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Featured Application: The application of this work concerns the use of 3D printing and AI as
systems supporting the design and manufacture of medical devices, especially powered exoskeletons
and passive orthoses.

Abstract: Three-dimensional-printed medical devices are a separate group of medical devices nec-
essary for the development of personalized medicine. The present article discusses a modern and
specific group of medical devices and exoskeletons, which aims to present our own experiences
in the selection of materials, design, artificial-intelligence optimization, production, and testing
of several generations of various upper limb exoskeletons when considering the Medical Devices
Regulation (MDR) and the ISO 13485 and ISO 10993 standards. Work is underway to maintain the
methodological rigor inherent in medical devices and to develop new business models to achieve
cost-effectiveness so that inadequate legislation does not stop the development of this group of
technologies (3D scanning, 3D printing, and reverse engineering) in the healthcare system. The gap
between research and engineering practice and clinical 3D printing should be bridged as quickly
and as carefully as possible. This measure will ensure the transfer of proven solutions into clinical
practice. The growing maturity of 3D printing technology will increasingly impact everyday clinical
practice, so it is necessary to prepare medical specialists and strategic and organizational changes to
realize the correct implementation based on the needs of patients and clinicians.

Keywords: information technology; manufacturing; artificial intelligence; industry; process analysis;
process optimization; medical devices; exoskeleton

1. Introduction

In this study, the current state of the research field was carefully reviewed. The 3D
printing of medical devices is becoming increasingly popular, but despite this, a review of
the five major bibliometric databases found only 23 publications addressing this topic in
both a scientific and practical way (industrial and clinical), allowing us to benefit from the
experience of our predecessors.

Three-dimensional printing enables the rapid production of patient-specific personal-
ized anatomical models (e.g., for assessing surgical access and practicing the procedure), sur-
gical instruments, rehabilitation supplies (orthoses and exoskeletons), and implants [1-4].
These advantages make 3D-printed medical devices increasingly necessary. The availability
of such devices in the US has recently been improved by the establishment of point-of-care
(PoC) 3D printing centers, which has translated into a shorter pathway between the health-
care provider, the medical center, and the device manufacturer but has also blurred the
regulatory differences and responsibilities between these entities [1,5]. Due to the need to
update the regulations, the Food and Drug Administration (FDA) is working on guidelines
for 3D printing PoCs to best prepare all of the stakeholders for the safe and effective use
of 3D printing for medical devices [1,5]. The advantages of 3D printing when compared
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to traditional preparation methods include flexible design, the printing of more complex
designs, rapid prototyping, the mass printing on demand of personalized products, the
creation of strong and lightweight components (including spare parts), faster design and
production in line with the Industry 4.0 paradigm, waste minimization and environmental
friendliness, profitability (even in short series), and ease of access (including from home).
The disadvantages of 3D printing include the still limited (but increasingly wide) number
of materials available for 3D printing, limited print size, the need for post-processing, the
price of a single product not decreasing with the number of prints, the internal structure of
the product depending on the technology, print inaccuracies, and problems with intellectual
property rights for the designs [1,5].

Not only clinical but also logistic and regulatory aspects of the development of the
above-mentioned technologies are necessary to ensure the safety and legality of person-
alized therapy [6-8]. Today, personalized treatment methods using 3D-printed medical
devices can be employed in select complex cases, especially when conventional therapeutic
methods are not effective. This reality needs to change so that 3D-printed solutions become
a normal alternative to other ways of proceeding, rather than burdened with higher risks.
Regulatory, economic, ethical, and organizational challenges were identified, but home
and industrial applications have posed the highest number of challenges, while hospital
applications have presented the fewest challenges [9]. The lower price of polymers may
change the market situation for solutions made of titanium mesh plates, as 3D-printed
parts are reliable and much cheaper than their traditional counterparts [10].

The situation of medical 3D printing is complicated by the fact that no internationally
recognized general exception to intellectual properties rights enforcement (or health emer-
gencies) has been observed. However, there are possible tools, such as compulsory licensing,
voluntary licensing agreements, and the potential World Trade Organization Agreement
on Trade-Related Aspects of Intellectual Property Rights (TRIPS) exemptions [11].

Most controversial and diverging hypotheses concern research being conducted on
the variance introduced during the digital conversion of images into models, which affects
the resulting accuracy of the 3D print relative to the design intent and clinical requirements.
This variance led to the introduction of metrics to measure the differences and degrees of
variability between the models and the printouts to achieve their validation and technical
control under the Industry 4.0 paradigm [12]. Regulations should, therefore, balance safety
and effectiveness with innovation and autonomy in order to optimize the positive impacts
on the efficiency of healthcare system procedures [13-16].

The present study discusses a modern and specific group of medical devices, exoskele-
tons, i.e., wearable robots that actively support human functions. This article aims to
present our own experience in the selection of materials, design, artificial-intelligence opti-
mization, production, and testing of several generations of various upper limb exoskeletons
when considering the Medical Devices Regulation (MDR) [17] based on the ISO 13485 [18]
and ISO 10993 [19] standards.

