrain data from neural network predictions, serving
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as a foundation for future modifications in this hybrid chair. Standing up is always a
problem for elderly patients; a compact design prototype (Figure 2j) was developed and
experimentally validated with four volunteers involved. This design supports the arms of

elderly patients using the lifting mechanism allows simple hand and arm engagement after
standing [54].

(b)

(8) (h)

Figure 2. Commercially available ADs: (a) Ekso NR exoskeleton [33]; (b) ReWalk exosuit [37];
(c) Carbon hand [38]; (d) A neuro node device placed on the forearm to measure when the index
finger bends [40]; (e) LUKE Arm [42]; (f) HERO glove assistive tasks for paralyzed patient [43];
(g) Myo suit [47]; (h) Fabricated SMA actuator exo glove [50]; (i) Static and dynamic standing design
assistive device [52]; (j) Sit to stand movement AD (CAD and experimental model) [54]. (Figures
reproduced from external sources retain their original copyright. Reuse permissions were granted

under the creative commons licenses (CC BY 4.0).) (https://creativecommons.org/licenses /by /4.0/
accessed on 10 April 2025).

Table 2. Commercially available ADs.

No. Type of Device (Year Updated)

Potential Application of 3D/4D

Printing Technologies Material Actuator, Sensors, Applications

Limited 3D shell with future
4D potential with smart
materials application.

Aluminum, carbon fiber

Motion sensors,
Al-linked circuits

3D printed braces are possible

Aluminum, polycarbonate

Gyroscope, tilt sensors

3D glove shells; soft
robotics future

Silicone, textile blend

Pneumatic actuators, sensors

1 Ekso NR [31] is a robotic
exoskeleton for limbs (2023)

ReWalk personal 6.0 [35] is an

2 exoskeleton for paraplegic

patients (2022)
3 Carbon hand [38] is smart grip
assist glove. (2024)
4 Neuro node trilogy [39] is a

neural input interface (2022)

Minimal 3D use, flexible
PCBs in future

Composite plastic,
medical gel

Electromyography sensors,
capacitive electronics
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Table 2. Cont.
. Potential Application of 3D/4D . o e
No. Type of Device (Year Updated) Printing Technologies Material Actuator, Sensors, Applications
5 LUKE Arm [41] is an advanced 3D sockets; 4D joints Titanium, silicone, Neural interfaces,
prosthetic arm (2023) future applications carbon fiber pressure sensors
HERO glove [43,44] is a 3D finger modules; 4D soft .
6 rehab glove (2022) robotics future Neoprene, nylon Flex sensors, IMU tracking
7 Myo suit [45] soft exosuit 3D fit §hells; 4D fabrics Smart textiles, carbon fabric Smart sFretc'h sensors,
for legs (2024) in research textile circuits
Exo glove poly II [49] is a soft Fully 3D printable; 4D - Pneumatic actuators,
8 hand exosuit (2023) in exploration TPU, nylon, silicone embedded sensors
Qolo [51] rehabilitation system . McKibben type soft, compliant
9 is used for sit to stand 3D frame; 4D sgat Aluminum, plastic actuators, load sensors, IMU
research ongoing
movements (2022) and pressure sensors
10 Able chair [53] is a smart power 3D seat shells; 4D cushion Aluminum. memory foam Electric motors, joint position
wheelchair (2023) materials in R and D ’ Y and EMG sensors

1.4. Breakthroughs in ADs from Academia and Lab Studies

The devices listed in Table 2 represent commercially established technologies. There
are some other studies that focused on optimization methodology, such as in [55], where
a step approach was employed: first, Kano model is used to identify user demands;
second, design elements are obtained using the analytic hierarchy process; and last, a
fuzzy comprehensive evaluation technique is used to obtain the best-performing scheme.
Another novel omnidirectional Ex robot, WANDER [56], is developed using a preference
optimization method for walking aids with multifunctional properties.

On the other hand, Table 3 provides a brief comparison of devices that are currently
emerging technologies. The details of these devices are primarily sourced from recent
research publications and prototypes. As innovation in manufacturing processes is increas-
ing, there are a lot of prototypes being developed and tested in research institutions and in
medical facilities. Some of the applications related to our study will be discussed here.

1.  SEM glove (Figure 3a) is a motor assisted glove designed for patients with upper limb
movement deficiencies [57]. This glove increased the pinch strength of patients when
tested on almost 30 hospitalized patients.

2. A pilot study [58] was performed on a soft and light textile based exo boot designed
to reduce the metabolic effort during walking. A comparative study involving the
torque generated by this innovative lightweight assistive device at different pressures
and ankle angles is also being performed. In order to enhance the naturalness of
single DOF commercial devices, a lightweight, autonomous two DOF ankle prosthesis
(Figure 3b) consisting of a screw drive actuator and microcontroller has been devel-
oped and tested [59]. Experimental and FEA simulations pave the way for real-world
locomotion, whereas future work will focus on fatigue and impacts.

3. Neurobotics [60] elbow exoskeleton is designed for patients recovering from stroke
and has also been verified with experimental studies. In order to drive a multi DOF
anthropomorphic prosthetic hand emulator (Figure 3c), a novel two DOF myoelectric
controller using principal components analysis was employed [61]. Twelve partici-
pants used two differential EMG (electromyography) channels to grasp, move, and
release different objects. They also measured how well and how fast they completed
tasks and tracked their improvement over three consecutive days.

4. A unique heat cured rubber silicon fabrication process is used to fabricate a voice-
controlled flex tendon glove-III, a hand exoskeleton designed for holding and grasping
objects. This study also involved a mobile phone app controlled by voice control
an object based admittance controller for gripping and grasping. This device was
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also validated with experimental verification on a healthy user [62]. Similarly, for
developing a new rehabilitation glove, a novel actuator design [63] aligned with
human finger anatomy and motion was created and tested using soft materials with
3D printed manufacturing technology (Figure 3d). Kinematic models for the index
and little finger actuators were developed from pressure and link lengths, and forward
kinematics was used for workspace estimation. Finally, the results were verified with
anatomical motion and experiments, and glove ergonomics were assessed.

SPEXOR [64] is an exoskeleton design for improving workplace ergonomics for
healthy patients. This exoskeleton is designed to support the spinal cord, unlike
other exoskeletons, which were designed for limb assistance and rehabilitation. So,
this study focuses on preventive medical assistance. So, in order to manage and
prevent low back pain, biomechanical principles have been studied [65]. This research
consists of modeling and optimization of spinal exoskeleton interaction (Figure 3e)
with the human body, and also the design and development of a passive system with
effective control system assistance has been evaluated.

A novel bio inspired fish like structure having a bionic spine with variable stiffness [66]
can be used to create a bionic spine for more natural and energy efficient movement in
ADs such as soft exoskeletons and prosthetic limbs. This novel study demonstrates the
effectiveness of bio-inspired structures with advantages of adaptability, responsiveness,
and better natural motion efficiency. So, by using a flexible bionic spine that can adjust
stiffness depending on patient requirements, ADs offer a valuable solution. There is
another study in which a multi-stable origami exoskeleton (Figure 3f) is developed,
inspired by shrimp exoskeletons, in order to achieve flexible, rigid arrangements [67].
Power knee [68] is one of the advanced prosthetic knees available with the first
microprocessor motor power, so it will give smooth, natural motion, as this advanced
prosthetic consists of sensors as well, so it will also reduce user effort and can be used
for climbing as well. A novel strategy has been developed by integrating a powered
knee prosthesis (Figure 3g) with a control system [69]. This system provides passive
behavior during activities requiring minimal power and delivers powered assistance
for movements demanding active knee actuation. This intelligent control system is
also verified experimentally by making a comparison of a nominally passive system
with a conventional passive microprocessor-controlled knee prosthesis.

The multifunctional elbow brace is designed to treat elbow joint problems with both
heat therapy and mechanical pressure. This device [70] is also being experimentally
verified on human participants. Knitted SMA fabric provides comfort for daily use,
and SMA changes shape when heated, giving smart properties to the fabric, so heating
therapy, muscle contraction for joint movement, and mobility assistance to the elbow
are achieved after testing on human participants, satisfying the aim of achieving
multiple functional outputs. Since COVID-19, numerous strategies and studies have
been implemented for increasing the role of robotic technologies in healthcare while
keeping patient care, safety, and clinical efficiency as priorities. Recent studies have
explored the potential application of knitted shape memory alloys in soft wearable
robots, where a flexible knitted shape memory alloy actuator has been developed for
a rehabilitation glove [71]. Also, to achieve a realistic patient’s finger range of motion
(Figure 3h), both plain and double-knit modules were used.

Similarly, robots have been used in spinal surgeries to perform simple tasks, but this
robotic system (Figure 3i) performs autonomous laminectomy (spinal bone removal to
release pressure from the spinal cord). In an experimental approach [72], an advanced
robotic system is being used to perform surgeries on four human bodies donated
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for research, performance metrics were measured and compared with professional
surgeons’ outcomes and standards; hence, precise execution is reported.

Below mentioned Table 3 provides a brief comparison of devices explained above,

concerning advanced additive manufacturing techniques that are currently emerging, their
working principle, and SMs’ potential in these devices.

(f)

(8) (h) (1)

Figure 3. ADs from academia and lab studies. (a) SEM glove [57]; (b) Two DOF ankle prosthesis [59];
(c) robotic hand [61]; (d) 3D-printed rehabilitation glove [63]; (¢) SPEXOR monitoring system [65];
(f) multi-stable origami exoskeleton [67]; (g) power knee and control system [69]; (h) knitted SMA
actuator rehabilitation glove [71]; (i) robotic arm with a Jamshidi needle for spinal surgery [73].
(Figures reproduced from external sources retain their original copyright.) Reuse permissions were
granted under creative commons licenses (CC BY 4.0).) (https://creativecommons.org/licenses/by/
4.0/ accessed on 20 April 2025).

Table 3. Innovative prototypes and research stage ADs.

3D Printing Potential
. . - R Material . Applications of Advantage's Over
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P . Materials
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X . . ; /Elastomers finger joints for design and size,
rehab device for finger motion no tactile feedback memory polymers iable resi danti .
stroke patients variable resistance adaptive grips
Adjustable strap
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2 . Portable assistance . . .
ankle rehab device battery life fiber composites polymers sole foams powered
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SCI disabilities & EMG signals integration
4 Flexo tendon Fluidic tendons for Slow response, Flexible Self-healing Mlcmﬂu.ldlc Predefined grip
glove [62] gives danti . leak isk h 1 hvd 1 channels with leak modes, closed loop
hand rehab adaptive grip eakage risks photopolymers ydrogels

proof coatings

pressure control
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Table 3. Cont.

