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Adam J. Bauermeister, MD, Alexander Zuriarrain, MD, and Martin I. Newman, MD, FACS
Background: Increasingly affordable three-dimensional (3D) printing technolo-
gies now make it possible for surgeons to create highly customizable patient-
tailored products. This process provides the potential to produce individualized
artificial and biologic implants, regenerative scaffolds, and cell-specific replace-
ment tissue and organs. The combination of accurate volumetric analysis and pro-
duction of 3D printed biologicmaterials are evolving techniques that demonstrate
great promise in achieving an accurate and naturally appearing anthropomorphic
reconstruction. This systematic review summarizes the current published litera-
ture and known ongoing research on 3D printing in the field of plastic and recon-
structive surgery (PRS).
Methods: Three medical databases (PubMed, Ovid MEDLINE, and Google
Scholar) as well as recent news articles and university websites were searched
using PRS and industry-related search terms. Inclusion criteria consisted of any
publication or reputable news or academic article in electronic or printed media
directly studying or commenting on the use of 3D printing technology in relation
to PRS. The current literature was critically appraised, and quality of selected ar-
ticles was assessed and manually filtered for relevance by 2 reviewers.
Results:A total of 1092 articles were identified from the aforementioned sources
discussing 3D printing in medicine. The 3D printing in relation to biologic and
surgical applicationswas discussed in 226 articles.Within this subset, 103 articles
were included in the review. Of those selected, 5 were pertinent to surgical plan-
ning, training, and patient education; 4 to upper extremity and hand prosthetics;
24 to bone and craniomaxillofacial (CMF) reconstruction; 10 to breast recon-
struction; 20 to nose, ear, and cartilage reconstruction; 20 to skin; and finally
20 involving overlapping general topics in 3D printing and PRS.
Conclusions: The 3D printing provides the ability to construct complex individ-
ualized implants that not only improve patient outcomes but also increase eco-
nomic feasibility. The technology offers a potential level of accessibility that is
paramount for remote and resource-limited locations where health care is most
often limited. The 3D printing-based technologies will have an immense impact
on the reconstruction of traumatic injuries, facial and limb prosthetic develop-
ment, as well as advancements in biologic and synthetic implants.
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I n the last decade, three-dimensional (3D) printing has rapidly grown
to become a leading power in the industrial manufacturing field. This

flourishing industry netted multiple billions during 2012 and has been
forecasted to exceed US $10.8 billion in 2021.1 Since its invention in
the 1980s, this technology has become an integral tool in the rapid
prototyping andmanufacturing of items ranging from clothes and furni-
ture to the construction of houses, cars, aircraft, and weaponry.2–6 Con-
sidering its substantial financial base, related research funding over the
years has resulted in radical improvements in this technology. With
these improvements, novel applications have been created for its use
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in the fields of biology and medicine. Significant strides have already
been seen in the areas of tissue engineering and implant development,
both of which demonstrate great potential for the field of plastic and
reconstructive surgery (PRS).

Three-dimensional printing is a form of additive or subtractive
manufacturing, which is a precise computer-controlled process where
either successive layering of material is deposited or carved away to pro-
duce a 3D end product. A multitude of materials ranging from titanium
alloys to collagen can be used with this method. The addition of in-
creasingly affordable 3D scanning technology and software makes it
possible for physicians and surgeons to create highly customizable
patient-tailored products. Currently, this tool is being used more rou-
tinely in surgical planning, patient education, and custom prosthetic de-
velopment. However, this process provides the potential to produce
everything from artificial and biologic implants, regenerative scaffolds
for wound healing, to cell-specific replacement tissue and organs.

METHODS
A systematic review of the literature was conducted to evaluate

all current published reports and ongoing research regarding 3D print-
ing technology (additive/subtractive manufacturing) in relation to
PRS. Inclusion criteria consisted of any publication or reputable news
or academic article in electronic or printed media directly studying or
commenting on the use of 3D printing or bioprinting technology in re-
lation to its use in associated fields or application in PRS. Threemedical
databases (PubMed, Ovid MEDLINE, and Google Scholar) as well as
recent news articles and university websites were searched using PRS
and industry-related search terms. The current literature was critically
appraised, and the quality of select articles was assessed and manually
filtered for relevance by 2 reviewers. Only studies printed in English
were included.

RESULTS
A total of 1092 articles were identified from the aforementioned

sources discussing 3D printing in medicine. Two hundred twenty-six
discussed 3D printing in relation to biologic and surgical applications.
Within this subset, 103 articles were included in the review. Articles
selected were related to fields of PRS, involved and/or discussed poten-
tial clinical applications, and were considered to be of reputable source.
Articles chosen dated from 2005 to 2015. Of those selected, 5 were per-
tinent to surgical planning, training, and patient education; 4 were
related to upper extremity and hand prosthetics; 24 to bone and CMF
reconstruction; 10 to breast reconstruction; 20 to nose, ear, and cartilage
reconstruction; 20 to skin; and finally 20 involving overlapping general
topics in 3D printing and PRS. Twenty-one additional articles that were
notable but not directly related to PRS were included as ancillary sup-
portive literature.

