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Abstract

A new set of manufacturing technologies has emerged in the past decades
to address market requirements in a customized way and to provide sup-
port for research tasks that require prototypes. These new techniques and
technologies are usually referred to as rapid prototyping and manufactur-
ing technologies, and they allow prototypes to be produced in a wide range
of materials with remarkable precision in a couple of hours. Although they
have been rapidly incorporated into product development methodologies,
they are still under development, and their applications in bioengineering
are continuously evolving. Rapid prototyping and manufacturing technolo-
gies can be of assistance in every stage of the development process of novel
biodevices, to address various problems that can arise in the devices’ inter-
actions with biological systems and the fact that the design decisions must
be tested caretully. This review focuses on the main fields of application for
rapid prototyping in biomedical engineering and health sciences, as well as
on the most remarkable challenges and research trends.
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1. PRODUCT DEVELOPMENT AND RAPID
PROTOTYPING TECHNOLOGIES

Rapid prototyping and manufacturing technologies allow researchers to generate physical parts
in a short period (hours or days), directly from designs created via computer-aided design (CAD),
computer-aided engineering (CAE), and computer-aided manufacturing (CAM) programs (see
Figure 1). Such technologies significantly help optimize design iterations, allowing for the early
detection of errors and speeding up the whole development process. They are generally based on
automatic, additive, layer-by-layer manufacturing processes (also referred as layer manufacturing
technologies). In some cases, fast manufacturing processes that involve material removal, such as
high-speed numerical control machining, are also included within the concept of rapid prototyp-
ing, although the term usually describes additive processes. The various technologies available can
operate and manufacture—with outstanding precision—prototypes that incorporate a wide range
of metals, ceramics, or polymers and those that can have cither a synthetic or biological origin (1, 2).

Remarkable technologies (and associated materials) that have a significant impact on the
evolution of the rapid prototyping industry include laser stereolithography (photosensitive
polymers), selective laser sintering (polymer powder, usually nylon or ceramic powder), 3D
printing {powder with binder or liquid resins), or fused deposition modeling (thermoplastics).
All of these are based on deposition processes or layered manufacturing, which facilitate the
creation of complex geometries, including inner details, carried out directly from the associ-
ated CAD files. Several design guidelines and user forums provide additional information on



Example: Stent design produced Conversion to .stl format/polyhedrization, Automatic layer-by-layer prototype
with help of CAD software introduction of CAD file in RP machine manufactured according to the CAD geometry

Figure 1

Schematic description of the rapid prototyping (RP) process using the SLA® 3500 laser stereolithography system from 3D Systems,
Tne. Abbreviations: CAD, computer-aided design; stl, standard tessellation language.

conventional rapid prototyping technologies (1; see also http://www.prototypezone.com/ and
http://www.crptechnology.com/sito/en.html).

Other, more recent technologies offer an optimized precision of a few micrometers or even
hundreds of nanometers. Because of this precision, these technologies are specifically applicable
to biomedical engineering; for example, they can help in manufacturing implantable devices or
scaffolds for tissue engineering processes. These technologies are analyzed and compared in detail
in Section 3.3.

Technologies known as rapid tooling technologies within rapid manufacturing are also note-
worthy, as they can produce tools and parts for injection molds quickly and economically, by
reproducing the geometry of physical models, by using shape-copying processes, or by directly
manufacturing such tools and parts in an additive way through rapid prototyping processes. How-
ever, rapid tooling technologies are not frequently applied to biomedical engineering, as they are
more oriented toward small-series and preseries production. In biomedical engineering, solutions
are often customized to suit patients, so a single prototype usually suffices.

Almost all departments involved in the process of launching a new product benefit from the
systematic use of these rapid prototyping technologies. A previous prototype is a physical com-
munication tool that reduces the risk of possible misinterpretation, which may occur if only CAD
designs or plans are used, and allows subjective features (aesthetics, ergonomies) to be analyzed.
Rapid prototyping technologies can also be used to perform tests of assembly and interference
in order to check the designs. In addition, functional prototypes can also be produced to verify
the performance of parts and products, although sometimes with certain mechanical limitations,
depending on the materials and technologies used. They dramatically improve the relationship
between customers and suppliers and often help promote improvements in both the design and
production processes. Furthermore, owing to the development of new combinations of technolo-
gies and materials, rapid prototyping technologies and the prototypes they generate allow for
customized approaches, which are of great interest to the biomedical industry (see below).

Figures 2 and 3 show the results of a search performed using Thomson Reuters’s Web of
Knowledge™ database in January 2011, including data on the numbers of scientific papers and
patents related to rapid prototyping technologies (I'igure 2) and information on the key arecas of
application (Figure 3). Statistics relating to publications (taken from the Science Citation Tndex)
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‘I'rends in the number of scientific papers and patents related to the subjects of rapid prototyping and rapid
manufacturing over the past three decades. Data from Thomson Reuters’s Web of KnowledgeS™ database,
January 2011.

show the scientific impact of studies in rapid prototyping, whereas the data on patents (taken from
the Derwent Innovations Index) are more linked to the technological transfer to society and to
their industrial success.

Searches using the character string “rapid prototyping” or “rapid manufacturing” yielded 7793
papers and 876 patents covering the period from the early 1980s to the end of 2010 (Figures 2 and
3). Tt is possible that papers referring to the brand names of the rapid manufacturing technologies
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"The main fields of application for rapid prototyping technology. Data from Thomson Reuters’s Web of
Knowledge®™ database, January 2011. Abbreviation: ICT, information and communication technologies.



rather than the aforementioned search terms might have been excluded from the search results.
Nevertheless, we believe that the size of the sample is sufficiently significant.