The scientific, technological, and clinical issues described in this paper are prototyp-
ical, and may be addressed in different ways with different medical solutions and for
different markets, often for the first time. The examples presented herein could inspire
independent research by scientists and clinicians. We know that such assemblages are not
often encountered. However, in the case of exoskeleton technology, they are a necessity,
as they allow us to analyze a medical device from different perspectives. The novelty
of our approach involves directly sharing practical knowledge and experiences from the
previous research on four different exoskeletons and presenting that knowledge against
the background of state-of-the-art research. This approach will allow other researchers
to better approach the subject of exoskeletons and replicate or improve the results of our
research, bypassing our mistakes and the literature reviews. This factor constitutes the
primary contribution of our article, as such works are rare but remain necessary for the
development of science, technology, economy (including Industry 4.0 and eHealth), and
clinical practice using exoskeletons.
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2. Exoskeletons as 3D-Printed Medical Devices

A search of the five leading bibliometric databases using specific keywords (3D-
printing, additive manufacturing, exoskeleton, etc.) returned only 20 publications (2015
2022). For comparison, the same search for the keywords 3D printing, additive manu-
facturing, and orthoses yielded 94 publications (2013—-2022). We can, therefore, conclude
that there are relatively few publications on exoskeletons. This factor highlights the need
to intensify research and increase the number of scientific publications, especially since
the above-mentioned 20 publications included three reviews [20-22] and two clinical tri-
als [23,24] but no meta-analyses. In the case of 3D-printed orthoses, only four reviews and
nine clinical trials were identified, with no meta-analyses.

The first review covered 3D-printed exoskeletons used in bone repair and regeneration,
including biomaterials for their manufacture [20]. The second review underscored the
role of exoskeletons in the rehabilitation of gait and posture among paraplegic patients
and near hip and knee fractures and, in the case of 3D printing, highlighted the more
effective role of personalized exoskeletons. With the development of artificial intelligence,
breakthroughs and wider applications of exoskeletons in the rehabilitation of trauma
patients are expected [21]. The third review demonstrated that the combined potential of
cutting-edge developments, such as connected care, artificial intelligence, 3D printing, and
reality-mimicking prosthetics could result in a breakthrough in the treatment of patients
with musculoskeletal conditions. Cost-effective and precise interventions could, in the
future, be based on realistic biomarkers and algorithms used to assess patients and generate
alerts about deterioration [22]. A study by Yoo et al. proposed a novel 3D-printed hand
exoskeleton controlled by electromyography (EMG) signals for spinal cord injury (SCI)
patients to support the grasping functions among those with cervical SCI with tetraplegia.
Not only was this device found to be effective, but most participants were also satisfied
with the device, with no side effects [23]. A study by Ou et al. proposed an anterior—
posterior exoskeleton for stroke patients as a robotic assistive device to support upper limb
rehabilitation and thereby restore motor function related to the maintenance of activities of
daily living [24].

3. Own Studies

A 3D-printed exoskeleton has a certain specificity that distinguishes it from other
3D-printed medical devices:

1.  An exoskeleton is a robot for people with deficit(s) that actively supports the user’s
movement and must:

e Beadapted to the dimensions of the supported body parts, as well as the kind
and level of deficit(s), therapy goals, and functional assessment of the user;
Read the user’s intent;

Include built-in appropriate sensors and effectors;

Have a control system;

Have a power source;

Incorporate a fail-safe shutdown system.

2. An exoskeleton is not implanted and does not affect the user’s skin, so the require-
ments in this area are mild;

3. An exoskeleton contains moving parts that wear out during operation, necessitating
replacement;

4. Except for some temporary use by debilitated patients during their recovery, an
exoskeleton is intended for permanent use. Therefore, an exoskeleton must:

Grow with the user;
Be modified in accordance with changes in the user’s health (improvement or
deterioration);

e  Support an aging user with neurodegenerative changes, as such changes affect
the exoskeleton control system.



Appl. Sci. 2023, 13, 1060

40f12

These features mean that the concept of a 3D-printed exoskeleton must be very refined;
hence, few printed industrial and clinical prototypes of such a device have been developed
to date. We had the opportunity to work on many generations of four such solutions:
an exoskeleton for children with weaknesses in the upper limbs (e.g., arthrogryposis),
two different hand exoskeletons, and an exoskeleton for the elbow joint. The selected
3D-printed exoskeletons mentioned in the article are shown in Figure 1.

(b)

Figure 1. Selected 3D-printed exoskeletons mentioned in the article: (a) elbow exoskeleton, (b) hand
exoskeleton, and (c) hand in hand exoskeleton.
3.1. Planning and Production Cycle

The planning and production cycle and life cycle of the 3D-printed hand exoskeleton
(our own version) are shown in Figure 2.

Data acquisition Design Testing Validation Exploitation Modification
Recycling
Expected Material
level of support research Tntegration to Iranster
L of support to
rehabilitation normal life
methods and tools
Result of Test @ ﬂ
functional tests |:> Adaptation I:> 3D prints
Results of :> of :Enpla;:z :> Adjustments |:> Uf: "]:cd |:> Home use |:> Life c:cil)e
o to the ne conira
medical imaging of a speci and fixes conditions assessment
iD |::> user |:> Test
scans operation ﬁ

ﬁ Activities
of Daily Living

Templates Functional Laboratory
of exoskeleton tests

Figure 2. Planning and production cycle of the 3D-printed hand exoskeleton (own version).
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The cycle includes the following stages:

e  Stage 1: Data collection based on combined indications for exoskeleton use, functional
diagnosis, the results of diagnostic imaging, and 3D scans of the part of the patient’s
body on which the exoskeleton is to be fitted. Digitization of this stage eliminates the
need for additional, often manual measurements of the user and the impact of the
associated inaccuracy/uncertainty;

e  Stage 2: Design based on pre-programmed exoskeleton templates in Computer As-
sisted Design (CAD) software, taking into account the results of the analyses from
Stage 1 and the therapy goals derived from the rehabilitation plan and the patient’s
priorities (patient-centered therapy);

