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Background: Three-dimensional (3D) technologies have numerous medical applications and have gained a lot of interest in medical world.
After the advent of three-dimensional printing technology, and especially in last decade, orthopedic surgeons began to apply this innovative
technology in almost all areas of orthopedic traumatic surgery. Objective: The aim of this paper is to give an overview of 3D technologies
current usage in orthopedic surgery for patient specific applications. Methods: Two major databases PubMed and Web of Science were
explored for content description and applications of 3D technologies in orthopedic surgery. It was considered papers presenting controlled
studies and series of cases that include descriptions of 3D technologies compatible with applications to human medical purposes. Results:
First it is presented the available three-dimensional technologies that can be used in orthopedic surgery as well as methods of integration in
order to achieve the desired medical application for patient specific orthopedics. Technology starts with medical images acquisition, followed
by design, numerical simulation, and printing. Then it is described the state of the art clinical applications of 3D technologies in orthopedics,
by selecting the latest reported articles in medical literature. It is focused on preoperative visualization and planning, trauma, injuries, elective
orthopedic surgery, guides and customized surgical instrumentation, implants, orthopedic fixators, orthoses and prostheses. Conclusion:
The new 3D digital technologies are revolutionizing orthopedic clinical practices. The vast potential of 3D technologies is increasingly used in
clinical practice. These technologies provide useful tools for clinical environment: accurate preoperative planning for cases of complex trauma
and elective cases, personalized surgical instruments and personalized implants. There is a need to further explore the vast potential of 3D
technologies in many other areas of orthopedics and to accommodate healthcare professionals with these technologies, as well as to study

their effectiveness compared to conventional methods.
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Introduction

Continuous improvement of three-dimensional (3D) tech-
nologies performance contributes to increasing the num-
ber of applications in personalized orthopedic therapy. The
new three-dimensional digital technologies have a high
potential for use in clinical practice and to increase the efhi-
ciency of various medical investigations [1]. Data acquired
from medical images are processed with support of special-
ized software products, which facilitate identification of
the analyzed tissues and extraction of specific information.
Thus, by processing medical images it can be computer-
assisted designed patient-specific devices which fit its anat-
omy. These are then tested with finite element analysis and
printed in 3D. In fact these technologies constitute a 3D
toolkit that can be integrated into orthopedics and allow
effective diagnosis as well as various patient-specific appli-
cations in orthopedics [2].

The aim of this paper is to give an overview of 3D tech-
nologies current usage in orthopedic surgery for patient
specific applications. It is based on existing literature re-
view. Findings are structured in two parts describing the
available three-dimensional technologies for medical ap-
plications and then the main clinical applications in ortho-
pedics. It demonstrates how digital information is trans-
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formed into physical models that imitate actual organs
which allow various applications in orthopedic surgery.

Methods
The research methodology surveys three-dimensional tech-
nologies applications by presenting recent developments
and usage in medicine as well as limitations of 3D tech-
nologies reported in scientific literature. We started from
the objectives and goals of 3D technologies medical ap-
plications in orthopedic surgery. The systematic review on
scientific literature was conducted in PubMed and Web of
Science databases. The search strategy has been extensively
extended to recent published papers in order to ensure that
relevant current work in the field has not been excluded. We
searched for relevant keywords in fields of 3D technology
and personalized orthopedic surgery. We had also analyzed
relevant articles found in references of the selected articles.
The databases exploration was carried out between Febru-
ary and April 2021. We considered only complete works
presenting controlled studies and series of cases, written in
English and German, in which 3D technologies for ortho-
pedic surgical purposes are applied to living people. Manual
processing of titles and contents was performed only for
papers that include descriptions of 3D technologies com-
patible with application to human medical purposes.
Findings present in the first part the state of the art
available three-dimensional technologies that can be used



78

in orthopedic surgery as well as methods of integration in
order to achieve the desired medical application in patient
specific orthopedics. Second part describes the state of
the art clinical applications of 3D technologies in ortho-
pedics by selecting the latest reported articles in medical
literature. It is focused on preoperative visualization and
planning, injuries, elective orthopedic surgery, guides and
customized surgical instrumentation, implants, orthopedic
fixatives, orthoses and prostheses.