3D Printing Potential Advantages Over
No. Type of Device Working Principle Limitations Mat.erlal SMs Potential Appllcat19n§ of Conventional
Potential and 3D/4D Printing Materials
Application Technologies
SPEXOR [64] Lattice structures
spinal exoskeleton Passive lower back . . Auxetic . .
5 rovides load reduction No active assistance Nylon 12 metamaterials for dynamic Sizing only
spif\al support spinal alignment
6 an}llcels psl?r? (66] Neural implant for Invasive surger Biocompatible Conductive 4D Self-expanding Surgical precision
full-bo d}l:; mobility exoskeleton control 8ery resins hydrogels electrode arrays sicalp
Power . . Gait pattern tuning,
7 knee [68,74,75] Evnergy . Heavy, noisy PETG/P.LA Electroactive Energy ha'r vesting Silent piezoelectric
provides knee rehab recycling exosuit composites polymers knee hinges actuation
Smart braces [70,76] g . Terrain-responsive Joint specific tuning,
8 provides knee and d SMA Slow response NiTi alloys Thermo-responsive stiffness predicted stiffness
ynamic bracing polymers . .
ankle support modulation adjustment
Spine surgery Curve specific
assists robotic Robotic . e Growth Expand?ble correction, pediatric
K system for scoliosis correction Restricted mobility PEEK polymers adaptive scaffolds braces for growth
works [72,77] child development accommodation

As discussed in Section 1, this review first establishes the global statistics on disability
and the urgent need for assistive technologies (ATs), followed by an assessment of the
limitations of traditional devices. It then examines commercially established smart devices
and subsequently highlights recent laboratory breakthroughs, each addressed in separate
sections to provide clarity on material usage, technological adoption, and functional ca-
pabilities. By structuring the discussion in this way, the study not only compares devices
across different stages of maturity but also emphasizes how materials, design innovations,
and policy frameworks interact to shape accessibility. Unlike previous reviews, which
often focus narrowly on sensor actuator integration, material combinations, and isolated
performance parameters, this work presents a comprehensive synthesis that bridges global
policy perspectives, affordability, and patient centered design with technical advancements.
In doing so, it provides a holistic roadmap for how innovations in advanced materials and
additive technologies can be aligned with policy and accessibility goals, paving the way for
more inclusive and scalable AT solutions. As a result, this review performs a critical com-
parative analysis that explicitly connects material properties and manufacturing techniques
to functional outcomes, accessibility, and scalability. We identify and analyze a crucial
paradigm shift: the move away from rigid, centralized manufacturing towards Al-driven,
decentralized, and on demand production models (e.g., 3D /4D printing in hospitals) as
the key to overcoming the systemic barriers of cost, customization, and equitable access
detailed in Sections 1.1 and 1.2. By evaluating both commercial devices (Section 1.3) and
academic breakthroughs (Section 1.4) against this same framework, this review reveals
previously unrecognized trends and critical gaps, most notably the disconnect between
high performance laboratory innovations and the requirements for sustainable, policy
aligned, and globally scalable commercialization. Ultimately, this work provides a unique
roadmap for guiding future research, development, and policy toward creating clinically
viable and universally accessible adaptive assistive technologies.

2. Methodology
2.1. Research Questions

The PICO framework has been used to explore the role of emerging technologies, such
as materials adaptive behavior properties, sensors, actuators, and 3D and 4D printing, in the
design and performance of ADs. In this phase, population (P) represents users of ADs, expo-
sure and intervention (I) are the current available ADs, the comparison (C) are the alternatives,
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such as smart materials, 3D /4D printing, sensors, and actuators (C), whereas outcome (O)
represents improved customization, performance, cost efficiency, adaptability, biomechanical
alignment, and accessibility to all kinds of people. Depending on this framework, we have
developed the following research questions for our systematic review.

1. How can 3D and 4D printing technologies improve the traditional ADs by considering
customization, cost, adaptability factors, and performance for mobility assistance
such as walking, standing, and grasping? And how will these technologies be able to
fully replace conventional devices in the healthcare industry?

2. How can smart sensors (SSs) be integrated into ADs with a focus on recent research
prototypes and commercial applications? How do different types of actuators increase
smart functionality and self-regulated motion in ATs to ensure smooth and efficient
mobility support?

3. How do different 3D printing technologies used for producing ADs affect their quality and
performance? How is decentralized additive manufacturing of ADs in hospitals possible,
patient acceptance, and overall productivity in digital healthcare systems improved?

4. What kind of smart materials are essential for mobility aids and prosthetics? Are
there any successful applications of smart materials in mobility aids with improved
adaptability and biomechanical performance?

5. In what ways can actuators, sensors, and 3D /4D printing be harnessed to design
adaptive and affordable ADs aligned with individual biomechanics?

6.  What are the primary technical, economic, and regulatory barriers that exist for estab-
lishing 3D and 4D printing technologies in healthcare facilities? Smart material (SM)
reliability, lab scale success vs. scalability, performance metrics of ADs, small decen-
tralized economic production, availability in rural regions, and FDA /CE approvals
are key factors to be followed.

7. How effective are commercially available smart ADs, such as prosthetic and orthotic
devices, in achieving improved gait, posture, and quality of life, and how can emerg-
ing technologies push these outcomes further?

8.  Which design strategies and engineering models best support the co-optimization of
mechanical and biomechanical performance in ATs, integrating 3D /4D printing, sensors,
and actuators, through collaborative, multidisciplinary approaches and data sharing?

2.2. Development of Research Objectives and Methodology for Research Studies Analysis

The research questions outlined above aim to clearly define our objectives in explor-
ing recent advancements in ATs. They emphasize evolution beyond traditional ADs by
focusing on enhanced customization, cost-effectiveness, adaptability, and biomechanical
performance. We also want to evaluate the performance of laboratory scale innovations
and their potential for full scale adoption in the healthcare industry. Figure 4 illustrates an
overview of the methodology adopted during the systematic review process to facilitate a
clearer, unbiased understanding of our study and ensure its accuracy. This will result in
comprehensive research, enabling healthcare professionals, engineers, and industrialists
to make decisions based on reliable information. To implement a medical device, specific
protocols must be met. Additionally, we require research evidence, clinical proficiency,
and patient preferences, which is why evidence based and experimentally verified digital
health devices are our focus. We will discuss advanced ADs produced in research hospitals,
commercially available and laboratory success comparisons, with a focus on ATs that are
easily implemented, customer-satisfied devices, and their components, such as sensors,
adaptable materials, actuators, and advancements in 3D /4D printing in recent years.
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Figure 4. Steps for the methodology adopted for review.

2.3. Inclusion/Exclusion Criteria of Research Studies and Reports

This review was built on a foundation of primary research evidence. To ensure our
findings were comprehensive and robust, we used a multifaceted strategy for collecting
data: Core Evidence (Primary Research): The main body of our analysis is based on
130 primary research articles. These provided the original data that we synthesized to draw
our conclusions. Supporting Context (Review Articles): We consulted 33 existing review
articles, but only to help shape our research question and provide background context
in the introduction and discussion. Their data was not included in our final analysis to
avoid simply repeating previous summaries. Mitigating Bias (Grey Literature): To capture
valuable data that is not always published in academic journals, we included 53 pieces of
“grey literature,” such as technical reports from universities and documents from agencies
like the WHO and UNICEF. These sources were only used when they contained unique,
unpublished information (e.g., specific performance metrics, internal program data, or
policy guidelines) relevant to our research question. In these cases, they were treated
as primary evidence. This approach, recommended by the Cochrane Handbook, helps
minimize publication bias and ensures a more complete picture of the available evidence.

2.4. PRISMA Flow Chart

Figure 5 reports the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) flow chart, which represents the screening process of this study. To make
this process transparent, a mapped research approach in the form of a flowchart has been
implemented. It consists of steps that represent how many studies were processed, identi-
fied at the start, then screened for the final analysis, along with reasons for inclusion and
exclusion. Grey literature, including technical reports, theses, and institutional documents,
was considered when it provided original data relevant to our research question. While
excluded from the final evidence synthesis, these sources helped to shape the research
framework, identify gaps, and ensure a comprehensive overview of the field.
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Figure 5. PRISMA flow chart.

3. Functional Components in ADs: Recent Advancements
3.1. Actuators in ADs

Actuators help components in ADs to move, control, and interact by converting an
input, depending on application type, such as electrical energy, hydraulic energy, and
pneumatic energy, into an output, which is mechanical energy. In ADs, actuators assist
human motion, thereby improving independence and performance in daily life activi-
ties, including prosthetics, orthotics, mobility aids, and rehabilitation robotics. Powered
prosthetic limbs, motorized wheelchairs, and robotic exoskeletons work with the help of
electrical actuators, named as electrical motors, DC motors, and servo motors. Another
essential type of actuator for high force output in heavy-duty exoskeletons and advanced
prosthetic knees is hydraulic actuators; as their name suggests, they use hydraulic fluid
pressure to create strong but smooth movements. However, most of the time, they re-
quire pumps and reservoirs, which typically consist of large bulk quantities of actuators.
Pneumatic actuators are lighter than hydraulic actuators because they use compressed
air, which is commonly found in wearable ADs for flexible motion. The force output of
McKibben pneumatic artificial muscles is analyzed to achieve efficient muscle design by a
detailed comparison of design parameters. Finite element simulation and artificial neural
network techniques were used to verify real test data [78]. There have been examples
of actuators being developed using SMs in clinical studies. Most of the actuators have
used SMAs and piezoelectric materials. SMAs can change shape in response to a heat
stimulus within their designed working environment, making them adaptable and multi-
functional. In contrast, piezoelectric materials produce small displacements in response
to an electrical stimulus. These types of smart actuators generate the required actuation
without needing any external power. Soft actuators represent another type of actuator that
is commonly found in ADs that utilize soft materials, such as polymers. In order to achieve
flexibility, strength, and speed, a novel bioinspired soft actuator design is experimentally
validated, showing an excellent biomimetic design, paving the way for future applications
in soft robotic limbs [79]. Soft actuators have four further types: pneumatic, hydraulic,
tendon-driven, and dielectric elastomer systems that help patients with mobility assistance
and also in later stages of rehabilitation [80]. In addition to these, there are some other
emerging actuator technologies as well, like ionic polymer metal composites [81], bend
easily when a small amount of electricity is applied because ions move inside them, offering
advantages like biocompatibility and silent operation, but have some drawbacks like low
force output, slow response, and environmental sensitivity. Twisted and coiled polymer
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actuators [82], usually made from nylon and polyethylene fibers, change shape in response
to heat, their contracting ability is fast when exposed to heat; providing high stroke and
low cost, but complex thermal management is one of the key problems in these devices.
Liquid crystal elastomers (LCEs) [83] are one of the most advanced and efficient actuators,
having reversible significant shape changes directly in response to changes in heat and light,
making them highly sensitive and with impressive theoretical work density, but complex
fabrication and significant control challenges are limiting these to research laboratories. The
overall comparison of these actuators explains that actuators in soft hand exoskeletons have
improved the range of motion for patients. Adaptive ankle-foot orthoses have reduced
walking effort by 12% for patients with cerebral palsy. As this is the next generation phase
of ADs, energy inefficiency, control delays, material durability, and cost are key challenges
for advanced actuators. Actuators are the backbone of ADs; therefore, for next-generation
ADs, there is a need to transform them from passive devices to smart, interactive ones. In
Table 4 below is reported a brief comparison of some advanced actuators in ADs.