e  Stage 3: Testing, using the results of materials research and optimization (including
artificial intelligence-based optimization) of the selected materials and their character-
istics (lightness, strength, direction of action, and chemical properties) to produce 3D
test prints, followed by operational testing and functional testing of the patient in the
exoskeleton to check the optimum fit of the exoskeleton to the user;

e  Stage 4: Validation, involving testing the use of the exoskeleton by the user under
the controlled conditions of the Activities of Daily Living Laboratory. Here, under
the supervision of specialists, the user performs all the activities envisaged for later
use at home, including those resulting from the rehabilitation plan, hence the need to
integrate the exoskeleton with rehabilitation methods and tools. At this stage, the final
adjustments of the exoskeleton are made before it is issued to the user;

e  Stage 5: Exploitation, covering the normal use of the exoskeleton at home (if necessary,
adjustments are also made for hospital or outpatient settings), monitoring its wear,
and providing technical support and modernization as needed—e.g., due to wear or
damage to the exoskeleton, changes in the user’s health, launching a new version on
the market, or better supporting the user;

e Stage 6: Modification and recycling, including significant changes to the mechan-
ical parts and software of the exoskeleton. This process goes beyond servicing to
replacement and recycling of the unit as part of the Life Cycle Assessment, as well as
monitoring and the implementation of conclusions from the above analyses for the
planning and production cycle of the exoskeleton (e.g., considering the fastest wearing
elements or necessary structural changes).

The LCA assessment can be carried out in accordance with the methodology already
tested by us [25]. Technical control of the exoskeleton is carried out at all stages of produc-
tion in accordance with the Industry 4.0 paradigm.

3.2. Support of the User Movement

The exoskeleton should support the natural position of the limb (e.g., the hand in
free-hanging position). Notably, in this position, the joints are not straight but slightly bent.
However, the exoskeleton for the upper limb is required to support all grips, with four in
one-handed work and two in two-handed work. These grips are necessary to maintain the
user’s independence in the activities of daily living.

In some cases, the support force expected from exoskeletons may be too high. Thus, it
is worth starting with lower values, which translates into a lower weight for the actuators
and, thus, for the exoskeleton as a whole. In addition, the support force can reduce the
power requirements and thus extend the autonomous operation of the exoskeleton from
the battery. For these reasons, it is worth considering the possibility of using actuators with
different characteristics as early as the design stage of the exoskeleton, which will enable
the replacement of such parts as the user’s health changes.

3.3. Selection of Materials for the Exoskeleton

The number of 3D printing technologies and dedicated materials is growing. These
developments include materials with antibacterial activity, slower aging, inactivity when
coming into contact with bodily fluids, and resistance to environmental factors (sun, water,
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and temperature). These factors put great demands on designers, as does the efficiency of
material use, the amount of waste, and the potential recycling of used exoskeleton elements.

The selection of materials for clinical 3D printing depends not only on the properties
of the materials themselves (i.e., materials with specific physical and chemical properties
and the characteristics of their changes over time, including materials with shape memory
or programmable properties similar to the replaced tissue) but also on the following factors:

e  Three-dimensional printing technology using stereolithography (SLA), selective laser
sintering (SLS), and fused-deposition modeling (FDM) has the greatest potential for
printing medical devices);

The possibility of optimizing the material’s parameters and consumption;

Planned clinical use, including in exoskeletons, orthoses, prostheses, implants, other
devices facilitating rehabilitation and care, anatomical models for learning and pre-
operative planning, dressings, drugs, tissues and organs, and future personalized
electronic systems for neuroprostheses and brain—computer interfaces.

Al-based optimization improved the speed of calculations and print quality and
allowed researchers to identify a set of print parameters not previously considered [26,27].
It is possible to reduce filament consumption by up to 13.04% by reducing the amount of
waste and thus reducing the environmental impact [28].

3.4. Design of the Exoskeleton

Another element of the exoskeleton can also be personalized: the 3D-printed fabric
(i.e., chainmail). The stiffness and bending angles of the fabric can be adjusted to the patient
in different directions (with an adjustable one- or two-way bending module) [29,30]. The
use of the above solutions in an exoskeleton allow one to shape the skeleton’s mechanical
properties, including limiting the direction and angle of movement if required by the
rehabilitation plan. A simple exchange of chainmail, which can be fully recycled, allows for
greater patient safety (Figures 3 and 4).

Figure 3. Chainmail (project in CAD).

Figure 4. Printed chainmail.
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In addition, the use of artificial neural networks allows for easier automatic adjustment
of the chainmail structure to the desired properties, which greatly reduces the time needed
for its design and production [29,30], including through the use of recyclate, which is a
pro-environmental approach. Reducing the computation time also translates into lower
energy consumption.

As part of the chainmail work, both the geometry and the features of these materials
can be printed. Hence, this technology is often called 4D printing. Basic chainmail features
that can be programmed include the following:

Chainmail dimensions;

Separate maximum bending angles in both directions;
Maximum tensile force;

Materials;

Number of layers;

Shape of the chainmail elements.

The aforementioned parameters can be shaped depending on one’s needs, but it is also
possible to impose limiting parameters (e.g., physiological bending angles in individual
planes), as selected by an Al-based program (Figure 5) [29,30].

Input layer Output layer
MAT - type of material —
SE - stiffening elements —
ANGX - max angle in x direction | —> Hidden — PT - chainmail part type
ANGY - max angle in y direction — layer — Z - z dimension
MAX - maximum tensile force — — LH - layer height
X - x size of chainmail —
Y -y size of chainmail —

Figure 5. Traditional artificial neural network structure for chainmail’s parameters selection [29,30].
Where: MAT—type of 3D printing material (e.g., filament), SE—presence of stiffening elements in the
3D-printed chainmail (yes/no), ANGX—max angle of chainmail bending in x direction, ANGY—max
angle of chainmail bending in y direction, MAX—maximum tensile force, X—size of chainmail in x
direction, Y—size of chainmail in y direction, PT—chainmail part type, Z—chainmail part height,
LH—3D printing layer height.