Regarding scientific papers, we can appreciate a major increase since the early 1990s, when
some key technologies such as laser stereolithography and selective laser sintering began to be
commercialized, usually for research centers, universities, and large multinational corporations in
the automotive and aeronautics industries. The numbers of patents, which are more related to the
industrial impact of these technologies, show a characteristic 5-year delay in growth relative to
the numbers of scientific papers published, as papers are more closely linked to areas of research.

One of the main areas of application of rapid prototyping technologies is the field of “tradi-
tional” engineering—including mechanical, naval, and aeronautical engineering—which makes
up almost 30% of the papers found (Figure 3). These papers generally describe experiments re-
lated to studies of shapes and geometries, stress and strain analysis, design validations, wind-tunnel
aerodynamic studies, and ergonomic evaluations, among others.

Papers describing biomedical engineering applications, because of their special importance
for this review and because of their strong multidisciplinary nature, were collected separately
from those describing traditional engineering applications. Also collected separately were papers
describing applications in information and communication technologies, automation, robotics,
and architecture, owing to specific connotations arising from their novelty and their connection
to numerous other fields, even including art.

After traditional engineering, computer science, biomedical engineering, and materials science
represent the three most important fields of application, with rates of related papers at approx-
imately 15% each. Biomedical engineering has numerous research targets in various different
areas in which the use of rapid prototyping presents an increasingly important alternative to more
traditional diagnostic and therapeutic solutions. We discuss this in detail (Section 2) and then con-
sider the great potential rapid prototyping may have in the near future, especially in the field of
biomedical engineering, owing to remarkable synergies with other technological advances that are
currently under way (Section 3). We also discuss current challenges and future research proposals
regarding the application of rapid prototyping in biomedical engineering {Section 4).

2. MAIN FIELDS OF APPLICATION
2.1. Biomodels and Prototypes for Diagnosis

The development of biological and anatomical models was one of the first and most important fac-
tors that helped introduce rapid prototyping technologies into the biomedical field. These models
are usually customized, according to the patient or field of study, to assist pathology diagnosis
and subsequent decisions regarding surgery or pharmaceutical treatment. In many cases, having
physical prototypes that reproduce the morphology of patients’ internal organs is particularly
useful for considering later actions, as the prototypes often provide information that is more valu-
able and easier to interpret than images produced by conventional medical imaging technologies
[e.g., X-ray, computed tomography (C'T), nuclear magnetic resonance (NMR), positron emission
tomography].

Interesting diagnostic studies have been conducted in various branches of medicine, including
general surgery, pneumology (3), maxillofacial surgery (4), traumatology (5), and gynecology (6).
In these studies, the use of anatomical models or the implementation of test benches with replicas
of organs and tissues—produced using rapid prototyping and manufacturing technologics—has
made the tests more realistic and improved the final results. The educational implications of such
anatomical models in diagnostic tasks are remarkable, as discussed in Section 4.



In relation to diagnostic tasks, it is also becoming increasingly crucial to optimize the develop-
ment and capabilities of lab-on-a-chip devices: microsystems that perform the various functions
of a laboratory within a few square centimeters. These devices can be used to analyze blood sam-
ples, extract DINA samples, and perform antigen-antibody reactions—in a way that is more rapid,
controlled, economical, and cost-effective. Manufacturing lab-on-a-chip devices usually requires
obtaining a multitude of microchannels (or even nanochannels), which help manage the distribu-
tion of reagents and reaction products. To this end, certain rapid prototyping technologies have
already been successfully applied to produce devices made of polymer (7), wax (8), and glass (9).
Advances in biomimetic CAD and CAE, together with novel capabilities provided by imaging and
imaging-based design technologies (see Sections 3.1 and 3.2), can bring enhanced precision and
realism to biomodels for diagnosis.

2.2. Biomodels for Surgical Training, Planning, and Procedures

Another area of biomedical engineering in which rapid prototyping technologies are being fre-
quently applied is the production of biological and anatomical models to support surgical training
and planning tasks, as well as the development of prototypes to simplify surgical procedures.
Groundbreaking research has been done in the production of prototypes for biological models
that are used to plan surgical operations in fields as diverse as neurology (10), traumatology (11),
and maxillofacial surgery (12, 13).

In some cases, rapid customized prototyping supports or complements virtual 3D reconstruc-
tion technologies by helping implement physical test benches for surgical training. Tn other words,
training processes using physical models can be combined with virtual training, sometimes with
additional help from haptic teleoperators, to create more multidisciplinary training programs and
learning methodologies for future surgeons. They may also improve the planning of operations,
as described in research relating to the digestive tract (14), heart surgery (15), and maxillofa-
cial surgery (16), for example. The extension of physical models obtained by rapid prototyping to
other fields of surgery—especially laparoscopie, arthroscopic, and minimally invasive surgeries—is
direct and indeed worthy of study.

World-famous operations relating to the separation of Siamese twins deserve special mention.
These operations are highly complex and time-consuming, and proper planning is crucial to
minimize the significant risks involved. Examples include an operation performed at the Mattel
Children’s Hospital at the University of California, Los Angeles, which depended on a close
collaboration between the craniofacial surgery team and designers from Biomedical Modeling
Inc. (who obtained CAD models of the twins’ skulls in .stl format using tomography), as well as
the support of InterPRO (which made physical rapid prototypes of the skulls to plan the operation).