Table 4. Advanced actuators in ADs.

No. Type of Assistive Device

Type of Actuator Working Principle Smart Feature

Electric motor with a Combining the movement of

Ossur Power Knee [68] is

magnetorheological damper

inertial sensors with smart

Al-supported systems

1 a motor-powered 1st is used as a smart fluid that actuators helps artificial for dampine control
microprocessor knee changes its viscosity in knees to bend smoothly and pig
response to a magnetic field  naturally, just like a real knee
Cyberdyne HAL [84] is
a type of exoskeletons HAL is a wearable device
that predict user intent for that reads your brain’s slight Reads bioelectric
2 applications like going Electro-hydrostatic actuator movement signals through signals (EMG)
up and down stairs, skin sensors and helps your from skin
climbing, and lowering body move as you intend
to pick something
Harvard soft robotic Sensors feel your weak
3 glove [85] uses the SMA spring actuators grip. Then, SMs shrink Lighter in weight with

smart shape memory
property of materials

when helping your fingers
squeeze tighter

great strain capacity

MIT jamming orthosis [36]
utilizes granular jamming
technology to create
lightweight, adaptable, and
comfortable orthotic and
prosthetic supports

Granular jamming
pneumatic artificial muscles

When air is pumped in, it
softens and is combined with
air powered muscles that
move like the real ones

Stiffness achieved from
flexible to rigid in 0.1 s

Figure 6a illustrates the bi-directional soft pneumatic actuator [87], produced using
3D-printed molds and silicone rubber, reinforced with polyethylene rings, lightweight,
and sized to match human fingers. Integrated with sensors and control, it enables safe,
controllable, and bidirectional motion for assistive hand robotics. Figure 6b presents a
series elastic tendon actuator (SETA) [88], where linear springs and wire actuation provide
smooth, controlled knee assistance in an exosuit. This elastic tendon actuator generates
torque through front and rear wires during knee flexion, also measuring forces with wire
tension. Compliance is introduced through linear springs, allowing slight joint movement,
and a single motor drives both wires with two series elastic components sliding along
linear shafts. Each SEC, preloaded to 50% of maximum deformation with four compression
springs, transmits motor power from the input to the front or rear wires. Figure 6¢ presents
shape memory alloy spring-shaped, muscle-like actuators [89] that contract when heated
electrically, providing actuation without bulky motors. In Figure 6¢, actuators are placed



Actuators 2025, 14, 483

17 of 46

Ring Constraints

W
(W(((((((((((m .

Elastomer Body

Velero Strap ’
Holder

Bi direction Soft Actuator

e

Wire connection and Air Tubing

(a)

W

Bi direction Soft Actuator <

strategically around the wrist; contraction of actuators on the palm side (4, 5) produces
flexion, while those on the dorsal side (1, 2, 3) cause extension. Similarly, actuators near
the little finger side (1, 4) generate ulnar deviation, and those near the thumb side (3, 5)
induce radial deviation. By selectively activating combinations of these actuators, the
device enables not only single-axis movements but also complex wrist motions.

Conectxa wr Punp & Radutcr

1dl Rear Wire Front Wire g Series Elastic Component ------ 2
er . v 3

Guide Wire ... i

spring .

“++1+ Spring

Linear Shaft .. Deformation |

Drive Wire .. Inner Part

T e Outer Part |
Motor & Gear ... ; \ L 1 i
Py x 1 @ Actuator Force J
Position & Force
Measurement

Functional
Apparel

GaitPhase ...,

Detection Insole

Sensor

‘Wearable Robot for wrist with five SMA actuators

(b) (c)

Figure 6. Actuators in ADs. (a) Bi-directional pneumatic soft actuator in wearable soft robotic hand [87];
(b) series elastic tendon actuator (SETA) in knee exosuit actuator using linear springs and encoder
feedback for compliant, adaptive stair climbing assistance [88]; () SMA coil actuator with coil shaped
SMA for high contraction and force in soft wrist assistive device [89].

While actuators independently serve as the backbone of advanced ADs, their true
potential emerges when integrated with sensors and produced using sustainable advanced
fabrication technologies. For example, actuators alone can enable motion, but when cou-
pled with sensor feedback, for example, using EMG, pressure, and motion sensors, they
allow for adaptive control in prosthetics and exoskeletons. Furthermore, 3D printing
technologies enable the customization and lightweight design of actuator housings and
transmission systems, ensuring improved comfort and usability for patients. Emerging
smart actuators based on shape memory alloys (SMA), dielectric elastomers, and liquid
crystal elastomers can be directly integrated with sensor arrays, resulting in self-regulating,
adaptive ADs. This integration represents the shift from passive mechanical components
to smart, interactive systems that dynamically respond to user needs and environmental
contexts. This concept promotes some components of actuators to be printed with conven-
tional 3D-printed materials and then some with smart materials for a combination of active
and passive motion. In order to explain this concept in detail, some advanced sensors and
manufacturing techniques are explained in further sections.

3.2. Sensors in ADs

Sensors typically operate by detecting changes in their environment and converting
them into readable values [90]. Sensors detect physical changes and convert them into
analog and digital outputs, which can be displayed, monitored, and processed by other
devices, depending on the application. Sensors provide a link between the physical pa-
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rameters, as input values, and the logical parameters, as output values [91]. It works
for IoT [92] by collecting, analyzing, and processing environmental data, then providing
efficient monitoring, management, and control with the help of other devices. So, almost
every assistive device consists of transducers that convert the signal from input to output,
and then we have actuators that use these outputs as their input to perform required tasks,
such as motion or force transfer. In ADs, sensors are used for different applications; even
3D printing technology has been used to produce smart sensors as well [93]. There are
various types of sensor classification, classified by power requirement as active sensors that
require external power for operation. In contrast, passive sensors work without external
power. Another type of sensor depends on how they detect changes in the environment,
meaning their detection principle, such as chemical, electrical, and radioactive methods for
measuring environmental changes. Sensors are also classified on the working principle of
conversions, meaning how they convert input into output, with massive applications in
ADs, for example, converting heat to voltage in thermoelectric sensors. However, the last
classification type encompasses both analog and digital sensors, depending on the type of
output required from them. ADs used in neurological, musculoskeletal, cardiopulmonary,
and pediatric rehabilitation are using accelerometers, gyroscopes, and magnetometers
as sensors. All three types are inertial measurement units, strain sensors, and pressure
sensors, such as those found in the insoles of ADs, on mats, in wearable devices and
exoskeletons [94], and electromyography sensors for intramuscular devices. Electrocar-
diography (ECG), electrodermal activity, photoplethysmography, temperature sensors,
and respiration sensors are utilized in the field of physiology, alongside haptic, auditory,
and visual modalities, which operate on the principle of biofeedback [95]. Also during
grasping action [96], a Bayesian sensor fusion algorithm was used to analyze the data from
each sensor independently. Four surface EMG sensors (Figure 7a) were utilized to mea-
sure muscular signals during sequential grasping actions, resulting in a more reliable and
easier-to-maintain design, providing a flexible design while still providing intent detection
precision and reduced maintenance requirements. In electronic travel aids, sensors such as
cameras, sonar, and laser scanners [97,98] have been utilized. In order to measure the force
applied and to detect the user’s intention to stand, researcher [99] involves initial feasibility
testing of sit-to-stand devices that utilize pressure sensors, thereby promoting adaptive
assistance. This resulted in the sensor-integrated device being feasible, offering promising
usability and providing potential benefits for safer and easier standing. An advanced wear-
able electronic patch [100] is also used, which adheres directly to the skin of the forearm
and hand, and it is composed of an array of tiny sensors made from laser-induced graphene
(Figure 7b). When patients move their fingers and hands, sensors will detect sensitive
muscle movements and skin deformations (myography). To track the complex poses and
gestures of the entire hand and forearm, data is recorded and then processed. There is
another advanced camera, the Intel RealSense D400f depth camera [101], that can be used
for advanced detection techniques. It consists of an IR pass filter that blocks visible light
and captures only infrared. It will increase depth sensitivity in challenging environments,
such as obstacle detection and navigation for smart wheelchairs in bright outdoor settings.
This promotes contactless gesture control for mobility limited users, visually impaired
navigation systems for spatial mapping, and home lighting that prevents patients from
falling. To achieve comfortable and real time wearable gait monitoring, a novel, flexible
microchannel pressure sensor (Figure 7c) has been designed from a soft elastomer con-
taining a microchannel filled with liquid metal Galinstan [102]. This sensor features a
flexible electrode that changes capacitance when a footstep deforms the microchannel,
resulting in highly sensitive and stable pressure values. These advanced sensors can work
very efficiently in rehabilitation and other mobility ADs due to their excellent step timing,
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Figure 7. Sensors in ADs. (a) EMG sensors (green boxes) on participants arms [96]; (b) laser-induced
graphene sensors for sensitive hand movements and gesture detection [100]; (c) microchannel pres-
sure sensor application in a gait monitoring system [102].

The functionality of sensors in ADs is amplified when integrated with smart actua-
tors and sustainable advanced fabrication methods. Sensors provide the critical feedback
loop by monitoring biomechanical signals, physiological parameters, and environmental
changes, which actuators then convert into precise motion and assistance. For instance,
pressure sensors in gait-monitoring devices can guide actuators in exoskeletons to ad-
just step assistance in real time. Similarly, 3D printing allows for embedding flexible,
lightweight sensors directly into wearable devices, enhancing comfort and accuracy while
minimizing bulk. When combined with smart materials, such as piezoelectric and graphene
sensors, the integration fosters the development of ADs that are not only responsive but
also predictive, enabling proactive rehabilitation and assistance tailored to individual users.

3.3. D-Printed ADs

3D printing technology is revolutionizing ATs by enabling highly customizable, af-
fordable, and functional replacements for the human body [25]. Three-dimensional print-
ing produces digital scanning and modeling, ensuring a comfortable fit with 3D-printed
sensors [93], user-specified components, and actuators [32,103]. It utilizes lightweight,
durable materials and rapid prototyping, enabling quick adjustments and iterative im-
provements [104], hence increasing enhanced mobility and responsiveness. In [105], a
case report is studied using a comparative approach to examine a 3D-printed transradial
prosthesis (Figure 8a) compared to a standard one. The wrist-hand orthoses (Figure 8b)
and lattice geometries were fabricated using material extrusion technology equipped with
a direct drive extruder suitable for soft materials, which are melted and extruded through a
nozzle to create custom lattice geometries and orthoses layer by layer [106]. There is also
research that revolutionizes the production of lower limb prostheses by using 3D printing
combined with digital design and structural optimization. In this study a single mono-
coque device (Figure 8c) is printed using fused filament fabrication, with careful selection
of materials for prototyping and load bearing applications, enabling rapid iteration and
patient-specific customization. Ultimately, the study provides a practical roadmap for
making prosthetic devices accessible to underserved populations, reducing both economic
and geographic barriers while maintaining quality, comfort, and functionality [107]. The
standard device performed better functionally, offering strength, durability, and fine control.
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In contrast, the 3D-printed prosthesis offered significantly higher patient satisfaction due
to its comfort, lighter weight, and customizable appearance. Also, a brief comparison of
3D-printed technologies is presented, highlighting applications and potential in ADs.