Available three-dimensional technologies

The main available 3D technologies refer to 3D imaging
and image acquisition, 3D design, 3D numerical simula-
tion, 3D printing, which require a method of integration
into a clinical workflow.

3D imaging and image acquisition

Three-dimenional imaging is used for acquisition of tech-
nical images such as computed tomography or magnetic
resonance imaging and ultrasound. Files are in DICOM
(Digital Imaging and Communications in Medicine) for-
mat characterized by resolution, which is described in pix-
els and /or voxels and expressed in Hounsfield units (HU).
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Through a segmentation process it provides raw data for
extraction of useful information about tissues (figure 1).

3D design

The studied anatomical tissues can be differentiated using
a segmentation process and can be transferred to Com-
puter Aided Design (CAD) environment as different geo-
metric entities. These are described by points, which form
triangles that represent specific surfaces (figure 2). CAD
contains design functions that can be used in virtual sur-
gical simulations, such as: measurements, explorations of
anatomical shapes, geometric optimizations, planning of
cutting paths, but also design of implants, tools and cus-
tomized medical devices.

3D numerical simulation

Further, from CAD environment, the anatomical tissues
can be transferred as different geometric entities in a finite
element analysis environment [3]. These are considered
physical systems to which characteristic material proper-
ties can be attributed. In this way computer simulations of
bone structures can be performed. Also it is allowed appli-
cation of forces and study of internal tensions, for example

Fig. 1. The contour segmentation process in Invesaliu software with different resolutions: (a) Femur and tibia bones coronal view; (b) Spon-

gial bone threshold.
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Fig. 2. Custom component of the hip implant 3D computer model: (a) Acetabular shell; (b) Femoral head; (c) Acetabular liner; (d) Femural

stem.

studies of effort distribution on the bone surface with load-
ing and reaction force in center location (figure 3).

3D printing

Three-dimensional printing is known also as additive man-
ufacturing or rapid prototyping. Supported by 3D printing
it can be manufactured replicas of the patient’s anatomy,
custom surgical instruments, or custom implants.

Three-dimensional printing is a fast and accurate way to
manufacture 3D objects by placing successive thin layers
of raw material. In a few hours, objects of high complex-
ity can be built, which combine several materials, colors
and textures. These are obtained in desired shape without
need for further processing. This technology significantly
reduces manufacturing cycle time of the product. Objects
are printed based on information from digital 3D files, af-
ter being designed with CAD and simulated with finite
element analysis.

Most 3D printing technologies work on the basis of one
of the following four manufacturing methods: light curing
which selectively solidifies a liquid resin; extrusion forming
layers of the object by exiting a semi-liquid material from a
print-head nozzle; techniques for aggregating powder par-
ticles; lamination processes that stick together thin layers
of construction material (figure 4).

Each of the presented technologies can be used for dif-
ferent clinical applications, for production of anatomical
replicas, customized surgical instruments, surgical guides,
as well as implants.

Fig. 3. Distribution of efforts on the bone surface with loading and
reaction force in center location.

Fig. 4. 3D printing of the tibial plateau fracture model through a
Fused Deposition Modeling manufacturing process: (a) Prepa-
ration for printing in Ultimaker Cura software; (b) Printed bone
replica supported by pillars and a platform using an Ultimaker 2+
printing machine.
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Integration of technologies in clinical workflows

In order to be used in clinical applications technologies
presented above need to be integrated in several stages
leading to the desired purpose for manufacturing custom-
ized surgical instruments. By exploring applications of 3D
technologies in orthopedic surgery, Moldovan et al [4]
have created a clinical workflow for patient-specific appli-
cations in orthopedics which integrates 3D technologies in
a sequence described in figure 5.

The first stage consists in images acquisition from com-
puted tomography and/or magnetic resonance imaging.
These files are in DICOM format and are further processed
with specialized software. Then it is allowed the extraction
of specific information characterizing the studied tissues.
This step is performed by orthopedic surgeons. Further,
CAD modeling allows design of customized medical ob-
jects performed by medical engineers in the form of medi-
cal devices and implants. These are numerically simulated
for resistance and are validated in a finite element analysis,
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Fig. 5. Clinical workflow integrating 3D technologies for patient-
specific applications in orthopedics.
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by assignment of material properties to structures, appli-
cation of forces and study of induced efforts. In the end,
3D printing physically builds custom medical objects that
were previously designed, which may consist in replicas of
the patients anatomy, custom implants, patient specific
surgical instruments and/or guides.