The stages of designing and printing the 3D chainmail are as follows:

e  Determining the required parameters of the chainmail (as part of a personalized
therapy for an individually designed exoskeleton);

e  The creation of a computational model for chainmail through the use of proprietary
software based on artificial intelligence allowing for an optimal description of the
chainmail parameters. This software automatically takes into account the inaccuracy
resulting from the imbalance between the shape and dimensions of individual chain-
mail elements and the same parameters for the entire chainmail consisting of many
such elements;

e  Selecting the values of the parameters for the printing process, selected on the basis of
the recommendations from manufacturers of materials and printers, previous research
and scientific publications, and the experience of team members;

Three-dimensional printing and cleaning;
Testing and adjustment, as well as possible corrections [29,30].

A similar role is played by the analysis of the life-cycle of the exoskeleton. Thanks to
the printing of various plastics and metals, almost all elements of a 3D-printed exoskeleton
are recyclable. This makes it possible to achieve unprecedented environmental friendliness
among medical devices [25], regardless of the need to ensure the possibility of decontami-
nation. This approach is not only quantifiable and objective but also enables a comparison
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between multiple solutions, which may not only be important in the future (for assessing
the material or energy consumption of products and services) but could also become a
standard for similar products.

General trends aimed at reducing the carbon footprint of 3D-printed products are in
line with EU policy and support the dissemination of the proposed approach.

3.5. MDR Directive and ISO 13485, ISO 10993 Standards

The MDR directive [17] as it relates to the ISO 13485 [18] and ISO 10993 [19] standards
describes the current European requirements for medical devices, including exoskeletons.
The MDR directive regulates the manufacture and distribution of medical devices in Europe.
Compliance with the MDR is mandatory for medical device companies wishing to sell
their products on the European market and ensures that the medical device is safe, of good
quality, meets the essential requirements for EU medical devices, and is CE-marked [28].
ISO 13485:2016 specifies the quality management system requirements for organizations
providing medical devices and related services. Adherence to this standard certifies that
throughout the product’s life cycle (planning, research and development, production,
storage and distribution, installation/implementation, servicing and related services, and
recall and recycling), customer and relevant regulatory requirements will be consistently
met. This standard also applies to suppliers or other external parties providing product-
related services [29]. The ISO 10993-1:2018 standard applies to the biological assessment of
all types of medical devices, including active, inactive, implantable, and non-implantable
devices. This standard allows the assessment of biohazards based on risk (e.g., changes in
the medical device over time), as well as the rupture of a medical device (or its components)
exposing the user to new materials [30].

3.6. Intellectual Property Rules

Mechanical 3D-printed medical products, such as exoskeletons, are strictly covered by
intellectual property protection (patents, utility models, and industrial designs), database
and software protection (depending on the country), and know-how protection (e.g., under
agreements with employees).

Protecting the topography of dedicated integrated circuits can help protect software.
Due to the large scope when adapting solutions to a patient’s needs and the interchange-
ability of parts within the product families, it is important to select the method and scope
of protection in such a way that a wide range of possible modifications does not result in
decreasing protection. Hence, it seems more beneficial to patent/protect smaller parts of
the exoskeleton with a clear functional purpose and technological novelty, rather than the
entire exoskeleton.

3.7. Product or Service Dilemma

A 3D-printed exoskeleton can be considered a custom-made medical device and is
thus subject to different regulations than those governing mass-produced items. For the
above reasons, healthcare facilities undertaking in-house bespoke manufacturing operate
such that the diagnosis, treatment, rehabilitation, and care by means of bespoke 3D-printed
products in a healthcare facility are carried out without fully complying with the European
Parliament and Council regulations, provided that the materials used are ISO 10993 certified
and agree with Article 4.4a of the MDR [16].

The manufacture of a 3D-printed medical device, particularly one as complex as an
exoskeleton, raises a number of questions about the scope of the activity, as the manufacture
of the product itself involves a number of other activities both prior to the manufacture of
the exoskeleton (diagnostic imaging, 3D scanning, and functional testing on the user) and
afterwards (periodic evaluation, servicing, upgrading and replacement of mechanical parts
and software, technical support, and advice in the area of rehabilitation). The scoping guide-
lines for the aforementioned activities have not yet emerged. Three-dimensionally-printed
robotics, particularly exoskeletons, are a new development with no funding from healthcare
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institutions. However, in time, our solutions will be integrated into the system. To this end,
we proposed a Poland-specific method for circulating patients, devices, and documentation
based on our earlier study on brain—-computer interfaces and neuroprostheses. However,
this method is still in the preliminary stages of agreement. For a technology as complex as
a 3D-printed exoskeleton, it is important to perform due diligence and remove any uncer-
tainties early in the efforts to bring a new product to market. Notably, national regulations
can also determine whether and to what extent a university may carry out manufacturing
activities and whether it needs a business partner (consortium) or a spin-off company to do
so. These are factors independent of the method by which the exoskeleton is designed and
produced but are crucial to the product’s appearance on the market.