3D printed

silkworm

cocoon-like

structures

(b) (c)

Figure 8. Three-dimensional printed ADs. (a) 3D-printed arm prosthesis produced using photogram-
metry [105]; (b) 3D-printed orthosis [106]; (¢) 3D-printed monocoque design transtibial prosthesis
(unibody structure instead of multiple parts) [107].

3.3.1. Fused Deposition Modeling (FDM)

It is a widely used additive manufacturing technique in which a heated nozzle fab-
ricates 3D ADs by extruding thermoplastic filaments, depositing material layer by layer.
FDM techniques have significant importance in ADs and prosthetics [108], where cus-
tomization, lightweight designs, and cost-effectiveness are paramount [109]. Examples
include prosthetic sockets, ankle-foot orthoses, and exoskeletons, which feature variable
patient-specific design [110] and sizing tailored with the help of 3D scanning and FDM’s
design flexibility [111]. FDM also offers great transformative potential, achieving con-
sistent quality demands, rigorous parameter control, and material innovation. Nozzle
temperature, thickness, and interlayer bonding are critical processing parameters. Material
selection, primarily composed of PLA, ABS, and TPU, among others, significantly influ-
ences mechanical performance, including warping, residual stresses, and poor interlayer
adhesion [112]. However, there are several limitations, such as reduced strength along
layer lines due to anisotropic behavior and surface roughness, necessitating postprocessing.
Al-driven parameter optimization, as well as carbon fiber reinforced filaments, are future
improvements that are needed to make ADs printed by FDM stronger and more durable.

3.3.2. Selective Laser Sintering and Melting (SLS and SLM)

It is a powder-based manufacturing method that produces ADs with complex ge-
ometries without support structures. It uses a laser to selectively polymerize powders,
such as polyamide, polypropylene, and composites, layer by layer. Material properties,
printing orientation, and inherent porosity resulting from incomplete sintering impact the
mechanical performance of 3D-printed ADs [113]. SLS-printed ADs have better strength
and surface finish compared to FDM, although they face challenges such as limited material
options, high costs, and the need for parameter optimization [114]. Selective laser melting
(SLM) and electron beam melting (EBM) were used to fabricate titanium frameworks for
implant supported fixed prostheses [115].

Factors, such as laser power, thickness of layer, and speed, critically affect the me-
chanical behavior of 3D-printed ADs [116], while also assessing defects like incomplete
sintering, which results in incomplete durability. To achieve robust additive manufacturing
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practices, there is a need for advanced material models, future advancements in polymer
blends, powder recycling, process refinement, and simulation techniques to bridge the gap
between SLS fabrication and functional performance.

3.3.3. Stereolithography and Digital Light Processing

SLA (stereolithography) and DLP (digital light processing) use UV and laser to cure
liquid photopolymer resin layer by layer into a solid 3D-printed assistive device. DLP has
been used to fabricate complex, customized structures for tissue engineering, prosthetics,
and implants [117]. Eco-friendly materials reduce environmental impact by developing
bio-based, recyclable, and biodegradable photopolymer resins, as well as innovations such
as vitrimers and water-soluble supports, to minimize waste [118]. This technique has great
potential for producing advanced assistive technology.

3.3.4. Material Jetting (M])

It is a high-precision additive manufacturing technology that deposits and cures droplets
of photopolymers to create a 3D-printed assistive device [119]. It includes material diversity,
including photopolymers, waxes, and emerging composites, with advantages such as excep-
tional resolution, multimaterial capabilities, and easy support removal [120]. Limitations, such
as material brittleness, post-processing requirements, and high costs, are key points to consider
for future applications of ADs printed with quality and strength [121]. Customized pediatric
and prosthetic limb socket liners, anatomical fitting models, and other assistive devices have
been produced by using material jetting techniques in research laboratories [119]. Improved
printhead precision and novel material formulations are state-of-the-art advancements needed
to make this technology sustainable in biomedical applications.

3.3.5. Laser Powder Bed Fusion (LPBF)

LPBF builds parts, layer by layer, from metal powder to produce complex ADs. This
technique offers excellent design flexibility with minimal waste and the ability to produce
strong prosthetic sockets and hand frameworks, wheelchair components, and cranial
implants [122]. LPBF is ideal for customized, low-volume, and highly complex prosthetics
and mobility aids, with hybrid approaches emerging to combine their strengths. Factors
such as material, design complexity, production volume, and post-processing requirements
need to be discussed and addressed [123]. There is research [123] that discusses LPBF
and electron beam melting (EBM) [124]; these techniques are being used to create bone
replacements. LPBF provides precise and smoother surfaces, while EBM results in parts
with reduced internal stress and the ability to handle more challenging metals, such as
titanium. In Table 5 below is reported a global impact of 3D printing in academic hospitals.

3D printing technologies extend beyond structural customization to serve as a platform
for integrating actuators and sensors within a single device. For example, prosthetic sockets
produced through 3D printing can be directly integrated with flexible pressure sensors,
while actuator housings and transmission components can be printed simultaneously
using lightweight and durable polymers. This approach reduces assembly complexity
and cost accommodates users’ aesthetic preferences, since many wear these devices on
a daily basis, hence improving overall reliability. Furthermore, 3D printing supports
iterative prototyping of sensor actuator combinations, enabling rapid personalization for
users. The future of ADs lies in merging these printed structures with smart materials
that inherently provide sensing and actuation, creating multifunctional devices that are
lightweight, affordable, and patient-specific. Thus, 3D printing acts as the convergence hub
for bringing actuators, sensors, and smart materials together into integrated, intelligent
AD systems. Thus, 3D printing serves as a convergence hub for integrating actuators,
sensors, and smart materials into cohesive and intelligent assistive device systems. Beyond
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the technical advantages, the adoption of this approach also calls for supportive policy
frameworks that enable in-hospital production, streamline regulatory approval, and ensure
patient safety. At the same time, advances in smart materials such as self-healing polymers
and biocompatible composites can further enhance device performance, durability, and
user comfort, highlighting the need for coordinated efforts between engineering innovation

and healthcare policy.

Table 5. Global impact of 3D printing in academic hospitals.

Hospital/Training Institution

No. Application Brief Description with Technology Used
To preplan complex congenital heart defect (CHD)
surgeries, Boston children’s hospital utilizes
3D-printed heart models and computational fluid
dynamics (CFD). Surgeons use laser guided patches Boston children’s hospital
1 Cardiovascular 3D modeling and blood flow simulations, especially for (Boston, MA, USA) [125]
and simulation program single-ventricle cases, to optimize repairs. They have SLA (anatomical
been using this program since 2018, improving heart models)
surgical precision, producing 1000+ models, making it
the only U.S. center to routinely integrate 3D
modeling and CFD into CHD care [125].
To improve outcomes for neurovascular diseases,
such as aneurysms and AVMs, Mayo clinic’s
negigsu;%%y si'ml.ﬂati}(:nland inﬁox{atior}s lab hcells Mayo clinic (AZ, FL,
2 Neurosurgical simulation u.tl 12& pr inting, holograp 1€ 1Maging, an and MN, USA) [126]
surgical simulations. In order to train neurosurgeons, Multimaterial polyjet
they combined hemodynamic modeling and 3D
printed disease replicas, which improves the
surgical approach [126]
Cleveland Clinic in the USA successfully printed
PEEK implants for chest wall reconstruction. PEEK
material exhibits excellent biomechanical strength,
matching that of natural bone, and radiolucency for Cleveland Clinic (Cleveland,
3 PEEK chest wall implants unimpeded imaging, as well as inherent resistance to OH, USA) [127]
infection. Stable thoracic reconstruction provides FDM (PEEK filament)
reduced complications, as an alternative to
conventional approaches like titanium and mesh
solutions for complex chest wall repairs [127]
3D printed braces have been developed for treating
teens with scoliosis, offering a better fit and greater Hospital for special surgery
4 Scoliosis braces comfort compared to traditional braces. Experimental (New York, NY, USA)
case studies demonstrated that corrected spine [128,129]
curvature can be achieved while being lighter and SLS (nylon)
more comfortable [128,129]
Michigan Medicine is testing a 3D-printed, dissolvable
splint to save babies with Tracheobronchomalacia
(TBM), a rare airway collapse condition. This is a Michigan Medicine
5 Dissolvable splint for babies custom splint that supports weak airways and then (MI, USA) SLA

dissolves as the baby ages. For transforming medicine
using 3D printing, the researchers have studied
35 infants for FDA approval [130]

(biodegradable resins)
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Table 5. Cont.

Hospital/Training Institution

No. Application Brief Description with Technology Used
During the critical supply shortages of the
COVID-19 pandemic, researchers have developed
sl and ooyl s 20 Y oy Desconcs i
6 COVID-19 nasal swabs [63] & P ’ Center (Boston, MA, USA)

SLA/DLP printing. These 3D printed devices have
optimized geometry with flexible, flocked tips for
effective sample collection and rigid handles for
clinician control [131]

FDM (PLA)

3.3.6. Challenges

One of the primary challenges in developing and implementing new devices is nav-
igating complex regulatory frameworks, which can delay approval and market entry.
Additionally, ensuring high manufacturing quality and minimizing defects remain critical
hurdles, particularly when scaling up production from laboratory prototypes to commercial
products. Moreover, the long-term success of these innovations depends on establishing
sustainable and economically viable business models [132] that support widespread adop-
tion while addressing environmental and societal impacts.

Agencies like the FDA and the European Medicines Agency (EMA) are the primary
regulatory bodies overseeing medical products, innovations, new devices, and testing proto-
cols, including 3D-printed medical devices and pharmaceuticals [133]. Advancing medical
innovations while balancing patient safety is a critical factor; however, delays in approval
methods and standards can impact the global adoption of 3D-printed medical solutions. A
study [134] discusses the FDA'’s guidance, which classifies 3D-printed medical devices by risk
and requires process validation and good manufacturing practices even in research hospital
laboratories [135]. According to the available literature and regulatory bodies, a lack of clear
pathways and old strategies are the key challenges for new device approvals.

The requirements, such as time-intensive biocompatibility testing and dependency on
historically safe materials, necessitate the use of limited, available FDA-approved polymers
with less flexible material properties, including durability, sterilization compatibility, high
development costs, degradation, and biocompatibility issues. Additionally, there are
limited approved data available for specialized fields, such as heart valves and bone
grafts. These barriers hinder innovation and favor well-established polymers, despite their
potential limitations.

Layer by layer manufacturing processes, such as FDM and SLA, create steplike rough
structures that can disturb the surrounding tissues. These rough surfaces affect mechanical
performance by creating stress concentrations. Processes such as chemical vapor smoothing,
mechanical polishing, and plasma treatment serve as post-processing techniques to ensure
smooth surfaces for devices like prosthetics [136,137].