DISCUSSION

Applications
Three-dimensional printing has recently become popular in the

media and scientific literature. Reports have highlighted the manufac-
ture of cutting-edge, highly customized devices, such as tracheobron-
chial splints, bionic ears, and more recently, the increasing feasibility
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of 3D printed soft tissues and organs.7–9 Outside of these advanced ap-
plications, 3D printing offers the prospective of producing inexpensive
and more accessible devices for the medical community. Recent publi-
cations have described 3D printing clinical applications in a range of
objects, such as arm prostheses, bone implants, and anatomical recon-
structions, to facilitate in surgical education, clinical planning, and
patient education.10

Surgical Planning and Training

Planning Difficult Surgeries
Because of the unique clinical situations that face plastic and

reconstructive surgeons, the use of 3D printing has sparked a tre-
mendous amount of hope for the treatment of very complex disease
processes. An example of one such potentially lethal disorder is
known as cloverleaf skull deformity. There are now reports of recon-
structive surgeons in Brazil using 3D printing technology to enhance
their preoperative planning for a more successful perioperative and
postoperative course.11

The online article discusses the story of Dr. Jorge Vicente Lopes
da Silva who leads the Tridimensional Technologies Division at the Cen-
ter for Information Technology Renato Archer in Sao Paulo, Brazil.
Using 3D printing technology, the craniofacial plastic surgery and pediat-
ric neurosurgery units of the Beneficencia Portuguesa Hospital were able
to benefit from a successfully created 3D reconstruction of a child's skull
with a cloverleaf deformity. The technology enabled the surgical teams to
approach a very complex structural problem and formulate a tailored
treatment plan with added confidence.

The 3D modeling is an efficient means of demonstrating spatial
relationships to surrounding structures. The ability to visualize critical
structures before a complex operation allows the surgeon to decrease
the rate of complications.12

Resident Training
Rapid prototyping is an evolving technology that has the poten-

tial to revolutionize medical education. As plastic surgeons, we are ex-
pected to understand the nuances of detailed human anatomical
structures and their spatial relationship with one another. The 3D print-
ing can allow for an in-depth understanding of human anatomy that was
traditionally gleaned from textbook drawings and years of surgical ex-
perience performing complex dissections. The future of plastic surgery
education is exciting because of the ability to take a 2-dimensional (2D)
image and bring it to life with a full-scale model.12

In a study published in the Journal of Surgical Education in
2014, Dr. Watson and his team from the University of North Carolina
at Chapel Hill discuss the use of 3D printing to create personalized,
patient-specific, hepatic models for surgical resident education. They
were able to create multiple patient-specific preoperative 3D physical
models of portal and hepatic venous anatomy at a cost of less than
US $100 per model. In their discussion, they emphasize the ability to
not only examine the models visually but also to gain details from our
sense of touch. These models allow our visual and tactile senses to
unite, providing a more extensive understanding. The eventual goal
would be to create inexpensive disposable models that would allow
surgeons-in-training to dissect the models and discard them once the
techniques have been mastered.13

PATIENT EDUCATION
Avery important aspect of the successful practice of PRS is the

ability to manage patient expectations. In order to help patients under-
stand their disease process and what can be done surgically to treat
them, we currently rely on 2D images on a flat screen. Many times, pa-
tients do not understand the true nature of their medical condition,
which leads to frustration and poor outcomes.
2 www.annalsplasticsurgery.com

Copyright © 2015 Wolters Kluwer Health, Inc. Unaut
The 3Dmodeling has the capacity to create exact models of a pa-
tient's anatomic deformity and serve as an indispensable tool when ed-
ucating patients. When patients can use their sense of touch to hold a
printed model and compare it with a model of their postoperative out-
come, they can more realistically manage their expectations.12

ARM AND HAND PROSTHETICS
Nearly 2 million people in the United States have lost at least

1 limb according to the Amputee Coalition.14 About 185,000 amputa-
tions are conducted in the United States each year.15 There is a serious
need for more affordable and available extremity prosthetics in this
country. The ability to create customized devices has led to the rapid
development of additive manufacturing. One can imagine that the abil-
ity to design and build devices that can then be used for surgical recon-
struction would be a significant advance in modern medicine. One of
the areas that would be impacted most significantly would be wounded
war veterans who have suffered the loss of a limb. Perhaps in the fu-
ture, this technology could be used to fabricate a prosthetic arm and/or
hand that would be specifically tailored to an individual patient's
anatomical need.