4. Discussion
4.1. Findings and Their Implications

Previous publications indicate that 3D-printed technologies, including exoskeletons,
should be treated as a technologically separate group of medical devices. The development
of exoskeleton technology is a consequence of advancements in 3D printing technology and
materials, and it is essential to maintain the current pace of development in personalized
medicine. Results interpreted from the perspectives of previous studies and the working
hypotheses show that exoskeletons are a good rehabilitation tool for the rapid recovery
of motor function, e.g., in stroke patients, with the potential to also reduce the number
and severity of complications, thus lowering mortality. At the same time, current exoskele-
tons offer insufficient human-machine coupling and interfere with the user’s movement,
damaging joints and muscles in the process [31]. It is crucial that the human-exoskeleton
system be properly aligned through 3D printing with an increase in degrees of freedom
and an optimized control system. It is currently unknown how important the exoskeleton’s
high strength support (current products offer 58% strength support) and full joint range of
motion are (a sufficient joint range of motion was achieved for the activities of daily living).
It should be noted that, in the case of the upper limbs, five-finger exoskeletons are rare,
and there are currently no solutions that meet all the requirements. These findings and
their implications also show that the process of designing, manufacturing, and fitting the
exoskeleton should be as short as possible [32].

4.2. Limitations of the Own Studies

There are still too few, albeit diverse, cases to elucidate a single procedure for the
use of 3D-printed medical devices. However, due to strong personalization, obtaining a
homogeneous group of patients may simply not be possible. An important factor limiting
the number of studies on 3D-printed exoskeletons is the need to gather knowledge and
experience, create an interdisciplinary research team, construct prototype research stations,
and overcome the high cost of such research—mainly due to the number of prototypes that
must be developed, tested (including destructive strength tests), and improved as part of
subsequent iterations.

Before 3D printing becomes a commonly used therapeutic tool, it is necessary to un-
derstand and refine the specific aspects of production challenges, quality control (including
those related to different materials, formulations, and processing methods), requirements
for excipients, production processes, and related technical and regulatory challenges. Three-
dimensional printing is also ideal for, e.g., the production of personalized drugs, with
advantages, including dose, dosage form, and drug release kinetics tailored to a specific pa-
tient [9]. The largest challenge is the home use of 3D-printed medical devices, which must
be implemented in a cyclical control system by specialists to avoid potential side effects.

New mechanisms to manage intellectual property rights for 3D printing designs are
becoming necessary and would provide flexibility to support digital technologies more
quickly and effectively under global health emergencies [11].
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4.3. Future Research Directions

Three-dimensional printing allows for greater accuracy in reconstruction and offers
less invasive and more customizable operating procedures. These factors have the potential
to improve outcomes in terms of function and morbidity, streamlining treatment, rehabili-
tation and care procedures, and improve prognoses. Thus, 3D printing may become the
standard of healthcare in the future.

The time needed for designing, manufacturing, and using a 3D-printed personalized
medical device (including an implant) continue to decrease as both engineers and medical
specialists gain experience. For the aforementioned reasons, it is crucial to establish efficient
interactions and trust between the corresponding members of an interdisciplinary team [6].

The next frontier of personalized 3D-printed medicine is implantable devices tailored
to the needs of patients. Ramaraju et al. [7] proposed a strategy for the selective laser
sintering (SLS) of medical devices adapted to patients for the production of an airway
support device (tracheal and bronchial implants restoring airway patency to pediatric
patients diagnosed with tracheal and bronchial softening). This procedure is in line with
the FDA’s 2018 recommended additive manufacturing guidelines for medical devices
and includes medical image-based modeling, input analysis, design verification, material
verification, device verification, and device validation, including validation as a template
for the quality control of personalized 3D-printed implants [7].

Further development opportunities for the described group of exoskeletons include the
implementation of principles in accordance with the Pre-Industry 4.0 paradigm, including
technical control at every stage of production and the analysis of the product life cycle until
its recycling or disposal [33-36]. These developments will be facilitated not only by the more
widespread use of artificial intelligence and the industrial Internet of Things but also by new
methods for signal acquisition, including directly from the central nervous system [37,38].

Robotic rehabilitation with the use of exoskeletons undoubtedly offers greater thera-
peutic possibilities than current treatment options, including increased and more precise
control of the dose of therapy [39—41]. Personalized 3D-printed exoskeletons extend these
possibilities even further. However, the development of this technology must be controlled,
including relevant research, indications, and contraindications, as well as clinical guidelines.

In exoskeleton research, effectiveness counts. A review by Shahid et al. (2018) indicated
as many as 45 prototypes of soft exoskeletons for the hand, while to the best of our
knowledge, in 2022, none of these exoskeletons are yet on the commercial market [42].

5. Conclusions

Three-dimensional-printed exoskeletons could represent another breakthrough in the
diagnosis, treatment, rehabilitation, and care of patients with deficits, including neurode-
generative ones, among the elderly.

Three-dimensional printing, particularly in the area of exoskeletons, is slowly becom-
ing the leading manufacturing technology in healthcare, including personalized therapy.
The use of artificial intelligence allows the planning and design process to be reduced
from days to hours, in addition to material optimization and waste reduction, reducing
costs by at least one-sixth. The progressive alignment of 3D-printed exoskeletons with the
maintenance of methodological and logical rigor for medical devices and new business
models to improve cost-effectiveness could increase the clinical implementation of this
group of technologies.

The gap between research and engineering practice and clinical 3D printing should
be bridged as quickly and as carefully as possible. This development will allow the rapid
and efficient transfer of proven solutions into clinical practice. Such a technological shift
will entail strategic and organizational changes to ensure correct implementation and
adaptation to the needs of patients and clinicians.

As the growing maturity of 3D printing technology will gradually increase this technol-
ogy’s impact on everyday clinical practice, it is necessary to prepare medical professionals
in advance for the optimal use of this group of technologies.