As for the rapid manufacture of tools and customized accessories to facilitate surgical proce-
dures, it is worth mentioning experiments related to joint implants (17), dentistry (18), and otorhi-
nolaryngology (19}, in which percutaneous procedures are becoming more frequent. In dentistry,
customized splints generated by rapid prototyping technologies are starting to be widely used
by dentists performing dental implants. These splints, successfully marketed by Materialise NV
(Leuven, Belgium), help guide the drill holes made in the jaw or maxilla and help minimize the
risk of damage to nerves and adjacent tissues. Advances in medical imaging and related design
technologies will help with further developments, as detailed in Section 3.2.

2.3. Direct Manufacture of Implantable Devices for Hard-Tissue Replacement

In addition to the development of models for surgical training and planning, the direct manufac-
ture of customized implantable medical devices has been, in the past two decades, another main



bioengineering area at which rapid prototyping technologies have been aimed. Major experiments
have been performed to test their application in numerous surgical procedures, including bone
and joint reconstruction (20, 21) and cranioplasty or facial reconstruction, usually after traffic
accidents (22, 23).

In these cases, rapid prototyping technologies such as electrobeam melting and laser fusion
are used to directly generate meshes, structural supports, or complete implants made of titanium,
titanium alloys, or cobalt-chromium alloys. Also, technologies such as selective laser sintering that
work on ceramic materials are employed to produce prototypes with properties similar to those
of the bones to be replaced.

However, to optimize the personal approach, it is important to continue making parallel ad-
vances in medical imaging technologies and to pay close attention to aspects such as standardization
and quality control, so as to obtain completely safe products for the patients. The requirements
for these products should be similar to those imposed on mass-produced parts by multinational
companies, and the use of final rapid-prototyped parts and devices should not be limited simply
because they are not mass produced.

"The use of customized implants occurs only in exceptional cases, almost always in the context
of research projects, as limitations imposed by the costs and time involved usually mean that cus-
tomized prostheses or implants are unable to compete with standard mass-produced alternatives.
Novel approaches enabled by recent rapid prototyping and manufacturing technologies, which are
enhancing the production of end products with properties similar to or better than those obtained
using traditional alternatives, can greatly promote these types of medical applications.

2.4. Direct Manufacture of Implantable Devices for Soft-Tissue Replacement
T'o date, most cases in which rapid prototyping technologies have been applied successfully to
bioengineering in combination with information from medical images have been preoperative
studies, surgical operation planning, and the development of implants for bone reconstruction.
"The difference in density between bone and the soft surrounding tissues means that bones are
clearly visible with all types of medical imaging technologies. For that reason, software packages
that convert information from medical images into CAD files with detailed information about
the geometries of organs and tissues are especially effective when replicating the morphology of
bones. On the basis of these virtual replicas, designing implants that replace or adapt to the bones
under study is easy.

However, soft body tissues and structures have densities similar to those of the surrounding
blood and body fluids, meaning that the automatic transition from images to CAD files, with
the required geometries of interest, becomes complicated. In many cases, this transition requires
step-by-step design interventions that increase the extent and cost of the design process.

Nevertheless, improvements in imaging systems and in design software based on information
from medical images have led to promising experiments related to the development of implants
adapted to soft tissues for interventional cardiology (24) and facial reconstruction (25). 'The latter
includes the customized development of ear (26) and nose (27) replicas for cosmetic procedures that
temporarily compensate for injuries caused by accidents or for previous tumor-removal surgery.
Tuture improvements are especially linked to advances in technologies and procedures described
in Section 2.5.

2.5. Direct Manufacture of Orthotic Devices for Performance Enhancement

Some of the earliest applications of rapid prototyping in bioengineering were in the fields of
ergonomics and orthotics. These applications included the development of individualized devices



and consumer products that were designed ad hoc, taking into account the anatomy of patients
with reduced mobility. As these customizations concern nonimplantable devices (e.g., toys, kitchen
utensils, orthoses), they involve far less risk to patients; therefore, they require fewer controls than
those required by implantable devices before being placed on the market.

Moreover, when designing and manufacturing prototypes for nonimplantable ergonomic de-
vices, there is no need to use medical imaging technologies such as NMR and CT, which are
expensive and sometimes difficult to access. Instead, researchers can use more conventional 3D
scans of the patient’s anatomy, normally on the basis of optical processes such as laser measure-
ment and digitalization from photographs. Anthropometric measurements by contact devices may
also be useful for getting an idea of the geometries of interest, to which the ergonomic designs
have to adapt. These types of measurements simplify and lower the cost of the design process, as
no specific software to manage information from medical images is needed.

There are interesting examples of customized seats for toy cars and quads designed for chil-
dren with major back problems and even with reduced mobility. A noteworthy example is Europe’s
Flagship R&ID Project for Rapid Manufacturing: Custom-Fit, which involves more than 30 organi-
zations. In this project, toy cars and quads were customized for children with anatomical problems
through the incorporation of personalized rapid-prototyped seats, adjustments, and safety mea-
surements to enhance the toys” overall security and comfort (28, 29). These customizations can
serve as a complement to other ad hoc devices that result from technological advances in mobility
and adaptation to the environment. Such devices already incorporate assistance technologies such
as GPS, sensor networks, and augmented reality (30).

Also important, in relation to customized products, is the development of orthoses, such as
splints and insoles (31, 32) and femoral adaptation frames for prosthetic tibia that offer improved
tunctionality and comfort for patients with amputations (33). Products of this nature are also
starting to benefit from the possibility of incorporating monitoring systems to diagnose cer-
tain diseases or to study the evolution of injuries, as also occurs with other prosthetic devices
(34).