The use of implants in hand surgery would also be affected by
the use of 3D printing. Currently, interphalangeal joint implants are
made in a finite number of sizes that do not always provide a perfect
match for every patient. Customized joint implants with this technology
for all types of joints would be highly beneficial. The complex anatomy
of the hand and its component parts demand close attention to detail that
could be provided by rapid prototyping.

A South African company by the name of Robohand is produc-
ing printable hands and fingers. They state that they have enabled over
200 individuals with their 3D printed prosthetics. The company com-
bines thermoplastic, aluminum, and stainless steel digits to create a me-
chanical and fully functional hand(s)/ finger(s). Robohand has also
collaborated with US entrepreneur Mike Ebeling to produce affordable
printed arms for war amputees in Sudan. These printed extremities are
said to have a minimal cost of US $100.16,17

The World Health Organization states that there are one billion
people with disabilities in the world.18 Along these lines, Google has
promised US $20 million in grants to nonprofits using emerging tech-
nologies to help the disabled.19 The Google Impact Challenge: Disabil-
ities program launched in May of 2015 has given a US $600,000 grant
to Enable, an organization that uses volunteers to design, print, assem-
ble, and fit 3D-printed upper-limb prosthetics at no cost. Google.org
Director Jacqueline Fuller recently wrote in a Google blog that the Im-
pact Challenge “will seek out nonprofits and help them find new solu-
tions to some serious ‘what ifs’ for the disabled community”.

BONE AND CMF
There has been a substantial need for personalized medicine

to produce a genuinely individualized, yet economic, solution to facial
reconstruction. The CMF bone defects create a unique challenge that
can be attributed to the highly complex geometry of this subset of
bones.20,21 Current preferred treatments use autologous bone grafts
which require bone harvesting from another location and limits the abil-
ity to aesthetically reproduce unique facial features. Bone harvesting is
restricted by size and may result in complications, such as pain, infec-
tion, or functional disability.22

The distinct anatomy of the face provides an ideal case where an
exceedingly individualized implant would be essential. The 3D printed
implant provides a new level of anatomical precision and delivers an en-
tirely individualized solution for facial reconstruction. Facial injuries
that previously required multiple surgeries, imprecisely fitting plating
systems, or bone grafts to repair can now be accurately fitted with a
single-component implant that can substantially increase the structural
integrity and cosmesis of the reconstruction.
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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Synthetic Implants
One of the first clinical applications of 3D printed medical im-

plants has been in the field of CMF reconstruction and orthopedics.
The 3D printed vertebrae, hips, pelvis, and mandibular implants have
now been performed.23–27 One medical company, Medical 4WEB,
has recently reported the implantation of over 3000 of their 3D printed
orthopedic trusses.28 A recent example of the use of this technology in
CMF reconstruction waswith the successful implantation of a complete
3D printed cranial vault in a 22-year-old female patient with van
Buchem disease, a rare condition that causes severe cranial bone thick-
ening.29 The patient who had already lost her vision from the disease
and would have ultimately died from it received a custom implant that
allowed her to regain her vision and return to work within months of
her operation.

Multiple other CMF reconstruction procedures have been per-
formed successfully over the last several years under experimental
premises with the use of 3D printed plastic and titanium implants.
Tissue-engineered bone grafts are an advancement in this technology that
may permit more mainstream utilization. They provide a promising alter-
native that allows for accurate tailoring of the graft's shape which elimi-
nates the need for additional surgeries and resultant comorbidities.30–36

Synthetic and biologic scaffolds have been used for bone regeneration,
each with their relative advantages and disadvantages.

Synthetically produced scaffolds may not precisely mimic the
biochemical or structural properties of the native scaffold but allow
for greater control in their fabrication process and more reliable repro-
ducibility.37 The material properties, bioactivity, porosity, and shape
of synthetic grafts can be closely controlled and customized for specific
applications. Several new materials have emerged as favorable poly-
mers for scaffold fabrications, such as polycaprolactone (PCL) and
polyetherketoneketone. The PCL has shown to be biocompatible and
safely degrades in the body at a similar rate to new bone formation
and has already received regulatory approval for certain applica-
tions.38,39 Oxford Performance Materials is one of the first to receive
Food and Drug Administration approval for use of 3D printed cranial
facial implants in the United States.40 The implants are constructed
from a polyetherketoneketone polymer which is both biocompatible
and osteoconductive, promoting osteocyte attachment, activity, and
implant incorporation.

Biologic Implants
Biologic scaffolds alternatively provide improved osteoconductive

properties and better implant incorporationwith the potential of increase
longevity. Previously, the treatment of these defects were clinically chal-
lenging due to the limited availability of transplantable autologous bone
grafts and the complexity of facial bone geometry. Advances in bone tis-
sue engineering now provide alternatives using biocompatible scaffold
materials and autologous cells.