If the removal of support material is not performed carefully, it can introduce sharp
protrusions that damage tissue and internal arteries [138]. Manual trimming, ultrasonic
cleaning, and solvent baths are finishing techniques. There is a common challenge in
printing techniques that are using resin printed devices contain toxic uncured monomers
and metal particles from the nozzles, which can lead to inflammation and cytotoxicity. Heat
treatments and washing in isopropanol are required to eliminate harmful residues [139].

Weak interlayer bonding results in weak anisotropic strength, consequently unsuitable
for loading applications, such as orthopedic implants [140]. Annealing, epoxy infiltration,
and hydrothermal aging are techniques required to post-process these defects after printing.
Degradation of polymers under standard sterilization methods is also a significant issue for
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3D-printed devices used in the human body. Autoclaving and gamma irradiation result in
warping of thermoplastics and embrittling of materials. To address these issues, methods
include using sterilization resistant polymers (e.g., PEEK), applying ethylene oxide gas for
heat-sensitive devices, and adding surface coatings to seal and protect the material.

Devices like cranial plates and dental aligners sometimes have poor fit and functional
failure, which are mostly due to shrinkage, warping, and swelling during printing [141].
Hydrostatic pressurization for reshaping warped parts, precision machining, and design
software compensation improve the dimensional and size fit errors for customized de-
vices. Most biomedical devices require bioactive properties for tissue integration; however,
materials like PLA and ABS are inert and lack these properties [142,143]. To introduce
bioactivity, coating a 3D-printed device with materials like hydroxyapatite, which promotes
bone growth, immersing devices in collagen solutions, and plasma treatment have been
used as finishing techniques. There are two types of porosity expected in 3D-printed ADs:
porosity resulting from printing defects and intentional porosity, such as in scaffolds. For
refining pore size and shape, chemical etching is performed, along with surface modifica-
tions such as RGD peptide coatings and infiltration with biocompatible sealants, which
will provide mechanical strength and biological performance [144].

Aesthetic defects, such as visible layer lines, uneven color distribution, and textures,
may be unacceptable for some patients, particularly in the case of prosthetics and wearable
devices. Biocompatible painting, dyeing, and coating enhance aesthetics while maintaining
functionality. Most of the time, patients need prosthetic limbs with smooth, skin-like
finishes for psychological impact. Hence, post-processing techniques and finishing meth-
ods are indispensable for devices like ADs, as these devices are used daily by patients.
Additionally, these techniques convert raw 3D ADs into safe, functional, and regulatory
compliant medical devices, so post-processing remains a cornerstone of biomedical device
fabrication and application.

Smart service models are revolutionizing healthcare by effectively integrating med-
ical resources. Decentralization of any 3D-printed medical facility promotes flexibility,
resulting in lower costs, easier access, and increased sustainability and competition from
decentralized small manufacturing units. On-demand production, combined with a small
investment, motivates healthcare departments to shift production technology from cen-
tralized factories to research teaching hospitals and laboratories, producing user-friendly,
customized, and perfectly sized ADs. To streamline workflows, we need collaborative
ecosystems that include hospitals, engineers, material experts, and policy regulators, as well
as effective digital platforms for sharing data and knowledge. Additionally, reduced costs
and improved accessibility can be achieved through subscription models for digital innova-
tion and updates, as well as outsourcing small mobile 3D printing units and on-demand
manufacturing. Advanced materials like biocompatible polymers and bioinks improve
functionality and economic efficiencies, also converting complex, expensive processes into
sustainable processes economically, like the real-life example of Align Technology [145],
which uses 3D printing to make custom-fit clear braces for teeth, and Stryker [146], which
uses 3D printing to design as well as to test medical device.

Intellectual property disputes over open-source designs, standardization gaps in
achieving effective decentralized production, and regulatory hurdles remain significant
challenges. Sustainability, achieved by using recyclable materials, ensuring secure data
sharing, and scaling bioprinting, is a future recommendation for a digital sustainable
healthcare business. Complex innovations have been achieved by utilizing hybrid systems
that combine robotics and nanotechnology, as exemplified by the case of drug-eluting
stents. Collaborative policy frameworks, an ethical approach, training, and the satisfaction
of healthcare professionals are necessary to realize the full potential behind [147].



Actuators 2025, 14, 483

25 of 46

3.4. Four-Dimensional Printing Technology in ADs

A significant amount of research and studies has been conducted to make 3D printing
more sustainable and accessible, which is opening doors for strategies like interdisciplinary
research, detailed approaches to studying new material properties like smart and adaptive
properties, and process design, ultimately leading to the evolution of 4D printing. Four-
dimensional printing is an additive manufacturing process where products like ADs
dynamically transform over time, concerning the fourth dimension, in response to stimuli,
types of stimuli depending on the type of materials and applications, such as temperature,
position, moisture, and light. Hence, 4D printing revolves around stimuli-responsive
materials, also known as smart materials (SMs), such as thermal activation, pH changes,
humidity, and light driven actuation, as well as composite systems that enable multi-
responsive behavior for unique applications.

Four-dimensional printing produces self-adjusting and self-assembling structures and
smart structures, making 4D-printed ADs the most advanced next-generation medical devices.
However, there are numerous challenges, as with every new technology, such as scalability,
biocompatibility, precise spatiotemporal control, and material durability. Multi-responsive
materials, computational modeling, integration for intelligent systems, and interdisciplinary in-
novation are key factors to consider for future advancements in 4D printing [148]. Applications
such as adaptive tissue engineered scaffolds, drug delivery systems triggered by physiological
conditions, self-adjusting implants, and invasive surgical tools are key examples of the trans-
formative potential of 4D printing for ADs [149]. The combination of electroactive polymers
and ionic polymers, along with advanced 3D printing methods, produces structures with smart
properties that can change their shape and then adapt their functions in response to electrical
signals. These materials can allow programmable, voltage-driven movement, such as bending,
twisting, and expanding, which can be tailored for various applications, including the manipu-
lation of delicate objects in soft robotic grippers, stents that adjust to human body conditions,
and airplane wings that morph mid-flight [150]. Biomimetic materials, such as those that mimic
collagen and bone, are being used in training hospitals and research institutions [151]. These
materials include hydrogels, which are water responsive, shape memory polymers, which
are temperature responsive; and stimuli responsive ceramics. Stents produced with SMs can
expand and contract in response to vascular conditions and release drugs to prevent restenosis,
whereas as traditional stents are static scaffolds. Implants that release therapeutics in response to
biomarkers work as glucose-sensitive insulin drug delivery systems, and adaptive pacemakers
and neural interfaces that adjust to physiological signals work as neurological and cardiac
devices are some recent examples of 4D printing applications across medical sectors.

3.5. Smart Materials (SMs)

SMs are advanced forms of engineered materials that can perform multiple tasks by
responding intelligently to stimuli available in their working environment. These kinds of
materials sense specific external signals, such as temperature, pressure, and light, and can
actuate themselves to perform defined tasks. Distinguished by transiency, immediacy, self-
actuation intelligence, selectivity, and directness, they respond and act inherently in place.
They have two main types, depending on their functions. The first one transfers energy as
a passive type, like fiber optics. Active types of SMs, which can be further categorized into
two types depending on their functions, changing properties functions (such as SMAs) and
converting energy functions, like solar cells, both exhibit reversibility and can intelligently
sense and respond to their environment. Smart materials transform energy from specific
environmental stimuli into functional responses. SMAs convert thermal and mechanical
energy into shape changes. Materials that convert electrical energy to mechanical strain
are piezoelectric in behavior. Magnetostrictive materials convert magnetic field energy
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into mechanical strain, while chromic materials convert energy from various stimuli (light,
heat, etc.) into color changes. Electrorheological fluids convert electrical field energy
into changes in viscosity, and magnetorheological fluids convert magnetic field energy
into changes in viscosity. Recent applications of smart materials (Figure 9) in AT will be

discussed comparatively with conventional materials.

Temperature actuator
Static pressure
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Figure 9. Examples of smart material applications in ADs. (a) Shape memory alloy in ADS, person-
alized anti-spastic orthosis, combining 3D-printed polyamide and TPU passive parts with active
Nitinol SMA actuators, consists of a passive framework including the finger section (1) and the

forearm section (2), a control unit (3), and an active component made of SMA actuators (4) [152];
(b) (A) E-skin system (whole picture), (B) Two sensor pixels (zoomed-in view)Piezoelectric mate-
rials in ADs, a flexible, multiplexed piezoelectric-capacitive electronic skin (e-skin) for upper limb
prostheses that detects pressure, temperature, vibration, and texture. To replicate human skin’s
vibration sensitivity (40-400 Hz), a piezoelectric-based vibration sensor using PVDF-TrFE in a parallel
plate configuration was designed [153]; (c) self-healing polymer in ADs, A conductive composite
electrode is created by combining a self-healing polymer (SHP) with graphene. This material can
repair itself automatically and quickly regain electrical function even after being damaged repeatedly,
this electrode is attached to the skin, and a demonstration of a human robot interface with stretchable
and self-healable electrodes for grasping and spreading is measured and tested [154].

3.5.1. Shape Memory Alloys (SMAs) in ADs

SMAs retain their shape and exhibit two distinct basic phases and can switch or
transition between these phases in response to external changes. The austenite phase is a
form of SMAs in which it remembers its original shape. If, by any application in a working
environment, they are deformed, they can transition to their original stable state when
exposed to other stimuli. This change occurs due to the shape memory transformation
property of the material. There is a study that uses a lightweight wearable exo-glove for
hand tele-rehabilitation using NiTi shape memory alloy (SMA) actuators to control all five
fingers, resulting in compact, efficient, and remotely controllable solutions for improving
hand rehabilitation outcomes. In Table 6 there are some recent applications of SMAs in
ADs with future potential and comparison.
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Table 6. SMAs’ application and comparison with conventional materials in ADs.