Clinical applications in orthopedics

There are many digital solutions that help orthopedic sur-
geons. This is already a quite vast field, that is expanding
rapidly and it is difficult to get a complete overview of ex-
isting solutions [5]. Three-dimensional technologies are
revolutionizing preoperative planning for many orthope-
dic procedures [6], from complicated trauma cases [7] to
elective orthopedic surgery [8]. They assist surgeons with
3D visualizations of the anatomy and allow construction
of accurate 3D anatomical replicas.

Preoperative visualization and planning
Three-dimensional printing technology has been used suc-
cessfully in preoperative planning of complex acetabular
fractures [9], clavicle fractures [10], tibial fractures [11],
pelvic surgery [12], trimalleolar and calcaneal fractures
[13], elbow fractures [14], complicated proximal shoulder
fractures [15], ankle fractures [16], rib fractures [17], long
bone fractures [18], as well as in pre-contouring of fixation
plates [19].

Three-dimensional printing technology used in muscu-
loskeletal surgery has a huge technical, medical and eco-
nomic potential, which is of interest to all those involved
in the treatment of musculoskeletal problems [20]. In a
meta-study Morgan et al [21] showed that use of 3D print-
ing in preoperative planning of orthopedic trauma reduces
operating time with 19.85%, reduces intraoperative blood
loss with 25.73% and the number of fluoroscopy uses de-
creases with 23.80%.

Injuries
Three-dimensional printing of joint fractures is an innova-
tive procedure that generates useful models in preoperative,
tangible and real assessment of fractures and surgical proce-
dures, which improves provided care and has the potential
to raise the patient’s understanding and agreement [22].
Bagaria et al [7] presented a series of cases in which
they used computed tomography / magnetic resonance
imaging medical scans, 3D reconstruction, anatomical
modeling, computer-aided design and computer-assisted
implantation in treatment of complex fractures of ac-
etabulum, calcaneus and medial condyle of the femur
(Hoffa’s fracture). Chung et al [23] presented in scien-
tific literature the use of a 3D printed calcaneus model
as a preoperative and intraoperative tool for minimally
invasive fixation of a plate on the calcaneus fracture. Sub-
sequently, Yao et al [24], using a 3D printed heel model,
performed an intervention in which they simulated the
fixation with screws in the minimally invasive treatment
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of heel fractures. Bizzotto et al [25] have used 3D printed
medical models to assess fragment dislocation and joint
surface failure, which were collected over a two-year pe-
riod from 102 patients diagnosed with complex joint
fractures of distal radius, radial head, tibial plateau, as-
tragalus, calcaneus, ankle, humeral head and glenoid. In
addition, models were presented to patients in order to
obtain informed consent before surgery.

With the support of 3D technologies, an innovative re-
search carried out by Moldovan et al [26], has led to elabo-
ration of a new alignment method for bone fragments in
comminutive fractures. The new algorithm is able to align
bone fragments surfaces derived from segmentation pro-
cess of volumetric tomographic data. The method was vali-
dated in practice for preoperative planning of a 49-year-old
male patient who had a tibial plateau fracture of Schatzker
type VI (figure 6).

Elective orthopedic surgery

Computer-assisted three-dimensional preoperative plan-
ning for elective orthopedic cases was performed in spinal
disorders [27, 28], sports medicine [29], adult reconstruc-
tion [30, 31], foot and ankle surgery [32, 33], pediatric
orthopedics [34, 35], and orthopedic oncology [36, 37].

Li et al. [27] compared intervention in two groups of
patients undergoing lumbar discectomy for whom classical
preoperative planning was performed, with preoperative
planning supported by 3D printing technology through
which patient-specific lumbar vertebral models were creat-
ed. A comparison of preoperative and postoperative clinical
outcomes of the two groups found that use of 3D printing
technology reduced duration of surgery and perioperative
blood loss, but clinical outcomes were similar for the two
groups of patients. In a case of 50 patients diagnosed with
upper thoracic fracture, Kaya et al [28] inserted a pedicular
screw using 3D printed guide plates, which were produced
cheaply and customized for each patient. The new method
allowed a safe surgery combined with high precision inser-
tion of thoracic pedicle screws.