This approach uses CT imaging to create 3D renderings of the
patient's skeletal structure that is then used as a map to guide either a
3D subtractive or additive fabrication device. In the subtractive method,
the device shapes media created from decellularized bovine bone that is
stripped free of its native cells to produce a bare calcium hydroxylapatite
scaffold. This technology, based off 15 years of National Institute of
Health-funded research on bone tissue engineering, is being used
at Columbia University and at an NYC based Biotech Company
called EpiBone.37,41,42

The additive method produces a 3D model from sequential
layering of mineralized or bioabsorbable material. This alternate avenue
bypasses the need of a bone decellularization process and circumvents
size restrictions generated by the substrate material seen in the subtrac-
tive process. Once the scaffold is shaped to form an identical model of
the original bone, it is then impregnated with stem cells isolated from
the patient's bonemarrowor fat tissue. The new bone is either incubated
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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in vivo in the patient or placed into a bioreactor for maturation. The bio-
reactor provides sufficient oxygenation and nutrients to allow for the
production of a viable bone that is then later ready for implantation into
the patient.

Successful in vivo graft incorporation using this approach has
been seen with consecutive animal trials atWashington State University
and Wake Forest University.43–47 Implants were seen to mature in vivo
and form mineralized tissues with similar density and structure to that
of endogenous bone tissue. Approval for human implantation of 3D
printed bioartificial scaffolds have now been attained by a Swiss com-
pany called RegenHU.48,49 Research currently underway with large
animals will establish safety and feasibility before further commercial-
ization in the coming years.

Multiple reports have demonstrated that several different print-
able substrates have supported the induction of human adipose derived
stem cells to form vasculature and functional bone tissue.41,50–52 This
has been an essential step in demonstrating the capabilities and potential
of these grafts while bypassing the resulting comorbidities and size re-
strictions of traditional bone graft harvesting. This technology promises
precise anatomical patient specific implants that can continue to re-
model and integrate into the body providing the prospect for greater du-
rability and a more accurate reconstruction.

BREAST

3D Imaging and Volume Assessment
Analysis of 3D imaging provides personalized consideration of

variations in anatomy, such as muscular and skeletal asymmetries, that
may cause unexpected aesthetic outcomes upon breast implantation.
The current standard for preoperative evaluation in selecting appropri-
ate implant volume and shape as well as determining breast flap loca-
tion involves the use of 2D photography and visual estimation. More
objective methods, such as direct anthropomorphic measurements or
3D photography, have been tried in the past with variable results.53

Researchers are now using CT or MRI imaging for more accurate vol-
umetric analysis and to produce inexpensive 3D printed haptic models
for tactile feedback and operative guidance.54,55 These studies demon-
strated that 3D imaging provided a useful tool for more accurate volume
measurements, shape analysis, and for evaluation of symmetry. The
technique assists in determining THE causes of asymmetry and helps
guide reconstruction prior to surgery. When compared with other
methods of volume assessment, 3D modeling and MRI showed to be
the most accurate and reliable tools in evaluating breast volume.56 Con-
current contrast use provides preoperative identification of vascular ana-
tomical variations and assesses perforator locations for deep inferior
epigastric perforators and transverse rectus abdominis myocutaneous flap
reconstruction.57 In addition to aiding in preoperative planning, data from
imaging can then be used in the digital reconstructions necessary for 3D
printed implant fabrication.

Synthetic Implants
A range of standardized breast implants with different profiles,

shapes, and sizes are commercially available; however, they may not
bewell suited for all patients. Multiple studies have confirmed that most
women have some degree of breast asymmetry with some large series
reporting noticeable breast asymmetry in up to 81% to 88% of their
patient population.58,59 These asymmetries can be primarily due to re-
spective discrepancies in the overall size or shape of the breast or nipple
areolar complex.60 Breast asymmetries may also arise secondarily to
underlying bone or soft tissue abnormalities of the thoracic chest wall.

Considering the overall prevalence of breast asymmetry, litera-
ture has also demonstrated significant corresponding postoperative dis-
crepancies in breast size and shape after mammaplasty procedures.61

Authors note that preexisting asymmetries often times will produce
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more pronounced differences postoperatively even with the use of initial
corrective measures. Another study reveals that 27% of patients who seek
revisionary breast surgery do so because of concerns of breast asymme-
try.62 A large Danish study of 5373 women with primary cosmetic breast
augmentation also remark that asymmetry was one of the most frequent
reasons for reoperation with exchange or removal of implant.63