Appl. Sci. 2023, 13, 1060 11 0f12

Author Contributions: Conceptualization, I.R., D.M., E.D. and ] K.; methodology, L.R., D.M., E.D. and
J.K,; validation, LR., D.M,, E.D. and J.K,; formal analysis, L.R., D.M. and E.D.; investigation, LR., D.M.,
E.D. and J K;; resources, IL.R., D.M., E.D. and ].K.; data curation, LR., D.M., E.D. and J.K.; visualization,
LR., D.M,, E.D. and J.K,; writing—original draft preparation, LR., D.M. and E.D.; writing—review
and editing, I.R., D.M. and E.D.; supervision, L.R.; project administration, I.R.; funding acquisition,
LR., E.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the grant to maintain research potential of Kazimierz
Wielki University (grant of Ministry of Education and Science, 2022) and grant no. 0613/SBAD /4770
for Poznan University of Technology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Beitler, B.G.; Abraham, PF,; Glennon, A.R.; Tommasini, S.M.; Lattanza, L.L.; Morris, ].M.; Wiznia, D.H. Interpretation of regulatory
factors for 3D printing at hospitals and medical centers, or at the point of care. 3D Print. Med. 2022, 8, 7. [CrossRef]

2. Benady, A.; Gortzak, Y.; Sofer, S.; Ran, Y.; Rumack, N.; Elias, A.; Efrima, B.; Golden, E.; Segal, O.; Merose, O.; et al. Internal
Hemipelvectomy for primary bone sarcomas using intraoperative patient specific instruments- the next step in limb salvage
concept. BMC Musculoskelet. Disord. 2022, 23, 1012. [CrossRef]

3. Garcia, R.IL; Jauregui, I.; Del Amo, C.; Gandiaga, A.; Rodriguez, O.; Margallo, L.; Voces, R.; Martin, N.; Gallego, I.; Minguez, R,;
et al. Implementation of an In-House 3D Manufacturing Unit in a Public Hospital’s Radiology Department. Healthcare 2022, 10,
1791. [CrossRef]

4. Beitler, B.; Roytman, G.R.; Parmer, G.; Tommasini, S.M.; Wiznia, D.H. Evaluating surface coatings to reduce bone cement adhesion
to point of care 3D printed molds in the intraoperative setting. 3D Print. Med. 2022, 8, 28. [CrossRef] [PubMed]

5. Morrison, R.J.; Kashlan, K.N.; Flanangan, C.L.; Wright, ] K.; Green, G.E.; Hollister, S.J.; Weatherwax, K.J. Regulatory Consid-
erations in the Design and Manufacturing of ImplanTable 3D-Printed Medical Devices. Clin. Transl. Sci. 2015, 8, 594-600.
[CrossRef]

6.  Willemsen, K.; Nizak, R.; Noordmans, H.J.; Castelein, R.M.; Weinans, H.; Kruyt, M.C. Challenges in the design and regulatory
approval of 3D-printed surgical implants: A two-case series. Lancet Digit. Health 2019, 1, e163—e171. [CrossRef]

7. Ramaraju, H.; Landry, A.M.; Sashidharan, S.; Shetty, A.; Crotts, S.J.; Maher, K.O.; Goudy, S.L.; Hollister, S.J. Clinical grade
manufacture of 3D printed patient specific biodegradable devices for pediatric airway support. Biomaterials 2022, 289, 121702.
[CrossRef]

8. Rahman, Z.; Barakh Ali, S.F; Ozkan, T.; Charoo, N.A.; Reddy, LK.; Khan, M.A. Additive Manufacturing with 3D Printing:
Progress from Bench to Bedside. AAPS . 2018, 20, 101. [CrossRef]

9.  Beer, N,; Hegger, I; Kaae, S.; De Bruin, M.L.; Genina, N.; Alves, T.L.; Hoebert, J.; Kdlvemark Sporrong, S. Scenarios for 3D printing
of personalized medicines—A case study. Explor. Res. Clin. Soc. Pharm. 2021, 4, 100073. [CrossRef]

10. Czyzewski, W,; Jachimcezyk, J.; Hoffman, Z.; Szymoniuk, M.; Litak, J.; Maciejewski, M.; Kura, K_; Rola, R.; Torres, K. Low-Cost
Cranioplasty—A Systematic Review of 3D Printing in Medicine. Materials 2022, 15, 4731. [CrossRef]

11. Ballardini, RM.; Mimler, M.; Minssen, T.; Salmi, M. 3D Printing, Intellectual Property Rights and Medical Emergencies: In Search
of New Flexibilities. IIC—Int. Rev. Intellect. Prop. Compet. Law 2022, 53, 1149-1173. [CrossRef]

12.  Fogarasi, M.; Coburn, ].C.; Ripley, B. Algorithms used in medical image segmentation for 3D printing and how to understand
and quantify their performance. 3D Print. Med. 2022, 8, 18. [CrossRef] [PubMed]

13. Christensen, A.; Rybicki, FJ. Maintaining safety and efficacy for 3D printing in medicine. 3D Print. Med. 2017, 3, 1. [CrossRef]

14. Fan, Z.; Xie, N. Analysis of Technical Evaluation for Current Regulation of 3D Printed Customized Medical Device. Chin. |. Med.
Instrum. 2018, 42, 279-281. [CrossRef]

15. Di Prima, M.; Coburn, J.; Hwang, D.; Kelly, J.; Khairuzzaman, A.; Ricles, L. Additively manufactured medical products—The
FDA perspective. 3D Print. Med. 2016, 2, 1. [CrossRef]

16. Otero, ].].; Vijverman, A.; Mommaerts, M.Y. Use of fused deposit modeling for additive manufacturing in hospital facilities:
European certification directives. J. Craniomaxillofac. Surg. 2017, 45, 1542-1546. [CrossRef]

17.  Regulation (EU) 2017 /745 of the European Parliament and of the Council of 5 April 2017 on Medical Devices. Available online:
https:/ /eur-lex.europa.eu/legal-content/EN/TXT/PDF /?uri=CELEX:32017R0745 (accessed on 17 December 2022).