With the support of 3D printing Sheth et al [29] pro-
duced a 3D model of the glenohumeral joint of a young
patient with recurrent anterior shoulder instability and
complex Bankart and Hill-Sachs lesions. It was used in
preoperative planning stages of a Bankart arthroscopic re-
pair and completion to determine depth of the Hill-Sachs
lesion as well as degree of abduction and external rotation
caused by the Hill-Sachs lesion.

A retrospective study by Liang et al [30] reports the fea-
sibility of using 3D printing technology for 35 patients
with pelvic tumor. They underwent resection of pelvic tu-
mor and reconstruction using 3D printed endoprostheses.
Three-dimensional printing technology has facilitated pre-
cise matching and osseointegration between implant and
host bone. Hun et al [31] describe the successful use of
custom 3D printed prostheses in complex spine surgery for
C2 reconstruction of the anterior spine. Three-dimensional
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Fig. 6. Tibial plateau fracture reconstruction result supported by
the alignment algorithm: (a) Identification of independent fracture
fragments; (b) Standard triangle language model; (c) Three-dimen-
sional printed replica.
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printed, patient-specific titanium prostheses were used for
reconstruction of structurally compromised C2 vertebrae.

Reconstruction of the foot and ankle is often com-
plicated by multiplanar deformity and bone loss. Three-
dimensional printing technology offers solutions to these
complex cases with customized implants conforming to
the anatomy and patient-specific tools that allow precise
correction of the deformation. Kadakia et al [32] treated
four cases of complex reconstruction of the lower extremi-
ties characterized by segmental bone loss and deforma-
tion with failed total arthroplasty of the ankle, avascular
necrosis of the talus, ballistic trauma and failure of a tibial
osteotomy. Each case presented a unique clinical scenario
for which 3D printing technology allowed innovative solu-
tions. By employment of 3D printing technology, Zhang
et al [33] treated symptomatic bone cysts of the ankle and
foot, using 3D printed models to position the cysts, which
facilitated an arthroscopic approach, a better understand-
ing of the anatomy and easy operation.

Starosolski et al [34] have used 3D biomedical models
for evaluation of pediatric musculoskeletal disorders in a
case of Perthes disease, which allowed deformity precise
assessment, exact placement of implants and procedure
simulation. For three young patients, Coote et al [35] have
used 3D printed models of patients’ spine based on com-
puted tomography in pediatric spine deformity operations
that allowed an eflicient and accurate surgical planning by
taking into account anatomical complexity and risk of dev-
astating neurological consequences.

Ren et al [36] printed a heel 3D model of a 17-year-
old patient, with a history of nocturnal ankle pain, which
allowed precise location of an osteoid osteoma. In the
complex context of foot anatomy, this challenge facili-
tated the design of a surgical guide plate, which guided
intraoperatively a trephine, and created a bony window
in the lateral area of the calcaneus, through which, with
minimal bone loss, it was achieved a complete lesion re-
section. Three-dimensional printing technology provides
an advanced approach to pelvic bone tumor resection and
reconstruction. Park et al [37] performed malignant pelvic
bone tumor surgeries for 12 patients using bone cutting
guides and 3D printed implants. It was performed a type
I internal hemipelvectomy by using 3D printed bone cut-
ting guides that underwent bone tumor resection in the
ileum cavitary, and type I, II, and III pelvic resections by
using 3D printed cutting guides and reconstruction with
3D printed implants.

Guides and customized surgical instrumentation

After preoperative planning, as previously presented, 3D
technology can still be used in manufacture of customized
surgical guides and instruments, such as templates and
cutting tools. The use of personalized surgical instruments
optimizes patient’s functional results, reduces duration of
surgery and perioperative blood loss [38].
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Most often, patient-specific instrumentation is used
to completely replace the knee. With the support of 3D
technology, knee models are printed and then disposable
cutting tools adapted to the anatomy of the patient’s knee
are manufactured, which minimizes potential surgical er-
rors and optimizes restoration of the knee mechanical axis
[39]. However, Nam et al [40], after two years of clinical
experience in total knee arthroplasty, show that customized
cutting guides that use the preoperative 3D imaging for
fabrication of cutting blocks specific to the patient’s na-
tive anatomy, compared with standard instruments do not
demonstrate advantages in knee result measurement scores
or coronal alignment.