These findings underscore the importance and emphasize the
need for a customized breast implant that can more accurately compli-
ment anatomical variations to produce more uniform aesthetic out-
comes for individuals who do not fit within the standard range of
implant sizes or who have noticeable breast asymmetries. Postmastec-
tomy or lumpectomy patients seeking reconstructive surgeries have
even more discernible differences that may prove to be an added chal-
lenge in creating a consistently balanced appearance. Often times, the
underlying cause of the asymmetry is difficult to assess clinically. Pre-
operative imaging, as discussed above, is beneficial in these situations
providing a conclusive method of determining the proportion of asym-
metry that is due to differences in soft tissue volume or chest wall shape.
This method helps produce exact implants that are tailored to fit the par-
ticular needs of that patient.64

In addition to providing precisely shaped implants for patients,
3D printing also allows physicians the ability to produce implants with
stratified density layering. Additive printing has the capability of using
variable density substrates that can then be layered in a particular order
with the added option of using different surface textures to create a to-
tally integrated single-component implant. This allows for a more pro-
portional correction of asymmetries with particular densities assigned
to match the fraction of analogous soft tissue and/or chest wall differ-
ences. Stratified density layering also provides the ability to create a
firmer posterior base and interior quadrant to match the inner ligamen-
tous lobular portions of the breast to produce more lift and projection
while allowing for a less dense exterior to preserve an overall natural
feeling of the implant. This technology provides the potential to create
superior aesthetic outcomes and more natural tactile implant qualities
as a result of individual tailoring to accommodate the patient's anatom-
ical needs.
Biologic Implants
Doctors in the Biomedical Engineering Department at Univer-

sity of Texas are working with TeVido BioDevices toward developing
3D bioprinted breast implants.65 Current development is focused on
already-patented biomatrices to be used for nipple areola complex re-
construction and in custom volumetric replacement of lumpectomy de-
fects.66,67 These areas have proven to be problematic in the past with
unpredictable breast volumes from variable fat graft resorption and po-
tential foreign body responseswith use of artificial implants. The nipple
areolar complex has also been another point of contention with often
time's unsatisfactory aesthetic results from nipple tattooing alone, and
methods to reconstruct nipple projection have proven unreliable in a
number of cases with risk of implant extrusion or skin erosion from
use of silicon nipple implants. The use of a biological implant that
can be incorporated into the body avoids these potential complications
and provides a much-needed solution to this common issue that many
women face.

The premise behind the technology is the use of an absorbable
biologic matrix that is then impregnatedwith autografted lipocytes from
the patient's abdomen. The implant, which is specifically designed to
fill the defect, allows for correct regional volume proportions and per-
mits implant incorporation into the surrounding tissues. Microtubular
structures throughout the implant provide influx of blood and bio-
nutrients to potentially increase lipocyte viability compared with that
of fat grafting alone. Although this development is currently undergo-
ing animal trials, it has recently received major National Institute of
Health funding to reach its eventual goal of entering clinical trials in
4 www.annalsplasticsurgery.com
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the next coming years. The future aim is to develop biologic breast im-
plants with natural feel, customized proportions and projection, as well
as utilization of denser biologic substrates such as collagen to provide
sustained firmness and resilience against future ptosis.

Researchers at Queensland University of Technology in Brisbane,
Australia, are concurrently working on bioabsorbable 3D printed scaf-
folds for breast reconstruction.68 Their approach is similar to that of
the one taken by TeVido BioDevices. Professors at the university state
that use their technology for entire breast reconstruction in former cancer
patients could be ready in the next coming years. The 3D printed scaf-
folds are based on the MRI reconstruction of the contralateral breast
and designed to dissolve over a 2- to 3-year span as fatty breast
tissue regenerates.

NOSE AND EARS

Prosthetics
The first known use of facial prosthetics dates back to Egypt

in 500 B.C. with the use of wax and earthen ceramics in creating pros-
thetic eyes, ears, and noses.69 Today, specialists, known as clinical
anaplastologists, make realistic prostheses to modify disfigured or
missing anatomy and to allow patients to maintain social interactions
while decreasing personal discomfort. Conventional facial prostheses
require artistic and technically skilled individuals to create andmay take
weeks to produce. Costs can range fromUS $10,000 to US $15,000 per
device, frequently not reimbursed by health insurance, and are often
times imperfect and visually distinguishable from the original anatom-
ical counterpart.70

The 3D printing has drastically changed the field of facial pros-
thetics by allowing the manufacturing of extremely detailed life-like
replicas of facial features that can be produced within hours and are a
small fraction of the cost of traditional prosthetics. The 3D printing
costs can be minimal, with the first item being as inexpensive as the
last.71 This is especially true for small-sized custom implants or pros-
thetics, such as those used for craniofacial disorders.72 One study
showed that using particular 3D printing methods with high-quality sil-
icone soft prostheses with complicated structures could be fabricated
with a desktop 3D printer at a very low cost. Using this method, the total
cost of manufacturing an ear prosthesis is approximately US $30.73