2.6. Direct Manufacture of Biodevices Based on Intelligent Materials

In recent decades, numerous active materials have emerged in parallel with rapid prototyping
technologies. These multifunctional, “intelligent” or “smart™ materials are capable of respond-
ing, in a reversible and controllable manner, to various external physical or chemical stimuli by
modifying some of their properties. Because of their sensitivity and performance, these materials

can be used to develop sensors, actuators, and multifunctional systems
systems—that have numerous applications in architecture, information and communication tech-
nologies, acronautics, biomedicine, automation and machinery, and the development of consumer

also known as intelligent

items.

The advantages of integrating multiple functions into one system include reductions in sizes
and costs of final devices, which also help increase the size of production series and related overall
efficiency. These active materials may play a decisive role in future applications, as they combine
electrical, thermal, chemical, optical, magnetic, and mechanical magnitudes. These materials occur
in various forms—inorganic, metallic and organic, natural or synthetic—and are sensitive to a wide
variety of physical and chemical phenomena (35).

Studies have been carried out on the application of rapid prototyping technologies to promote
and assist the integration of smart materials in complex devices. This research has focused mostly
on electroactive polymers (36) and shape-memory polymers, which researchers have attempted to
combine with other smart materials (e.g., Peltier elements, conductive textiles) to facilitate their



activation process (37, 38). Rapid prototyping can be directly applied to the integration of many
types of smart materials in multifunctional devices and can greatly assist the production of more
compact and versatile systems.

Some studies have described specific developments in “intelligent” or active prostheses that
are capable of controlled responses to various stimuli and, therefore, have the potential to
replace conventional passive prostheses. Several projects have focused on the development of
prosthetic hands that allow for controlled finger movement (39, 40) and on the improvement of
the capabilities of anthropomorphic robots (41).

We should also mention research relating to the development of smart scaffolds for tissue en-
gineering, with capabilities such as the controlled delivery of drugs or progressive biodegradation.
This research seeks to optimize certain developments in the field of tissue engineering, which we
discuss in the following section (42).

2.7. Biodevices for Tissue Engineering

Tissue engineering combines biological and engineering expertise to provide artificially de-
veloped substitutes for tissues and organs, hence promoting repair and replacement therapies.
A key element involved in tissue engineering processes is the matrix or scaffold, which serves
as a substrate or framework for cell growth, aggregation, and tissue development (43). These
scaffolds must be porous to allow cell migration during the colonization process and to allow
the transport of nutrients and waste to and from cells. Moreover, cells are able to sense their
microenvironment and the substrate texture on which they lie by changing their morphology,
their cytoskeleton configuration, and their intra- and extracellular signaling. For this reason,
efforts are increasingly being focused on design and manufacturing technologies able to generate
and modify the structure and surface of biomaterials (44, 45).

Aspects such as porosity, pore size, and surface microtexture promote cell adherence, migra-
tion, and proliferation within the scaffold, for subsequent differentiation into relevant cell types.
Thus, the scaffold plays a fundamental role in most tissue engineering strategies as its properties
can greatly influence the overall success of new tissue formation. Therefore, the controlled fab-
rication of scaffold structures is becoming increasingly important in these modern approaches to
regenerative medicine (46, 47).

Not only is the structure of the scaffold important, but modifications to its surface may also
have a significant effect (48-50). Some in vitro studies have focused on the influence of pore
size and surface microtexture on cell growth and aggregation (51, 52). Iowever, these studies
did not use a rapid prototyping approach, which has proven useful in introducing systematic
variations for methodical validations. Abrasives or corrosive chemicals are generally used to obtain
such microtextures and microstructures, and precisely controlling the final characteristics and the
related biological aspects can be difficult. Recently, hydrogel porogens have been proposed as
an alternative to overcome certain limitations in conventional scaffold fabrication techniques,
although additional in vitro validation is still pending (53).

Rapid prototyping, in combination with medical imaging and CAD-CAE software, is proving to
be a powerful tool in the design and manufacture of scaffolds because it allows complex geometries
to be produced, usually in an additive way, using a wide range of materials (54). Several scaffolds
with controlled microstructures have already been manufactured using different rapid prototyping
technologies such as selective laser sintering (55), layered hydrospinning (56), laser stereolithog-
raphy (57), digital light projection (58), and two-photon lithography (59) and different materials
such as hydrogels (60}, gelatin (47), titanium alloys (61), some photopolymers (62), and ceramics
(63).
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Figure 4

Schematic description of tissue engineering using rapid-prototyped scaffolds: from computer-aided design (CAD) model to cell culture
for further in vitro and in vive studies, Additional details regarding the design, manufacturing, and cell culture processes can be found
in Reference 66.

However, in vitro validation of such rapid-prototyped scaffolds is less common, as most pro-
cesses and materials cannot be combined in a way that promotes biocompatibility without generat-
ing toxic components. Nevertheless, some highly interesting research has already been published
(63). Recent advances in the field of biomedical polymers (64), together with exhaustive research
on the development of 3D bioplotters (e.g., envision TEC Gmbl] of Gladbeck, Germany) and 3D
cell printing (65), will bring new opportunities to this area. However, access to such materials and
technologies is not always possible, as some are still under development.

Figure 4 shows the conventional stages followed when rapid prototyping technologies are used
to promote tissue engineering studies. The process begins with a CAD model of the scaffold’s
geometry for subsequent additive manufacturing and cell culture. Then, in vitro trials are carried
out to accomplish cell differentiation or pharmaceutical assessment. Finally, in vivo trials in ani-
mal models are conducted to validate novel therapeutic approaches and even final implantation.
Additional details can be found elsewhere (66) and in the references mentioned above.