No. Type of Device SMA vs. Conventional Materials . .3D and 4.D . Commercial Devices
Printing Applications
Nitinol (NiTi), is hyper elastic
smart material, automatically Ottobock’s
- tightens via body heat and reduces 4D-printed North America,
Self-adjusting )
1 . pressure sores, whereas static sockets (temperature SMA-powered
prosthetics [155,156] . R . 1.
plastics like polypropylene are responsive fit) prosthetic liners
conventional materials that have (prototype phase) [155]
manual applications
Copper, aluminum, nickel, and
Nitinol are most used materials with e
. o . Medtronic’s Micra
smart properties. Nitinol, due to its
. a1 . AV leadless pacemaker
. self-expanding capability, reduces 3D-printed
2 Cardiac stents . - . - uses SMA components
surgical complexity. Stainless steel customized stents
. for thoughtful
and cobalt chromium are response [157]
conventional materials that help in P )
manual expansion.
Nickel titanium copper which is the . ,
- . 1 . . . Dentsply Sirona’s
improved version of Nitinol, and 4D-printed wires provide smart track alieners
3 Orthodontic braces will constantly adjust the force in pH and temperature have SM Ag
comparison with old, simple response properties .
. X properties [158]
stainless-steel wires
Nickel titanium iron SMAs serve as
a lightweight actuator with energy ReWalk Robotics’
efficiency because of their shape 4D-printed SMA springs, exosuit has
4 Wearable exoskeletons memory capability; on the other such as soft exosuits SMA-assisted gait
hand, steel is heavy without any training [34]
smart property
NiTi Polymer Composites BASF’s 4D printed
repair microcracks with the . . .
. . : 3D-printed customized orthopedic supports
5 Self-healing orthotics [159] property of shape recovery in .
; . . self-healing ankle braces are a research
comparison with conventional .
. collaboration [160]
non-repairable polymers
Copper, aluminum, nickel, and Intu1t%ve.Sjurglcal s
SMA provide compact and precise 3D-printed customized Da Vinci includes
6 Surgical tools forceps having

actuation, whereas traditional
steel tool lacks this property

SMA biopsy grippers

smart, responsive
properties [161]

3.5.2. Piezoelectric Material in ADs

Piezoelectric materials are smart materials that generate an electric field when sub-

jected to mechanical strain [93]. Due to their smart properties, these materials [162] have

applications in biosensors [163], actuators, ultrasound transducers, energy harvesters, and

implantable devices. As a result, these materials provide diagnostics, monitoring, and self-

powered systems [94] that are biocompatible, flexible, and functional in next-generation

medical applications. Table 7 shows several examples of piezoelectric materials and their

applications in sustainable digital healthcare systems.



Actuators 2025, 14, 483

28 of 46

Table 7. Piezoelectric materials application and comparison with conventional materials in ADs.

No Tvpe of Device Piezoelectric Material vs. 3D and 4D Commercial Devices
) yP Conventional Materials Printing Applications
Lead zirconate titanate (PZT) . .
. exhibits high energy density [166], PZT.msoles have Sole power bright
Energy harvesting ¢ - customizable geometry boots in military use,
1 whereas conventional materials, . o, . .
shoes [162,164,165] such as rubber and foam. lack with the application of charges batteries via
energy harvesting capab illi ties additive manufacturing walking [164]
Polyvinylidene fluoride (PVDEF)
m:)Stifcl)i:;k;lsei,s igdh;r:;%il;g;db 4D-printed PVDF Harvard’s soft exosuit
2 Powered exoskeletons sensing change, whereas rigi dy patches that are uses PVDF sensors for
actuators have mo’gors and hydraulic conformable to joints gait analysis [167]
systems with no smart assistance
Zinc Oxide (ZnO) nanowires are Google Jacquard
biocompatible and low cost, produce ~ ZnO patches produced s ag ‘o to? o
Self-powered energy harvesting and sensing using 3D/4D printing sap ypPe
3 . . with piezoelectric
wearables [168,169] without the need for external power, can be integrated touch-sensitive
compared to non-energy harvesting into clothing fabric [168]
conventional textile materials
. Alumml-lm n1.tr1de (.ALN) produces ALN (pacemakers Piezoelectric
Medical self-sensing, micro energy
4 . S . . produce energy pacemaker
implants [170,171] harvesting in comparison with
passive titanium materials from heartbeats prototypes [170]
Barlurp titanate (BaTiO3) exhibits BaTiOs soles that N
a sensing property that produces have pressure Brilliant knee brace has
Smart orthotics a high voltage output (~5-50 V) Ve pr energy harvesting with
5 : . adaptive stiffness are
[172,173] in response to bending, whereas the application of smart property of
ethylene vinyl acetate foam, pphicat pressure sensing [172]
lacks this property 4D printing
Lead zirconate titanate (PZT) fibers
exhibit high sensitivity to sense PZT fingertip arrays . . .
6 Haptic feedback motion and generate tactile have virtual reality fifggiiil;;:;chii
gloves [174,175] feedback, whereas silicone has been and augmented Tesla suit eloves Eél 74]
used for a long time, lacking a reality applications &
feedback response
Poly(vinyl alcohol) borate hydrogels
mimic the softness, stretchability, . .
o ; Epidermal layers with Kin f heti
Self-repairing artificial and self-repair ability of human skin. embedded sensors are Skin for prosthetics
7 " In contrast, conventional materials . . named as Xenoma'’s
skin [176,177] . . advanced, multi material .
like silicone rubber, PU, and TPE 3D-printed apolications e-skin [176]
mimic human skin elasticity and are P pp
also reusable
Poly(dimethyl siloxane) (PDMS)
with disulfide bonds serves as an
innovative material, offering the
brace flexibility, mechanical strength,
and the unique ability to self-heal . .
; Light-responsive
. . and adapt to changes in posture and .
Adaptive spinal . scaffolds are an Concept of medical
8 movement, as well as ultraviolet

braces [178,179]

light-triggered bond reformation.
In contrast, conventional materials
like thermoplastics and metal alloys
adjust their stiffness post-injury
and reduce the need for
frequent replacements

application of 4D
additive manufacturing

braces, Spry Flex [178]
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Table 7. Cont.

No Type of Device Piezoelectric Material vs. 3D and 4D Commercial Devices
Conventional Materials Printing Applications
Poly(ethylene glycol) based
hydrogels work smartl . .
autorr}iaticglly closing punc}t]ures h Catheter t1.ps WIth. Rand D phas.e of
Self-sealin; and prevent leakage and infection ydrogel coatings having next-generation
9 & P & . ! a customized catheter technolo
catheters [180,181] on the other hand, conventional . , &Y
materials like PU, PE, and PVC cross—s.ecfaon becagse of Coloplast’s Sure
prevent bacterial leaks and extend 3D printing techniques Flo [180]
device lifespan, but not both
Poly(thioether) vitrimers are
materials that can break and
reform when exposed to external Next-generation bionic
factors such as heat and catalysts, & theti W
10 Healable foot resulting in self-healing, Vitri . Prosthetic anxe
. o . itrimers prosthetic feet experimental model
prosthetics [182,183] recyclability, and shape adaptability. named as Ossur’s
This compares favorably with .
conventional materials that can proprio foot [183]
repair deep cracks and are also
recyclable, like carbon fibers
Chitosan is a natural, biodegradable
polymer derived from shellfish
shells. When combined with
polyaniline, it forms conductive
networks that are electrically Siren Care’s neuro
1 Smart compression conductive and responsive to Bandages with fabric is advanced
bandages [184,185] physiological signals, as well as strain sensing diabetic socks [184]
electrochemically self-repairing.
Conventional materials used for
these kinds of applications include
cotton and gauze, which monitor
pressure and heal tears
Poly(e-caprolactone) (PCL) with . , -
ureido pyrimidinone units forms A(;L%ZE) ecildsalg“;;iacléin
dynamic crosslinks that can break Al ith treat P t technol
and reform, imparting smart 1eners Wit Teatment techno gy
12 Dental properties such as self-healing, patient-specific with a clear, removable

aligners [145,186]

reversibility, and adaptability. In
contrast, PU and acrylic resins
withstand forces and reduce the
need for replacements

cross-sections having
self-healing layers

orthodontic system
using customized
3D-printed
aligners [145]

3.5.3. Self-Healing Polymers (SHP) in ADs

Biological tissues in the human body have the natural ability to heal with time, as in
the case of a wound on the human body, which heals with time. So, a lot of materials have
been developed by inspiring this biological property of human skin and tissue. Self-healing
materials are materials that automatically repair structural damage by using physical,
chemical, and biological mechanisms, thereby maintaining structural properties, hence
increasing the lifespan and restoring structural functionality. In order to have sustainable
and durable polymers [187], reversible coordination bonds have been used to increase
mechanical properties and dynamic repair properties. Also, high performance polymers
have been created using materials like polyurethanes, polyacrylates, and epoxy resins. As
a result, supramolecular polymers have been produced for reversible interactions using
methods like metal ligand coordination and hydrogen bonding. To have increased healing
and high strength, hybrid materials have been engineered using covalent and non-covalent
bond methods, having durability, flexibility, and automatic repair properties [188,189].



Actuators 2025, 14, 483

30 of 46

3.5.4. Smart Materials Integration in ADs

Smart materials application is pivotal for advancing multifunctional and durable
ADs. SMAs, such as NiTi, are primarily employed as compact, high strength actuators
that respond to thermal stimuli, exemplified by their use in wearable exo-gloves for hand
tele-rehabilitation, where they provide the actuation force for finger movement. In contrast,
piezoelectric materials serve a dual purpose, functioning both as self-powered sensors
that convert mechanical strain from body movement into electrical signals for biosensing
and monitoring and as precise micro actuators in systems like ultrasound transducers.
Concurrently, SHPs are engineered not as active elements but as robust structural matrices
often incorporating polyurethanes and supramolecular networks that utilize reversible
covalent and non-covalent bonds to autonomously repair mechanical damage, thereby
significantly enhancing the durability, safety, and lifespan of 3D-printed wearable devices.
As a result, we have more adaptive, resilient, and functionally integrated ADs.

Table 8 mentioned below represents SHP comparison with conventional materials
applications.

Table 8. SHP materials application and comparison with conventional materials in ADs.

Type of Device

3D and 4D
Printing Applications

Self-Healing Polymers vs.

. . Commercial Devices
Conventional Materials

A waterborne polyurethane
(WPU) composite was engineering

by incorporating modified 3D printed strain

Wearable sensors
(electronic skin) [190,191]

graphene nanoplatelets
(XP/G),dynamic aromatic
disulfide bonds, UPy Moieties
(2-ureido-4-pyrimidone) [192]
vs.
Silicone elastomers, PDMS,
non-self-healing conductive gels

sensors [193], 3D/4D
printed fiber wearable
(embroidery like
designs) [194]

Xsensio, lab on skin
biomechanical patches,
self-healing
potential [195]

Soft Actuator
(Actuators inspired by
glow worms) [196]

Fluorescent Polyurethane polymers
and self-healing dynamic bonds
whereas conventional materials are
silicone elastomers and
thermoplastic (TPU)

A 3D printed, self-healing,
shape-memory hydrogel
was created, having
excellent shape recovery
and tunable healing [197],
4D printed heat-induced
self-healing
hydrogel [198]

Self-healing gels in
MIT’s soft robots [199]

An innovative Delivery
system [200] treating
chronic limb-threatening
ischemia (CLTT) [201], a

severe medical condition.