The technology is already available and currently being used
by a number of institutes, some of which include the University of
Miami, Fripp Design and Research (UK), and University of Sheffield
(UK).74,75 The process is accomplishedwith the use of inexpensive mo-
bile topographic scanners or stereophotogrammetry to map the undam-
aged side of the patient's face. The software then creates mirror images
of the scanned surface and translates it to a 3D printer to produce the
implant. Silicone rubber devices are printed infused with colored pig-
ments matching the patient's skin tone. Composite materials reinforced
with nanoparticles provide improved durability and closer skin color
matching when compared with conventional prosthesis. Mobile scan-
ning devices allow for worldwide availability and easy replacement.
Once data are downloaded, the prosthetic can be printed and shipped
to the patient by the next day.75

Biologic Implants
There are very few satisfactory solutions for facial soft tissue

reconstruction. Major nose and ear deformities caused by trauma, can-
cer, or congenital abnormalities are usually reconstructed using syn-
thetic implants of unnatural consistency which may produce foreign
body reactions leading to infection or erosion of the implant from the
skin. The specific anatomy of the nose and ears is especially prone to
these complications due to their limited blood supply and overlying
thinness of skin. Other approaches that involve cartilage harvested from
ribs often times is painful for the patient and technically difficult to per-
form with the reconstruction rarely appearing completely natural or
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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performing well resulting in potential donor site defects, morbidity, and
scars. Bioengineers and physicians at Cornell University, Columbia
University, Wake Forest Institute for Regenerative Medicine, and Uni-
versity College of London (UCL) areworking toward finding a solution
to this problem by producing 3D printed biocompatible implants. These
developments have a great potential for the medical field not only for
weight-bearing cartilage implants but also soft tissue reconstructive
and cosmetic procedures, such as otoplasties and rhinoplasties.

Cornell University is using 3D printed injectable gels made of
living cells to produce flexible ears that grow cartilage.76 Over a
3-month period, these constructs grew cartilage to replace the collagen
used to mold them. The 3D imaging of a patient's ear was used to as-
semble a high-density gel mold by way of additive printing. The mold
was injected with murine-derived collagen and bovine cartilage cells
which over a 3-month period quickly grew to form a living cartilaginous
copy of the original imaged ear. Researchers are broadening their work
toward constructing other cartilaginous structures, such as joints, tra-
chea, spine, and nose, with more recent research expanding to the suc-
cessful use of human chondrocytes.77 Safety and efficacy tests that are
currently underwaymust first be completed before the first human trials
can be possible.

Wake Forest Institute for Regenerative Medicine are working to
cover 3D printed porous bioscaffolds developed in the laboratory with a
patient's own cartilage cells before implantation. This approach is very
similar to that of Cornell University; however, they are combining a
new hybrid technology that should provide a level of durability of the
collagen construct that is comparable to native cartilage.78 The research
team's discovery mixes electrospinning, a method of creating polymer-
based nanoscale fibrous materials with bioprinters. Alternate layering
of the electrospun material with the printed biogels provides additional
structure and strength needed to support the loads that cartilage carries
while still allowing flexibility and promoting cellular growth. The 3D
printed constructs were implanted into themice andwas studied over a pe-
riod of several months. The implants demonstrated equivocal mechanical
strength and developed similar cellular structures when compared with
that of natural cartilage. Additional studies carried out by other institutes
have also demonstrated similar increased durability of 3D printed carti-
lage constructs when using the microspinning/hydrogel hybrid models.79

Columbia University has created 3D printed scaffolds that in-
duce fibrochondrocytic differentiation of endogenous cells for kneeme-
niscus regeneration.80 The MRI scans of intact undamaged meniscus
were used to produce anatomically correct 3D printed scaffolds. The
process allowed for sequential layering and regional distribution ofmes-
enchymal progenitor cells, tissue growth factors, and supportive sub-
strates. Subsequent fibrochondrocyte differentiation followed with
concurrent synthesis of spatially incorporated zone-specific collagen
types. These cellularly infused implants were inserted into the knees
of sheep replacing their native meniscus. After 3 months, the treated
animals were walking normally. Postmortem analysis demonstrated
completely regenerated meniscus with structural and mechanical prop-
erties very similar to that of the natural meniscus. The therapy could
provide the first effective and long-lasting solution to joint injuries
and confer better understanding in the development of a reliable colla-
gen implant technology.