Tissue engineering is closely linked to new trends in biomanufacturing, as detailed in
Section 2.8. Of all the application areas discussed in Section 2, tissue engineering has shown
the fastest growth in the past five years in terms of the application of rapid prototyping technolo-
gies. "This growth is summarized in the following section, although its great potential has already
been described (67, 68).

2.8. Summary of Applications

Figures 5 and 6 show the results of a search on 1170 articles in Thomson Reuters’s Web of
Knowledge™ for the applications of rapid prototyping in the biomedical engineering and health
sciences. The search, carried out in January 2011, was performed using “rapid prototyping” as the
search topic. The papers of interest were then refined by selecting fields related to bioengineering
and biotechnology.

Rapid prototyping technologies, especially in the past two decades, have brought effective so-
lutions to many fields of bioengineering and health sciences, including surgery, traumatology,
orthopedics, dentistry, internal medicine, neurology, interventional cardiology, and cell biology,
as well as many other notable examples. Where implants are concerned, the rapid prototyping
technologies are already well established, and they are used to complement conventional proce-
dures. Dentistry isa prime example, in part because dental surgery rarely represents a danger to the
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Applications for rapid prototyping in bioengineering, according to field. Data from Thomson Reuters’s Web
of Knowledge®™ database, January 2011.

patient’s life. Moreover, personalized approaches in dentistry are common owing to the aesthetic
importance of customized implants and to the high added value (and marketing) involved in the
use of these technologies for professional dentists and aestheticians. In other fields such as tissue
engineering, despite its remarkable growth over the past five years, the use of these technologies
is still limited to research, and most experiments are still conducted on animal models.

‘The leading uses for rapid prototyping technologies are the development of models for diag-
nosis, the development of models for surgical planning and training, and the direct manufacture
of implants for bone reconstruction, all of which account for almost 60% of applications. Ap-
proximately 14% of research relates to the development of prototypes for tissue engineering,
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Applications for rapid prototyping in bioengineering, according to objective pursued. Data from Thomson
Reuters’s Web of Knowledge® database, January 2011.



although this field accounts for 40% of the scientific papers published in the past five years on the
use of rapid prototyping in bioengineering; thus, tissue engineering is the most relevant field at
present.

3. SUPPORT TECHNOLOGIES

When science and technology progress simultancously in various disciplines, the result is a gradual
blend of different areas of knowledge. These areas of knowledge influence one another, and their
boundaries, once clearly identifiable, gradually dissolve, giving rise to new fields of study that
require knowledge of different subjects and benefit from collaboration among rescarchers. As
a result, researchers are increasingly working in multidisciplinary teams to carry out complex
projects.

To take advantage of this gradual dissolution of boundaries between fields of knowledge, it
is essential to be alert to the scientific and technological advances oceurring in related fields and
to analyze systematically how such advances can be mutually beneficial. Listed below are some
areas in which recent advances can help greatly enhance the industrial impact of rapid prototyping
technologies, especially in their application to bioengineering.

3.1. Advances in Biomimetic Computer-Aided Design and Engineering

Several studies have focused on the importance of surface topography and microtexture in promot-
ing positive effects in biomedical devices, such as implantable prostheses, extracellular matrices,
and scaffolds for cell and tissue growth. These microtextures have a significant influence on the
osscointegration of prostheses, on cell proliferation, and on tissue growth, as cells and tissues seem
to be more “comfortable” when faced with biodevices that have surface properties similar to those
of original tissues.

However, the process of introducing a desired roughness on the surfaces of a human-made
object is still mainly performed by machining, laser processing, or chemical attacks. In all these
cases, postprocessing operations can be difficult to control, and it would be far more practical to
directly impose biomimetic topographies from the design stage. Fractal models that mimic such
natural surfaces can be useful for designing advanced biodevices with special surface topographies
and microtextures.

Fractals are rough or fragmented geometric shapes that can be split into parts, each of which is
(at least approximately) a reduced-size copy of the whole. The term fractal was coined by Benoit
Mandelbrot in 1975 and derives from the Latin fractus meaning “broken” or “fractured.” The
term is used to describe complex self-similar geometries that are too intricate to be formulated in
conventional Fuclidean terms and that are usually defined with simple recursive procedures.

From the earliest studies on fractal geometry, it became clear that fractals could be used to
describe the geometries, patterns, and roughness of natural objects. Although fractals are consid-
ered to be infinitely complex (owing to their recursive definitions), approximate fractals are easily
tound in natural objects, which usually display self-similar structure over an extended, but finite,
scale. Limiting the steps applied in a recursive definition of a conventional fractal yields approxi-
mate fractals, which mimic complex natural geometries. Natural objects that are approximated by
fractals include clouds, mountains, lightning bolts, coastlines, snowflakes, various vegetables, and
several corporal geometries (69, 70).

During the past decade, attention has been increasingly given to the use of fractals in modeling,
design, and simulation tasks in several areas of bioengineering. The most notable research includes
modeling the behavior of microorganisms (71), modeling complex organisms and their systems



(including human anatomy) (72), and modeling the surfaces of organs and tissues (73). These fractal
models of biological objects have been combined with the capabilities of CAD, with engineering
and manufactaring software, and with the advances made in rapid prototyping technologies. The
result has been the ability to generate designs and prototypes of biomedical devices capable of
mimicking the surfaces of organs and tissues, thus improving the designs and in vivo performance
of several prosthetic devices.

Some proposals for tissue engineering have already been analyzed, including the conversion
of fractal models into .stl format for subsequent prototyping tasks, although some limitations
regarding the accuracy needed to describe all the fractal features adequately still have to be over-
come (57). Progress in micro— and nano—rapid prototyping will promote such detailed biomimetic
approaches, as described in Sections 3.3 and 3.4.