18.  ISO 13485:2016; Quality Management Systems. International Organization for Standardization: Geneva, Switzerland, 2016.
Available online: https://www.iso.org/standard /59752.html (accessed on 17 December 2022).

19. ISO 10993-1:2018; Biological Evaluation of Medical Devices. International Organization for Standardization: Geneva, Switzerland,

2018. Available online: https://www.iso.org/standard /68936.html (accessed on 17 December 2022).


http://doi.org/10.1186/s41205-022-00134-y
http://doi.org/10.1186/s12891-022-05918-1
http://doi.org/10.3390/healthcare10091791
http://doi.org/10.1186/s41205-022-00156-6
http://www.ncbi.nlm.nih.gov/pubmed/35960406
http://doi.org/10.1111/cts.12315
http://doi.org/10.1016/S2589-7500(19)30067-6
http://doi.org/10.1016/j.biomaterials.2022.121702
http://doi.org/10.1208/s12248-018-0225-6
http://doi.org/10.1016/j.rcsop.2021.100073
http://doi.org/10.3390/ma15144731
http://doi.org/10.1007/s40319-022-01235-1
http://doi.org/10.1186/s41205-022-00145-9
http://www.ncbi.nlm.nih.gov/pubmed/35748984
http://doi.org/10.1186/s41205-016-0009-5
http://doi.org/10.3969/j.issn.1671-7104.2018.04.014
http://doi.org/10.1186/s41205-016-0005-9
http://doi.org/10.1016/j.jcms.2017.06.018
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745
https://www.iso.org/standard/59752.html
https://www.iso.org/standard/68936.html

Appl. Sci. 2023, 13, 1060 12 0of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Marew, T.; Birhanu, G. Three dimensional printed nanostructure biomaterials for bone tissue engineering. Regen. Ther. 2021, 18,
102-111. [CrossRef]

Kruppa, C.; Benner, S.; Brinkemper, A.; Aach, M.; Reimertz, C.; Schildhauer, T.A. Neue Technologien und Robotik [New
technologies and robotics]. Unfallchirurgie 2022, 126, 9-18. [CrossRef]

Kataria, S.; Ravindran, V. Musculoskeletal care—At the confluence of data science, sensors, engineering, and computation. BMIC
Musculoskelet. Disord. 2022, 23, 169. [CrossRef]

Yoo, H.J.; Lee, S.; Kim, J.; Park, C.; Lee, B. Development of 3D-printed myoelectric hand orthosis for patients with spinal cord
injury. J. Neuroeng. Rehabil. 2019, 16, 162. [CrossRef]

Ou, YK,; Wang, Y.L.; Chang, H.C.; Chen, C.C. Design and Development of a Wearable Exoskeleton System for Stroke Rehabilita-
tion. Healthcare 2020, 8, 18. [CrossRef]

Dudkowiak, A.; Dostatni, E.; Rojek, I.; Mikotajewski, D. The Environmental Analysis of a Product Manufactured with the Use of
an Additive Technology. In Advances in Manufacturing III: Production Engineering: Research and Technology Innovations, Industry
4.0; Trojanowska, J., Kujawiriska, A., Machado, J., Pavlenko, I., Eds.; Lecture Notes in Mechanical Engineering; Springer: Cham,
Switzerland, 2022; Volume 2, pp. 76-89. ISSN 2195-4356.

Rojek, I.; Mikotajewski, D.; Dostatni, E.; Macko, M. AI-Optimized Technological Aspects of the Material Used in 3D Printing
Processes for Selected Medical Applications. Materials 2020, 13, 5437. [CrossRef] [PubMed]

Rojek, I.; Mikotajewski, D.; Kotlarz, P; Tyburek, K.; Kopowski, J.; Dostatni, E. Traditional Artificial Neural Networks versus Deep
Learning in Optimization of Material Aspects of 3D Printing. Materials 2021, 14, 7625. [CrossRef] [PubMed]

Rojek, I.; Mikolajewski, D.; Kopowski, J.; Kotlarz, P.; Piechowiak, M.; Dostatni, E. Reducing Waste in 3D Printing Using a Neural
Network Based on an Own Elbow Exoskeleton. Materials 2021, 14, 5074. [CrossRef] [PubMed]

Kopowski, J.; Mikotajewski, D.; Kotlarz, P.; Dostatni, E.; Rojek, I. A Semi-Automated 3D-Printed Chainmail Design Algorithm
with Preprogrammed Directional Functions for Hand Exoskeleton. Appl. Sci. 2022, 12, 5007. [CrossRef]

Rojek, I.; Kopowski, J.; Kotlarz, P.; Dorozyniski, J.; Dostatni, E.; Mikotajewski, D. Deep Learning in Design of Semi-Automated 3D
Printed Chainmail with Pre-Programmed Directional Functions for Hand Exoskeleton. Appl. Sci. 2022, 12, 8106. [CrossRef]

Li, N.; Yang, T.; Yu, P,; Chang, J.; Zhao, L.; Zhao, X.; Elhajj, LH.; Xi, N.; Liu, L. Bio-inspired upper limb soft exoskeleton to reduce
stroke-induced complications. Bioinspir. Biomim. 2018, 13, 066001. [CrossRef]