The UCL is using similar technology to produce biocompatible
3D printed ears.81 Unlike the above-discussed implants, UCL is using
hybrid implants constructed from a lightweight synthetic scaffold in-
fused with bionutrients that help induce tissue ingrowth. The constructs
are implanted under a skin flap in the arm where neovascularization
occurs over a period of several months before the implant is grafted in
the appropriate location. Scientists have already completed successful
trials with thismethod usingmurinemodels and are currently conducting
human trials in India and the United Kingdom. Children born with con-
genital deformities, such as anotia or microtia, continue to be a major
concern in third-world countries, such as India, where there is a desperate
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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need for plastic surgeons and facial reconstruction. Over a dozen chil-
dren have already enlisted in the initial clinic trials taking place in
Mumbai. The procedure will hopefully decrease the need for multiple-
staged operations and more invasive traditional methods, such as rib
cartilage harvesting.

Recent studies out of Korea have also demonstrated the role of
3D printing for use in rhinoplasties.82 In this study, 3D printed PCL
scaffolds were printed and infused with fibrin and chondrocytes. The
implant was used as an augmentation material in the nasal dorsum of
rabbits. Implants were harvested 3 months postimplantation and evalu-
ated. Implant structural integrity remained intact with minimal inflam-
matory changes noted on histologic evaluation. Imaging confirmed
implant location without any evidence of migration or extrusion. Xu
et al83 also demonstrated similar promising results with the use of 3D
bioprinted nasal alar cartilage inmice. These studies further substantiate
the feasibility of 3D printed collagen implant development and its use
as a biocompatible augmentation material for use in rhinoplasties.

Additional Applications and
Manufacturing Advancements

The 3D printed cartilage and collagen implants have multiple
applications outside PRS, such as its use in tracheal-bronchial stents,
vertebrae, menisci, and knee implants, which have prompted its accel-
erated advancement in the last several years.80,84,85 Biocompatible tra-
cheal bronchial stents have been used in multiple occasions on patients
with tracheal stenosis and malacias and have demonstrated successful
tissue integration and native cellular regeneration.85–87 Researchers at
Feinstein Institute have gone further to produce 3D printed tracheal seg-
ments within hours using chondrocyte and collagen based scaffolding
that were viable in vitro.87 These constructs were produced using only
a standard commercial 3D printer and modified incubator to act as a bio-
reactor. This study, among others, has demonstrated that biologic
implants have the potential to be made quickly and cheaply with modi-
fied readily available commercial equipment.88,89 Noted speed advance-
ments in collagen implant manufacturing for nose, ear, and knee
implants were recently announced by ETH Zürich's Cartilage Engineer-
ing and Regeneration laboratory.90 Researchers developed a process that
enabled hospitals to produce full-size nose implants in under 20minutes.

SKIN
Skin grafting is traditionally indicated for the treatment of major

skin defects, due to trauma, burns, or tumor excision, which cannot be
closed primarily. Often times, in the cases of extensive burns, there is
not enough healthy skin to harvest to cover the defect, or the size of
the donor site may compromise adequate cosmetic or functional results.
Despite the numerous synthetic and bioengineered skin substitutes cur-
rently available, none have provided equivalent results to that of au-
tologous skin grafts.91–94 Optimal skin substitutes must be durable,
prevent water loss, lack antigenicity, resist infection, and conform to
irregular wound surfaces.95,96

Three-dimensional skin printing provides a potential solution to
this issue. The epidermal/dermal layer is much less complex than that of
other organs; the planar structure and orientation has lead to more rapid
development and application. The use of 3D scanners and printers has
enabled researchers to reproduce skin histologic architecturewith layer/
depth specific cellular deposition. Multiple laboratories have demon-
strated the production of viable composite multilayered organomimetic
skin models.97–99 In vivo studies have shown biocompatibility with
proliferation of individual cell types.100 Research using an inkjet ap-
proach has demonstrated high-speed construct production, enabling
direct deposition of cells into skin defects.101 The approach has facili-
tated the deposition of cells with uniform density throughout the vol-
ume of the lesion and maintained high cellular viability and function
after printing. Histologic layers of skin are maintained through rapid
www.annalsplasticsurgery.com 5
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crosslinking of cell containingmaterial via a biocompatible chemical re-
action or photoinitiated crosslinking. The technology was shown to be
capable of viable skin production for either in vitro or in situ methods.