Self-healing hydrogels and oxygen
releasing nanospheres used for
repairing whereas conventional

materials are inert scaffolds

3D/4D printed hydrogels
for repairing and tissue
regeneration [202]

Therapeutic platform
for treating severe
chronic limb conditions
in future

3.6. Potential vs. Reality of 4D Printing Techniques in ADs

Four-dimensional printing produces next-generation smart ADs that are personalized
to fit and adapt to patients’ customized needs. In the absence of industrial standards, mate-
rial incompatibilities pose a significant scalability barrier for larger-scale and unoptimized
stimulus response control mechanisms, particularly in smart materials (see Table 8) and 4D-
printed mobility aids. MIT [199] research laboratories produce innovations in self-assembly
and programmable materials, creating systems that autonomously adapt and transform.
For example, shape shifting 4D knit dresses, liquid metal printing for rapid fabrication,
active shoes with a customizable fit, and rock printing using granular jamming are notable
lab successes. Still, they need a collaborative approach for scalable outcomes. A collab-
oration between MIT’s self-assembly lab [199], Stratasys [203], and Autodesk, produces
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multi-material 3D objects that respond to stimuli like water and heat, resulting in self trans-
forming applications, for example, shape shifting objects like adaptive wearables, adaptive
functionality, biomedical devices, and climate responsive textiles without electronics [172].
Mars Ice Home [204] is another example of an SM application of NASA’s adaptive space
habitat concepts. Transformers for lunar extremes align with 4D printing principles to pro-
vide smart responses to environmental stimuli such as temperature and radiation, whereas
current prototypes do not utilize 4D printing. SMs that harness Martian ice to self-thicken
radiation shielding, apply modular lunar structures that fold under temperature shifts, and
use self-healing polymers to repair micrometeorite damage. Merging 4D printing’s pro-
grammable material logic with NASA’s need for lightweight, self-sustaining systems will
result in reduced dependency on mechanical components and promote habitats that can
adapt to harsh space environments. In recent years, numerous ADs have been developed
in research and teaching hospitals; however, 4D printing still struggles to create scalable
industrial applications due to reasons such as material limitations, material degradation,
patient and doctor acceptance rates, a lack of industrial standards, and scalability gaps.
ADs with advanced 3D and 4D printing technologies (see Table 9), such as mobility aids,
medical implants, and adaptive devices, face significant barriers. These barriers include
sustainable design tools for modeling time-dependent material responses and traditional
ABAQUS version 2022 software for predicting dynamic shape transformations [205]. Stan-
dardized protocols for stimulus responses, the challenge of safely handling light, and photo
responsive materials implanted in the body are process control challenges [206]. In load
bearing prosthetics, quality assurance compromises repeatability, resulting in inconsistent
performance. The FDA and ISO standards require empirical data on fatigue and stimu-
lus response consistency under real world conditions, like in hospitals and on patients.
Therefore, for shape memory implants and adaptive orthotics to achieve precise temporal
control and biocompatibility, the current lack of clinical translation and industrial adoption
remains a significant barrier [207]. There are numerous devices with limited data on the
durability of materials and devices, such as shape memory polymers, used in pediatric
scoliosis braces. However, for certification, they require durability testing. Slow printing
speeds can delay the mass production of customized ADs, such as ankle—foot orthoses, for
patients with cerebral palsy [208,209].

Table 9. Common 3D /4D materials FDA data.

. . FDA-Approved Materials Under
No.  Material Category Material Application Investigation
PEEK with
Spinal cages, trauma plates, grarre)i}:frcl)ic{;;zggbe
Polyether ether ketone (PEEK) and dental implants .
. . . S Vitamin E infused
Ultra-high molecular weight Hip/knee joint liners, UHMWPE (further
polyethene (UHMWPE) shoulder implants wear resistance)
1 Polymers Polymethyl methacrylate (PMMA)  Bone cement, vertebroplasty, o
L ) Antibiotic-loaded
Polylactic acid (PLA)/Polyglycolic dental cement .
. PMMA for prevention
acid (PGA) Absorbable sutures, screws . .
- . . PLA PGA hybrids with
Silicone (PDMS) Breast implants, finger .
. faster resorption rates
joint prostheses Silicone with
antimicrobial coatings
Hip/knee replacements, o
Titanium Alloys (Ti-6Al-4V, spinal rods, dental implants ~ -Orous fitanium scaffolds
. . CoCr with reduced nickel
. Ti-6Al-4V ELI) Joint replacements, .
2 Bio metals . . content (hypoallergenic)
Cobalt chromium (CoCr) alloy cardiovascular stents Biodeeradable iron-based
Stainless Steel (316L, 316LVM) Fracture fixation, 5

temporary implants alloys (Fe-Mn, Fe-Mg)
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Table 9. Cont.
. . FDA-Approved Materials Under
No.  Material Category Material Application Investigation
Hip/knee bearings, Zirconia toughened
3 Ceramics Alumina (Al,O3) dental implants alumina (ZTA) composites
Hydroxyapatite (HA) Bone graft substitutes, Nano hydroxyapatite for
coatings on implants enhanced osteogenesis
Limited spinal/dental f(l:rElIZ Ia< d‘:\gézriirbﬁg figﬁis
Polyetheretherketone (PEKK) approvals (gaining traction) . & mp
. . . Bioresorbable
4 Emerging materials = Magnesium alloys (Mg-Zn, Mg-Ca) Not FDA approved .
. - orthopedic
Polycarbonate-Urethane (PCU) (under clinical trials) .
screws PCU with

Artificial disks (limited use) self-lubricating properties

4. Discussion: Future of ADs, Merging SMs with 3D and 4D Printing
Techniques

4.1. Smart Synergies

We will discuss the next generation of ADs, which combines the positive impacts of
3D and 4D printing with smart materials for customization, adaptability, and multifunc-
tionality. Three-dimensional printing produces customized designs, while 4D printing
allows for dynamic behavior in response to stimulus changes. For example, 3D-printed
lightweight sockets are designed for residual limbs, while 4D printing provides properties
that adjust to temperature changes, promoting a better fit during activity. In commercial
applications, such as in teaching hospitals and small industries, affordable 3D printing
technology has been utilized to produce prosthetics, while 4D printing can better serve
the users by developing adaptive ADs that respond to environmental stimuli. Adaptive
knee braces with hydrogels and electroactive polymers automatically adjust in response to
movement, while 4D-printed spinal braces also reshape as posture changes. Multi-material
orthotics operate on the principle of alignment feedback with pressure stimulus effect,
while commercial applications utilize lattice structures for enhanced breathability. In energy
efficient exoskeleton actuators, dielectric elastomers and magnetorheological fluids provide
lightweight actuation, while 4D-printed joints adapt to gait patterns. Increasing the lifes-
pan of self-healing polymers and developing pressure points in thermochromic materials
to prevent ulcers are among the future recommendations. To achieve mass production,
industrial and digital healthcare are adopting human centered solutions by focusing on
personalization, functionality, and accessibility.

4.2. Functional Limitations

Several technical barriers exist when integrating 3D and 4D multi-material combina-
tions in prosthetics; numerous manufacturing complexities affect sensor sensitivity and
reproducibility. Hence, there is a need for precise control to prevent delamination and
ensure consistent layer resolution. Prosthetic upper limb sockets [210], using 3D-printed
capacitive pressure sensors, have been developed; however, challenges remain in terms of
biocompatibility, durability, and compatibility between conductive and dielectric inks and
structural thermoplastics, which hinder successful mass production. To achieve optimal
performance from sensors, it is essential to consider temperature, humidity, and other
environmental factors, as well as signal noise and calibration challenges. Material fatigue
and hysteresis, among other factors, affect mechanical stress and cyclic loading, which
collectively contribute to reduced operational lifespan. Embedding power sources and
coordinating software and hardware for pressure monitoring are some other challenges.
Four-dimensional-printed scoliosis braces produced with shape memory polymers (SMPs)



Actuators 2025, 14, 483

33 of 46

and rigid nylon face technical challenges due to thermal incompatibility. SMPs require heat
for shape activation, but nylon’s higher glass transition temperature causes warping during
thermal cycles [211]. Layer delamination due to uneven cooling rates between the two
materials and weakened structural interfaces are challenges. However, thermal stress can
be minimized by using gradient printing to radially transition materials, and carbon fiber
layers stabilize a hybrid structure; these steps have reduced warping by 70%. Hence, these
steps resulted in increased production complexity because material deposition requires pre-
cise control as well as accurate control of curing parameters. This thermal incompatibility
in multi-material 4D printing highlights the need to carefully match material properties.

There is poor adhesion between the ink and the flexible polymer base in 3D-printed
wearable knee braces [212] with embedded silver conductive ink circuits for strain sensing;
hence, circuits detachment occurs when the braces are bent. Processes such as plasma
surface treatment and aerosol jet printing have been adopted to address these issues;
however, these processes increase the cost of additive manufacturing, which in turn results
in less commercial acceptance. Weak structural challenges exist for a durable ankle orthotic
due to thermoplastic polyurethane (TPU), as embedded microcapsules of healing agents
reduce the tensile strength. For SM applications, balancing between smart responsive
stimuli and mechanical strength is a future upgrade that needs to be addressed. As
electrodes wore out quickly at high voltages of 2000-5000 V, when stretchy, metal electrodes
were replaced with a hydrogel [213], electricity-powered materials (dielectric elastomer
actuators) were added to exoskeleton joints. Hence, after cutting the voltage, this device
becomes safer. As an output to this change, a 30% weaker exoskeleton would be produced
so that it could not help with heavier patients and strong applications.

5. Challenges and Future Directions
5.1. Comparative Approach: 3D/4D Printing in ADs

Traditional ADs with static, rigid geometries and passive materials such as plastics and
metals have limited functionality, adaptability, and customization. However, 3D-printed ADs
resolve the issue of traditional ADs, but complex CAD modeling requirements, material waste,
a passive response to the environment, and post-processing demands for multipart assemblies
result in functionality challenges for 3D technologies in healthcare. Whereas 4D printing
overcomes some of the limitations by integrating smart materials that change in response to
the environment, making them adaptable for desired tasks, for example, controlled dynamic
shape change, self-assembly, and self-healing in response to stimuli like heat, moisture, and
light, so manual assembly would be removed, resulting in less design complexity, and also
sustainability is increased in controlled use of material application. Advanced medical stents
automatically change their geometry in response to tissue growth, and textiles that respond
to temperature-controlled degradation and reconfiguration are examples of successful 4D-
printed devices. So, 4D-printed ADs are adaptive, multifunctional, and sustainable, although
retaining electroactive properties of materials like polymers, high voltage requirements for
actuation, embedding conductive electrodes into ADs, optimizing computational modeling for
predicting deformation, anisotropic material design approaches for controlled shape changes,
maintaining performance even for all sizes of geometries, and long-term material degradation
studies for fatigue electrical loads are current gaps, some of which have already been addressed
in some devices, but others remain unsolved. By addressing these challenges, we can achieve
a revolutionary step towards smart, responsive ADs, where structures autonomously interact
with their environment.

Smart, optimized material responses, such as precise spatiotemporal control and
material stability against unwanted stimuli, remain a mystery for researchers. However,
scalable fabrication and biocompatibility can be achieved if manufacturing techniques and
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technical errors are reduced because these are the steps to establish standards; once these
are completed, investment will follow.