3.2. Imaging and Imaging-Based Design Technologies

The first medical imaging technologies used to support the production of customized devices were
NMR (74) and X-ray-based technologies, usually with C'I" (75). However, progress is continually
being made in developing new technologies, or in increasing the accuracy of existing ones, to
obtain devices with higher-quality designs that are more suitable to patients (76). Multislice CT,
for example, helps minimize the effect that the movement of muscular structures (e.g., the heart)
has on data collection and on customization, and it even can be applied to soft tissues (25). Recent
developments in microC'T allow an accuracy of a few tens of micrometers and are already providing
solutions for some customized implants that require high precision (77, 78).

All this progress is enhanced by software that is capable of handling medical images and by the
images’ subsequent connection to CAD-CAE-CAM programs, which have improved significantly
in recent years, particularly since the implementation of the DICOM standard (digital imaging
and communications in medicine) for information exchange. Remarkable examples of this kind
of software include Mimics and SimPlant® (Materialise NV) and Medco (PRISM Consulting
Services). This type of software can also simulate the in situ behavior of the associated devices,
generally using CAE programs that carry out calculations based on the finite element method.
These calculations help researchers verify design decisions before manufacturing prototypes for
testing and final validation (79, 80).

Figure 7 includes a general outline of the customized design process for biodevices that uses
imaging technologies in combination with CAD, CAE, and CAM tools. It also shows how rapid
prototyping technologies can be used to complement these processes to achieve various outcomes.
The developments shown have been carried out at the Product Development Laboratory of the
Universidad Politécnica de Madrid; additional information can be found in References 25 and

35.

3.3. Novel Micro-Rapid Prototyping Technologies for Advanced Biomaterials

As mentioned above, conventional rapid prototyping technologies (those that have provided con-
tinued service to different industries for approximately two decades) can produce parts within a
few hours out of various materials such as polymers, alloys, and ceramics, usually additively and
with a 150-500-pm degree of precision. However, since the beginning of the twenty-first cen-
tury, significant advances have been made in developing new rapid prototyping technologies that
can produce geometries with greater detail and use biomaterials such as collagen, agar, alginate,
hydroxyapatite, calcium phosphate, chitin, gelatins, bioink, and biopolymers such as polycapro-
lactone, poly(lactic acid), poly(glycolic acid), and even spider silk.
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Figure 7

Overall production process of customized biodevices, combining information from medical images with the functions of rapid design
and manufacturing. Examples of biodevice designs customized for soft and hard tissues include a reinforcement annuloplasty ring for a
heart valve, an expandable stent, and a femoral prosthesis, along with the results of finite element method simulations and physical
prototypes for surgical research and interventions. Abbreviadons: CAD, computer-aided design; CT, computed tomography;

FEM, finite element method; NMR, nuclear magnetic resonance; stl, standard tessellation language.

These technologies are therefore increasingly able to produce devices (whether orthotic,
prosthetic, or implantable) suitable for working in close contact with biological tissues, thereby
increasing the impact of these manufacturing tools in the biomedical and health sciences sectors.
Early research was done in laser microstereolithography by the Fcole Polytechnique Fédérale
de Lausanne and the Laser Zentrum Hannover, although recent years have seen the emergence
of many other technologies that offer sufficient precision for most applications, including those
involving interactions at the cellular level (see Table 1).

3.4. Nanomanufacturing for Interacting at a Molecular Scale

Advances in additive microfabrication have already made it possible to interact at the cellular level
in numerous processes involved in tissue engineering and related studies (e.g., the generation of
microchannels to analyze cell motility or surface microtextures to promote the growth of certain
tissue types). All these processes can be further optimized through the use of nanofabrication
technologies, which help produce certain interactions at the molecular level and promote chem-
ical, tribological (contact), or fluidic phenomena in combination with the highly precise rapid
prototyping technologies shown in "T'able 1.



Table 1 Comparison of high-precision rapid manufacturing processes

Working
Technology Precision Materials principle
Two-photon polymerization Approximately 200 nm | Photopolymers Additive
Microstereolithography 5-35 um Photopolymers Additive
Digital light processing 50 pum Photopolymers Additive
Bioplotters and bioprinters® 250-400 pm Biological materials Additive
Laser micromachining 15-100 pm Organic and Subtractive
inorganic materials
X-ray-based microfabrication 100 nm—=100 pum Metals, plastics, glass, | Subtractive
ceramics
Pressure-assisted microsyringe 10-600 pm Biopolymers Additive
Robocasting 100-1000 pum Organic ink Additive
Conventional 3D printers 250400 pun Waxes, polymers Additive
Conventional stereolithography 150-300 pm Photopolymers Additive
Conventional fused deposition 350-500 pm Waves, Addidve
modeling thermoplastics
Conventional CNC machining 75-150 pm Mainly metals Subtractive

1See Section 4.

Abbreviation: CNC, computer numerical control.

Living beings exhibit forms and functions at different levels, and, because rapid prototyping
technologies mimic these natural multilevel structures, they can be of great help in the manu-
facture of microtextures. Other subtractive techniques based on chemical attacks—such as soft
lithography and maskless ultraviolet photolithography, whose applications in microelectronics
and bioengineering are widely known (81)—are still difficult to apply in the construction of ge-
ometries with details smaller than 500 nm and with 3D features. High-precision rapid prototyping,
working in an additive way, helps produce more complex geometries and devices, including ad
hoc microtextures and even nanotextures.