This alternative approach has been used to deposit bioprinted
skin directly intowound or burn defects of mice.102Wake Forest School
of Medicine is using the technology to print collagen-based skin con-
structs onto limbs. A scanner is used to determine wound size and
depth. Once data are analyzed, the bioprinter distributes a collagen-
based substrate composed of specific cell types concordant to the native
histologic layer present at that particular skin depth. The project is being
funded by the Armed Forces Institute of Regenerative Medicine, which
is a US $75 million effort that is being conducted by numerous insti-
tutes to develop clinical therapies for tissue regeneration, including skin
regeneration for burn injuries. The team plans to eventually manufac-
ture portable machines capable of printing skin directly onto wounds
in military settings.103

University of Liverpool and University of Manchester are work-
ing together on using a high-resolution camera system to process and
model printed skin to more accurately match the patient's skin tone
and texture. The 3D cameras are able to determine skin geometry taking
into account variations, such as wrinkles, veins, and freckles. This al-
lows researchers to reproduce depth variations that often times become
more evident in the presence of varying light sources and is influenced
by factors, such as shadows. Additionally, the project has begun
collecting a database that will include 3D images of several hundred
skin type variants. These will be used as templates for use in remote
areas or countries without access to calibrated 3D camera systems.104

University of Toronto has made major progress with manufactur-
ing speeds by developing a 3D bioprinter that can rapidly create artificial
skin grafts from patient cells to help treat extensive burns. The 3D
printers are capable of simultaneously printing several successive com-
plex layers consisting of different cell types. The printer produces a hy-
drogel biopolymer composite using the patient's keratinocytes and
fibroblast cells tomimic the epidermal and dermal layers. The biodegrad-
able wound dressing has been able to improve wound healing in mice
with compromised immune systems and is currently being tested in por-
cine skin grafts. Human clinical trials are still about 2 years away.105

Researchers have developed a 3D printed fibrin based matrix
with cellular-embedded components to assist in wound healing. The
portable bioprinter includes a built-in laser scanner that determines
wound depth and area. Scan data enable the device to determine appro-
priate cell layers. The system has successfully printed grafts to treat
large skin defects in full thickness skin defect porcine models.106 An-
other study used stem cell–derived amniotic fluid to print skin to suc-
cessfully treat full thickness skin wounds in mice.101 The hope is to
integrate this technology to deliver a porous custom facial neodermis
graft that could be directly printed onto the patient.107

Additional applications for the technology is also being directed
toward using bioprinted skin tissue for drug and product testing, as
being seen with new collaborating partners, Organovo biomedical and
the L'Oreal group.108 L'Oreal has been producing a patented skin, called
Episkin, from incubated skin cells donated from patients for years. The
company has invested over US $1 billion in laboratory grown human
skin for research and development in product testing.109 Organovo,
on the other hand, was one of the pioneers for the bioprinting of human
tissues, most notable for creating a 3D bioprinted liver system.110,111

New financial backing and plans for a large commercial scale 3D print-
ing platform will hopefully stimulate skin bioprinting technology to de-
velop more accurate nonanimal-based product testing models as well as
further medical applications in burn care.
CONCLUSION
The increasing availability of 3D printing devices and software

has now made using the technology technically and economically
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feasible. Designs often times are made available online and are open
source bypassing specializedmanufacturing processes, fostering research
collaboration, and offering advantages in both cost and time savings.
Testable prototypes can be rapidly produced, modified, and reprinted
within a day, making it a pivotal tool in translational research.

Applications of 3D bioprinting will most likely be seen first in
orthopedic and plastic surgery due to the simpler constructions and near
clinical applications of soft tissue and bone implant development com-
pared with that of complex organ production. The biomedical functions
of organs, such as the liver and kidney, are still decades away before
human application, yet many functional in vitro representations have
already been constructed (kidney, liver, vasculature, and so on).110–116

Unlike these structures which require stratified layering of millions of
functioning cells including dozens of cell types, the 3D constructs that
are most commonly used in plastic surgery have more basic architecture
and function, serving primarily supportive or protective roles.

Three-dimensional printing provides the ability to construct
complex individualized implants that not only improve patient out-
comes but also increase economic feasibility. The additional complexity
of the 3D implant does not increase its manufacturing costs and allows
implant utilization to meet the cost realities of the overall health care
system.71 Unlike traditional manufacturingmethods, large-scale produc-
tion is not required to reduce costs with the cost of the first custom-
printed 3D implant being as inexpensive as the last. This is especially
advantageous in the production of low-volume, highly customized, or
complex products.117

Readily available designs with lowoverheads provide a viable al-
ternative to expensive traditional commercial products. Continued de-
velopment of cheaper manufacturing processes using preexisting
printing technology will further lower these costs and may expedite
morewidespread global adoption. The technology and its products have
a potential to provide a level of accessibility that is paramount for re-
mote and resource-limited habitats where biomedical research and
health care are most often limited.118,119 It is in these developing coun-
tries and impoverished underserved communities that patients with
traumatic injuries have notoriously been unable to receive appropriate
reconstruction in the past.72

The 3D printing-based technologieswill have an immense impact
on the reconstruction of traumatic injuries as well as tissue loss associ-
ated with significant oncologic resections. In addition to reconstructive
procedures, the technology has an achievable potential for break-
throughs in the improvement of facial and limb prosthetic development
as well as advancements in biologic and synthetic implants that will
provide more natural tactile qualities and appearance for the patient.
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