Cui, L.; Phan, A.; Allison, G. Design and fabrication of a three dimensional printable non-assembly articulated hand exoskeleton
for rehabilitation. In Proceedings of the 2015 37th Annual International Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC), Milan, Italy, 25-29 August 2015; pp. 4627—4630. [CrossRef]

Rojek, I.; Kowal, M.; Stoic, A. Predictive compensation of thermal deformations of ball screws in CNC machines using neural
networks. Teh. Vjesn. 2017, 24, 1697-1703. Available online: https:/ /hrcak.srce.hr/file /280258 (accessed on 12 November 2022).
Rojek, I. Models for Better Environmental Intelligent Management within Water Supply System. Water Resour. Manag. 2014, 28,
3875-3890. [CrossRef]

Rojek, I. Classifier models in intelligent CAPP systems. In Man-Machine Interactions; Cyran, K.A., Kozielski, S., Peters, J.F,,
Stanczyk, U., Wakulicz-Deja, A., Eds.; Advances in Intelligent and Soft Computing; Springer: Berlin/Heidelberg, Germany, 2009;
pp. 311-319. [CrossRef]

Rojek, I. Neural Networks as Prediction Models for Water Intake in Water Supply System. In Artificial Intelligence and Soft
Computing—ICAISC 2008, Proceedings of the 9th International Conference, Zakopane, Poland, 22-26 June 2008; Rutkowski, L.,
Tadeusiewicz, R., Zadeh, L.A., Zurada, ].M., Eds.; Lecture Notes in Computer Science; Springer: Berlin/Heidelberg, Germany,
2008; Volume 5097, pp. 1109-1119. [CrossRef]

Kawala-Janik, A.; Bauer, W.; Zolubak, M.; Baranowski, J. Early-stage pilot study on using fractional-order calculus-based filtering
for the purpose of analysis of electroencephalography signals. Stud. Log. Gramm. Rhetor. 2016, 47, 103-111. [CrossRef]
Baranowski, J.; Bauer, W.; Zagoérowska, M.; Kawala-Janik, A.; Dziwinski, T.; Piatek, P. Adaptive non-integer controller forwater
tank system. In Theoretical Developments and Applications of Non-Integer Order Systems; Lecture Notes in Electrical Engineering;
Springer: Cham, Switzerland, 2016; Volume 357, pp. 271-280.

Keeling, A.B.; Piitz, M.; Semrau, ].A.; Hill, M.D.; Scott, S.H.; Dukelow, S.P. Robot enhanced stroke therapy optimizes rehabilitation
(RESTORE): A pilot study. J. Neuroeng. Rehabil. 2021, 18, 10. [CrossRef]

Shi, K.; Mu, F,; Huang, R.; Huang, K.; Peng, Z.; Zou, C.; Yang, X.; Cheng, H. Multimodal Human-Exoskeleton Interface for Lower
Limb Movement Prediction Through a Dense Co-Attention Symmetric Mechanism. Front. Neurosci. 2022, 16, 796290. [CrossRef]
Gerardin, E.; Bontemps, D.; Babuin, N.T.; Herman, B.; Denis, A.; Bihin, B.; Regnier, M.; Leeuwerck, M.; Deltombe, T.; Riga, A.;
et al. Bimanual motor skill learning with robotics in chronic stroke: Comparison between minimally impaired and moderately
impaired patients, and healthy individuals. J. Neuroeng. Rehabil. 2022, 19, 28. [CrossRef]

Shahid, T.; Gouwanda, D.; Nurzaman, S.G.; Gopalai, A.A. Moving toward Soft Robotics: A Decade Review of the Design of Hand
Exoskeletons. Biomimetics 2018, 3, 17. [CrossRef]

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


http://doi.org/10.1016/j.reth.2021.05.001
http://doi.org/10.1007/s00113-022-01270-0
http://doi.org/10.1186/s12891-022-05126-x
http://doi.org/10.1186/s12984-019-0633-6
http://doi.org/10.3390/healthcare8010018
http://doi.org/10.3390/ma13235437
http://www.ncbi.nlm.nih.gov/pubmed/33260398
http://doi.org/10.3390/ma14247625
http://www.ncbi.nlm.nih.gov/pubmed/34947222
http://doi.org/10.3390/ma14175074
http://www.ncbi.nlm.nih.gov/pubmed/34501164
http://doi.org/10.3390/app12105007
http://doi.org/10.3390/app12168106
http://doi.org/10.1088/1748-3190/aad8d4
http://doi.org/10.1109/EMBC.2015.7319425
https://hrcak.srce.hr/file/280258
http://doi.org/10.1007/s11269-014-0654-7
http://doi.org/10.1007/978-3-642-00563-3_32
http://doi.org/10.1007/978-3-540-69731-2_104
http://doi.org/10.1515/slgr-2016-0049
http://doi.org/10.1186/s12984-021-00804-8
http://doi.org/10.3389/fnins.2022.796290
http://doi.org/10.1186/s12984-022-01009-3
http://doi.org/10.3390/biomimetics3030017

	Introduction 
	Exoskeletons as 3D-Printed Medical Devices 
	Own Studies 
	Planning and Production Cycle 
	Support of the User Movement 
	Selection of Materials for the Exoskeleton 
	Design of the Exoskeleton 
	MDR Directive and ISO 13485, ISO 10993 Standards 
	Intellectual Property Rules 
	Product or Service Dilemma 

	Discussion 
	Findings and Their Implications 
	Limitations of the Own Studies 
	Future Research Directions 

	Conclusions 
	References