The transition and acceptance of 3D and 4D-printed ADs from research laboratories
to clinical applications will revolutionize healthcare. However, the most critical step is
navigating the regulatory hurdles for FDA and EMA approvals. There is a need for interdis-
ciplinary collaboration among engineering, materials, and medical professionals to achieve
successful scalability and clinical practice, such as customized cranial plates, bio-printed
skin grafts for burns, and smart stents that expand in response to bodily fluids [144]. Other
challenges, such as organ bioprinting, necessitate an ethical and regulatory framework,
as well as social acceptance protocols, alongside advanced biomaterials for sustainable
applications. Additionally, integrating Al and automation to address precision and control
needs is crucial for future innovations. Less dependency on donor organs, on demand med-
ical solutions, personalized care, patient specific outcomes, and clinical historical data are
key advancements, in addition to the others already discussed. Now, advanced 4D-printed
technologies are readily accessible and can be printed in urban areas, while in contrast,
small hospitals and clinics in rural areas are hundreds of kilometers away from these
technologies, including even basic 3D printers. So progressive methodology is required. In
the first step, rural regions require internet access to utilize cloud-based 3D printing soft-
ware platforms for downloading design files and to support decentralized manufacturing
processes. The high costs of 3D printers, along with delivery and maintenance expenses,
exclude rural communities from accessing this technology. Additionally, limited availability
of advanced materials and insufficient technical training are the barriers to the adoption
of additive manufacturing in both urban and rural populations. In Table 10 are detailed
SWOT analyses comparing the use of 4D printing in ADs across three classes of smart
materials: SMAs, PMs, and SHPs. This qualitative assessment highlights the strengths,
weaknesses, opportunities, and threats of each material, providing a structured perspective
despite the scarcity of quantitative benchmarking data, particularly for prototypes at the
academic or laboratory level.

Table 10. SWOT analysis of 4D printing in assistive devices for SMAs, PMs, and SHPs.

Material Strengths Weaknesses Opportunities Threats
Adaptive orthoses and
. X . Limited deformation range; prosthetics; integration with Material fatigue over long-term
High actuation force; reliable . . . . O . . -
. . high material cost; complex ~ wearable robotics; potential for use; regulatory approval;
SMAs shape recovery; good fatigue L R A .
R ¢ fabrication; energy miniaturized actuators; scalability issues; limited
resistance; fast response time . . R .
consumption for actuation customization for clinical data
user-specific needs
Can generate electrical Low strain output; fragile; Smart sensors in wearables; . .
. . L X R Material fragility; long-term
feedback; precise actuation; complex fabrication; self-powered ADs; integration s .
PMs R s . stability; production cost; lack
energy harvesting sensitivity to with feedback control systems; .
> . . i, . . e of standardized protocols
potential; lightweight environmental conditions innovative rehabilitation tools
D"“?‘ag? repair extends Slower mechanical response; Long lasting ADs; reduced Performance under repeated
device life; adaptable to . f . AL
limited load capacity; replacement costs; novel stress; material availability;
SHPs complex shapes;

biocompatibility potential;
low maintenance

material aging;
fabrication challenges

wearable designs;
user-centered customization

regulatory hurdles; limited
clinical validation

5.2. Future Trends

To create advanced ADs, professionals from engineering, manufacturing, and medical
fields must collaborate. As in the case of a simple new manufacturing process, it starts
with strengthening the basics, then gradually building toward more advanced, efficient
processes. First, we need to develop strong, sustainable, smart materials, depending on the
application requirement. Next, produce ADs by using sustainable additive manufacturing
techniques with minimized energy consumption and cost. The data analysis by optimiza-
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tion techniques, testing prototypes, user feedback, and finally advanced steps for building
these technologies efficiently. These steps need to involve experts from each field for fast
transition and for approvals. This is a simple and easily understandable mechanism that
has been used in the past to develop new technologies. Proposed solutions should also
include subsidized marketplaces, offline 3D printing toolkits, mobile labs, and educational
initiatives that teach communities about additive manufacturing. Hence, to improve the im-
pact and adoption of ADs, it is essential to ensure affordability digital literacy and increase
awareness by involving nongovernmental organizations (NGOs), healthcare departments,
and educational institutions. There is a critical roadmap for adopting and involving these
technologies in clinical practice, which outlines short-term and long-term goals, first by
improving technical parameters of manufacturing techniques, industrial scalability, bio-
inspired systems, and Al for patient data analyzing and predicting exercises, then using
machine learning algorithms for predicting rehabilitation steps for patients with similar
symptoms, reduced waste, and ethical considerations. If all these goals were achieved
successfully in stages, we would be successful in developing biocompatible, Al-assisted,
smart, and affordable medical devices. To quantify the research landscape and active
scholars in 4D printing, a bibliometric analysis was conducted. The field is characterized
by the significant contributions of an active group of researchers, whose primary research
interests with respect to rank are summarized in Table 11. Geographically, research activity
is concentrated in a few key nations, with the top ten contributing countries ranked by pub-
lication volume presented in Figure 10, underscoring the global interest in this advanced
manufacturing technology.

Table 11. Most active scholars in 4D printing research (based on Scopus Data (2010-2025)).

Recent

Rank. Author Name Document Count

Research Interest

Smart Materials and Structures, Mechanobiology, Additive
Manufacturing, 4D Printing, Robotic Materials, Metamaterials, 175
Constitutive Modeling

2 Leng, Jingsong

SMA applications, Auxetic structures,4D printing, Flexible

Sensors, Hydrogels, Soft Robotics, Dielectric Elastomers 167

SMA applications, 4D printing, Auxetic structures,
Superhydrophobic and Slippery Surfaces, Origami Structures, 143
Liquid Crystal Elastomers.

4 Zolfagharian, Ali R

4D Bioprinting,4D printing for layered polymers,

Bistable Mechanisms 106

Hybrid 4D printing, artificial intelligence, Recyclable Materials

5 Qi, Hang Jerry for 3D printing, Multi material 3D printing, Inverse Design for 98

3D printing applications

6 Singh, Rupinder

3D Gel Printing, Machining applications, Composite Materials,

Dental Prosthesis,3D printing innovations, SMA, Bio printing 82

Bio-Inspired Materials and Structures, Bio inspired Soft Robotic

7 Ren, Lu Quan Q. Applications, Alloys applications, Biodegradable Applications, 72

Hydrogels in self-healing Applications

4D printed SMA, Dielectric Elastomers Applications in
Robotics, Advanced materials with Reprogrammable Shape 71
and Properties, Biomedical Devices, Soft Actuators

9 Shi, Yusheng

4D printed Metamaterials, Innovative Ceramic Manufacturing,
Shape Memory Applications, Additive Manufacturing 70
Applications in Tissue Engineering
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Table 11. Cont.

Recent

Rank. Author Name Document Count

Research Interest

4D printing for Super Stretchable Artificial Muscles, Advance

10 Baghani, Mostafa Manufacturing Techniques for Biomedical Applications, 67

Hydrogel Innovations, Biodegradable Implants

France
Singapore 3q

Australia
4%

United Kingdom
7%

Figure 10. Geographical research activity in the field of 4D printing as per Scopus (2010-2025).

5.3. Al and Digital Healthcare

The future of assistive technology lies in combining smart materials, Al-based design
algorithms, and modern sustainable manufacturing methods. Stimuli responsive materials
act as self-adjusting and self-healing, such as in prosthetics and other mobility aids. The
inherent adaptability of smart materials without external input can be further increased
and optimized by using generative algorithms. To achieve optimized biomechanical
efficiency and comfort, exoskeletons with a special lattice design [214] are developed,
customized to how each person walks, and prosthetic sockets are designed to balance
rigidity and cushioning using patient data, pressure map prediction, and history analysis.
Four-dimensional printing uses time as an active feature, enabling wearable systems [215]
to change shape autonomously over time. Al [216] will store this data, and then these
systems can adapt intelligently. Al predictive analysis with 4D adaptability will function as
closed-loop systems, for example, preventing falls in patients wearing smart exoskeletons
and diabetic socks that contain hydrogel releasing therapeutics in response to inflammation.
Al systems can monitor data from the body in real time, recognize early patterns of
inflammation, and control when and how much therapeutic agent is released. Al will make
these ADs more precise, adaptive, sustainable, and customized and help in preventive
treatment for critical patients. Three-dimensional and 4D printing enable the rapid creation
of innovative rehabilitation tools. In contrast, Al will store data from different patients in the
cloud, allowing customized smart devices in practice to predict the best geometrical designs
and identify problems before they occur. So adjusting treatments and providing instant
feedback to medical professionals about device performance is crucial for continuous
improvement. Hence, to achieve accelerated healing, a patient centered rehabilitation
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process ensures that each technique grows and adjusts as the patient’s condition changes
with time while avoiding the need for attendant and expensive medical guidance.

5.4. Sustainability and Digital Healthcare

Four-dimensional printing utilizes sustainable, smart materials for biodegradable
SMPs, such as PLA-PCL blends and lignin composites, while producing ADs that naturally
decompose after their functional lifespan, hence preserving the ecology. Al algorithms
can optimize smart material formulations and compositions as an advanced material
engineering tool, while machine learning models will also predict degradation rates to
balance durability and sustainability. Hybrid materials, such as sustainable polymers
derived from algae self-healing and enzyme activated recyclable smart materials, will
promote the lifespans of medical devices, resulting in fewer replacements. All these smart
properties will result in lower carbon footprints. Another breakthrough is low temperature
4D printing, which will make production more accessible, with a working principle that
focuses on safe and biodegradable effects. Advanced energy autonomous systems, such as
humidity and light actuated joints, can also be developed. For aligning medical innovation
with planetary health goals, biohybrid devices are crucial, as they utilize living cells to
enable them to respond and adapt to changes in their surroundings.

6. Conclusions

The process of integrating SMs, advanced 3D and 4D printing techniques, eco-friendly
materials, and Al strategies provides a practical, transformative solution for customized,
flexible, and sustainable smart ADs, such as biodegradable prosthetics, self-adjusting
orthoses, and lightweight exoskeletons. To realize this potential on an industrial scale,
critical and technically sensitive parameters must be addressed. Policy frameworks that
focus on standardizing safety, biodegradability certifications, and ethical guidelines are
essential, ensuring these solutions support global sustainability goals. Another important
factor is focusing on cost effective techniques, so balancing technological innovations,
device effectiveness, sustainability, and accessibility is the goal. To achieve this long
term goal, the first step should be to develop customized, effective smart ADs within
hospital premises, making clinical practices and healthcare professionals independent,
after that, develop historical technical data, user’s feedback, and performance metrics. It
is also vital for engineers, doctors, material experts, and policymakers to work together
and harmonize technical innovation with clinical needs. Researchers should transform
ADs from laboratory successes into commercially viable and acceptable devices. Public
acceptance can be improved through the involvement of social and medical professionals,
which could accelerate regulatory approvals and market adoption. By combining all these
challenges, we can develop more effective solutions and translate them into a successful
adaptive assistive device. The goal should be to have ADs that offer superior functionality
compared to conventional devices, possess ecologically regenerative functions, and are
universally accessible and economically viable.
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