In addition, starting from a rapid-prototyped microsystem or biodevice with micrometric fea-
tures, researchers can generate nanostructures through the self-assembly of molecules and thus
build medical devices sensitive to specific stimuli, arrays of sensors, and optical and fluidic systems.
Such devices have numerous applications in interacting with biological systems and in generating
highly specific diagnoses of reactions and pathologies (82).

Progress has also been made in technologies of physical or chemical vapor deposition, especially
those capable of producing diamond-like carbon, titanium dioxide or hydroxyapatite coatings.
When these materials are applied to the surfaces of implantable devices, they greatly improve the
devices” biocompatibility, improve their ability to resist corrosion and wear, and even allow for
antibacterial properties to be incorporated through doping with metals such as silver or platinum
(83, 84).

The use of biocompatible physical-vapor-deposition or chemical-vapor-deposition coatings in
helping create cellular circuits and in allowing for interactions between devices and nerve cells
has already been described (85). Their application to scaffolds for tissue engineering, produced
by conventional rapid prototyping technologies such as laser stereolithography or selective laser
sintering, also has the potential to improve the behavior of many polymeric and ceramic substrates
(57, 66).



4. MAIN CHALLENGES AND FUTURE PROPOSALS

4.1. From Tissue Engineering to Biofabrication

Important advances over the past two decades in materials science, mechanical engineering tech-
nologies, and tissue engineering methods are beginning to allow developments that exceed the
traditional capacities of tissue engineering. What were once mere aspirations have now become a
reality: the artificial creation of complex biological products using living cells, scaffolds, or extra-
cellular matrices, along with the creation of biomaterials with a microstructure often defined from
the design stage. The idea of biomanufacturing has become common. The purpose of all these
developments is to generate tissues and organs in the laboratory that may assist in the treatment
of diseases or be used in physiological and pharmacological studies (86).

Possibly the most interesting technologies and outstanding advances in this field relate to 3D
bioprinters or bioplotters, rapid prototyping machines that work with an additive layer-by-layer
manufacturing approach and use biological materials to directly produce implants or biodevices
that have properties similar to those of body tissues. These bioplotter machines (such as those
from envision TEC GmbH) are being systematically tested with several biomaterials (collagen,
agar, alginate, hydroxyapatite, calcium phosphate, chitin, gelatin, bioinks, biopolymers) and even
with food. Tn some cases, biofluids and hydrogels that directly incorporate the cells are injected;
in other cases, a couple of printer heads are used to deposit biodegradable polymers as structural
support, together with cells and nutrients, for subsequent differentiation into the desired tissues
or parts of organs.

Most research conducted in the field of biomanufacturing describes processes that are clearly
related to tissue engineering but aimed at achieving more complex geometries that, together with
seeded cells and growth factors, will be capable of producing whole organs in the future. This is
an essential objective, as there is a great need for, and short supply of, organs for transplantation;
this problem, despite its great social impact, remains unsolved.

Consequently, several studies have focused on how to produce soft tissue synthetically through
methods such as the reconstruction of epidermis (87), the production of muscle fibers (88), the
production of artificial liver (or parts thereof) (89), and the production of tissues for tracheal
reconstruction (90). Additional details on the main research trends, future challenges, and the
future potential of this field can be found in other, more specific studies (91, 92).

4.2. Enhanced Biological Systems

In the not-too-distant future (some researchers even say within 15 to 20 years, although 25 to
30 years seems a better estimation), further developments in biomanufacturing and rapid pro-
totyping and manufacturing technologies may allow for the direct printing of customized im-
plants, probably using biological materials similar to those of the human body, in the design and
manufacturing facilities attached to the operating rooms of hospitals or health centers. These
developments—together with parallel advances in minimally invasive surgery, remote surgery us-
ing haptic teleoperators, intelligent implants for monitoring and diagnosing patients, and new
drugs with greater specificity and fewer side effects—suggest a great number of new treatment
methods and the possibility of replacing deteriorating human organs with ones made artificially,
resulting in a significant increase in life expectancy.

Improving biological systems as a whole may even be possible. For example, arrays of sensors
and actuators could be incorporated into the artificially produced anatomical elements to gener-
ate self-diagnostic capabilities and even self-healing abilities, possibly by applying concepts and



design strategies that are already being used in the development of self-sensitive and self-repairing
materials and structures (93).

To achieve this, it is increasingly necessary to implement multidisciplinary teams, to apply
methodologies that help systematize the development of devices, and to develop new regulations
that address issues of patient safety and ethics associated with these fields of study. A political
commitment to fund this research, whose social benefits can be truly formidable, will be key to
determining which countries play an important role in the development of this sector. Given
the major social benefits to be derived from this research, it should be seen as a highly profitable
investment for the future. In any case, international collaboration and the establishment of clusters
of significant research will also prove crucial.

4.3. Food, Pharmaceuticals, and Sustainable Growth

In addition to the shortage of organs for transplantation, new biomanufacturing approaches can
help solve another problem: that of a growing global population requiring an increase in food
production in proportions that may become unsustainable under various economic, energetic,
and industrial criteria. Bioplotters in large food production facilities that use approaches similar
to those currently used in biomanufacturing may offer an alternative or complementary method
to provide food for humankind. Recent years have seen applications for patents associated with
systems of rapid food manufacturing that use an additive layer-by-layer approach (94, 95). Tts
implementation appears to be simpler than aforementioned developments in the field of bioman-
ufacturing, as the manufacturing of synthetic food does not require the building of a complex
network of blood vessels for vascularization.

The use of rapid prototyping technologies may also benefit the pharmaceutical industry, asthey
can provide new approaches to the design and microstructuring of drugs and help develop various
alternatives in the ways they are supplied (96). Some research has already described the production
of drugs that have specific geometries. Others describe implantable devices made through additive
manufacturing that contain, either within them or on their surfaces, drugs aimed at minimizing a
possible rejection by the body or the occurrence of postoperative infection (97, 98).

In Figure 8, we compare the novelty and interest of these new fields of application for rapid
prototyping technologies by presenting the evolution of scientific papers and patents. The fields
of biofabrication and organ printing, which are closely interrelated, account for approximately
80% of papers and patents. However, a marked increase in applications of rapid prototyping is
related to the development of food and drugs.

4.4. The Need for Collaboration Among Researchers

To further boost the industrial growth of rapid prototyping technologies and, above all, to pro-
mote their application to the development of new devices in bioengineering, it is essential for
universities, research centers, leading companies in the sector, and researchers to collaborate and
exchange information regarding the scientific and technological progress of these methods and
their applications. Tt is the job of teachers and researchers to draw attention to new fields of study
and to emphasize the importance of working on them together in a coordinated manner, seeing
other researchers as partners.

Remarkable efforts of international collaboration have been made in the field of rapid proto-
typing in recent decades. New advances have been disseminated by the annual report of Wohlers
Associates (2), and national or international organizations have been created to work together on
rapid manufacturing activities. It is also important to make these technologies more accessible and
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Figure 8

Evolution of the number of scientific papers and patents related to the novel use of rapid prototyping
technologies in various areas of bioengineering. Data compiled from the results of searches performed on
Thomson Reuters’s Web of Knowledge®™ using the search terms “biofabricadion,” “organ printing,” “rapid
prototyping of food,” and “rapid prototyping of medicines.”

to appreciate the potential benefits of involving amateur researchers, many of whom already have
“factories in a box” or “fabbers” (rapid prototyping machines) in their own homes.

Existing university courses are gradually starting to incorporate coverage of rapid prototyping
and manufacturing technologies, and master’s programs are starting to offer more specific courses
focusing on the technologies’ main aspects and implications. Most of the courses addressing this
topic are courses in anatomy or general surgery that are held in medical facilities, where biomodels
are used to help analyze the morphology and relative positions of internal organs in the human
body (99, 100). Product design courses also include activities related to rapid prototyping and
manufacturing technologies, and these activities have helped improve the results of problem- or
project-based learning experiences; specifically, the students can see the results of their designs, de-
tect errors and possible improvements by physically interacting with them, and carry out redesign
activities accordingly (101). It is indeed important to continue working in that direction.

5. CONCLUSIONS

In the past two decades, rapid prototyping and manufacturing technologies have brought about
significantchanges to conventional methods of design and product development and have provided
personalized responses to market demands often characterized by their exclusivity. They have
become an invaluable aid to engineers and designers of new products, who use them in their
design decisions at every stage of the development process, considerably reducing the time and
cost involved.

In the fields of bicengineering and health sciences, these technologies are already providing
alternative solutions to conventional diagnostic, surgical, and therapeutic procedures. This review
has described numerous applications in various different fields and industries related to medicine,

surgery and dentistry, biology, and pharmacy. The way in which rapid prototyping technologies



are applied to these {ields also varies, with activities ranging from prototypes and biological models
for multiple studies to the customized manufacture of all types of implants.

These technologies are also likely to contribute to major future advances in the health sciences,
especially helping with the creation of optimized biological systems in the fields of tissue engineer-
ing and biomanufacturing. Achieving these objectives requires collaboration among rescarchers
from different fields, the allocation of funding, the implementation of management strategies
designed specifically for this type of research, and a readiness to take advantage of important tech-
nological advances in other sectors. These efforts will undoubtedly help involve rapid prototyping
and manufacturing in even more areas of study related to bicengineering.

SUMMARY POINTS

1. Rapid prototyping and manufacturing technologies have changed the traditional product

development process, as they allow prototypes and even final parts to be produced in a

wide range of materials and with remarkable precision in just a couple of hours.

2. Tn the biomedical field, rapid prototyping has already shown its potential for generating
models for diagnosis and surgical planning, personalized prostheses for hard- and soft-
tissue replacement, ad hoc orthotic devices, and scaffolds for tissue engineering.

LN

The combined use of medical imaging tools, CAD and CAE software, and rapid proto-
typing technologies enables the cost-effective and time-efficient development of person-
alized biomedical devices.

4. Tissue engineering is starting to benefit enormously from these advanced manufacturing
technologies, owing to the advantages they provide in the manufacturing of complex,
biomimetic porous 31 scaffolds and support structures for cell culture.

FUTURE ISSUES

1. Research efforts in the development of new rapid prototyping technologies that have
improved precision and the capability to manufacture a wider set of biomaterials will
open new horizons in several fields of bioengineering.

2. Given the possibilities and special characteristics enabled by rapid prototyping, knowl-
edge systematization and gradual standardization to support the complex stages involved
in the design process of novel products are necessary for increasing efficiency.

3. The promotion of multidisciplinary teams and research centers is essential for increasing
the impact of these technologies and for exploring novel applications in ditferent fields
of biomedical and health sciences.

4. The development of training courses covering the basics and applications of rapid pro-
totyping, especially in biomedical engineering degrees and using project-based learning
approaches, is relevant for the expansion of these technologies.

. Once the present challenges are faced, the hospitals of the future will surely benefit

wn

from more multidisciplinary laboratories with advanced design and rapid prototyping
facilities that allow researchers to produce personalized therapeutic devices for enhanced
treatments.
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