Recently, the use of custom 3D printed instruments
has been extended beyond total knee replacement, to
other custom surgeries. Hirao et al [41] treated a patient
with rheumatoid arthritis who had a degeneration of the
first metatarsophalangeal joint and fused in a severe posi-
tion of pronation deformity. In an arthrodesis operation
of the metatarsophalangeal joint, a personalized surgical
guide was used, constructed after 3D simulation, which
allowed the joint to be placed in an appropriate rotational
position by adjusting the rotation between the metatar-
sal and the proximal phalanx. Nineteen children with
forearm deformity who were diagnosed by Bauer et al
[42] with hereditary multiple exostoses, Madelung’s de-
formity, and healed fractures with incorrect anatomical
alignment, underwent corrective osteotomies. It was used
preoperative 3D computer modeling and specific patient
surgical guidelines.

In a case of 12 patients, Arnal-Burr6 et al [43] have
used a new technique based on printed 3D cutting guides
and wedge spacers for distal femoral osteotomies. Results
were compared with 20 control patients who underwent
distal femoral osteotomies with opening wedges follow-
ing the traditional technique. In comparison with control
group the use of customized 3D guides has minimized
intraoperative complications, while reducing surgical and
fluoroscopic time, as well as costs. IJpma et al [44] used
patient-specific osteosynthesis plates with drilling guides
for operative treatment of patients with displaced acetabu-
lar fractures. The surgery main results were the quality of
the reduction. The secondary results consisted in accuracy
of screws placement and clinical result reported by the pa-
tient.

In a case of a giant invasive sacral schwannom, for os-
teotomy Lin et al [45] have used a digital model of the sa-
crum for 3D printing of a customized guiding tool which
helped them to perform the appropriate tumor resection
with precise excision edges. For precise resection of osteo-
sarcoma, Ma et al [46] have used patient-specific guidance
templates that led during surgery to more accurate resec-
tion of tumor bone and bone implants, reduced blood loss,
shorter duration of surgery, and reduced radiation expo-
sure.
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Implants

Customized 3D printed implants are mainly used in re-
constructive surgery [47, 48] and orthopedic oncology
(49, 50] because their shape matches excised bone, thus
lowering stresses on the existing bone compared to con-
ventional implants.

In total hip arthroplasties with severe acetabular bone
defects, 3D printed implants customized to each patient’s
bone defect provide stable fixation and improved hip
scores. Li et al [47], who treated Paprosky type IIIB de-
fects, reported improvements in the mean Harris score of
the hip between preoperative and postoperative, from 36
to 82 points. This system can be considered an effective
treatment option in almost all cases of acetabular bone loss,
except for those of pelvic discontinuity. After total shoul-
der arthroplasty glenoid component damage is one of the
most common major complications. Stoffelen et al [48]
performed surgery in which, after a thorough debridement
of soft tissues, they introduced bone autografts supported
and fixed successfully a titanium glenoid implant in affect-
ed shoulder glenoid component.

In a case of a patient with grade 2 calcaneus chondro-
sarcoma, Imanishi and Choong [49] performed a total
calcanectomy by replacing the calcaneus with a custom-
ized patient calcanian prosthesis which was 3D printed in
titanium. In a research of Chandhanayingyong et al [50], a
patient who had a destructive lesion of the toe 5 proximal
phalanx with invasion of the metatarsophalangeal joints
and was diagnosed with giant bone cell tumor grade 1 un-
derwent a block resection of the proximal phalanx. The
defect was reconstructed with a proximal phalanx endo-
prosthesis as a metatarsophalangeal joint extension, which
was 3D printed in titanium.

Orthopedic fixatives, orthoses and prostheses

Qiao et al [51] combined 3D printing with computer-
assisted reduction technique in order to develop a custom
external fixator with fracture reduction function, similar
to Ilizarov model, which was used to treat three patients
diagnosed with tibial diaphyseal fractures. For three frac-
ture models, reduction and fixation were performed by
connecting pins inserted in bones supported by the cus-
tom fixator. The custom external fixator has advantages in
easy handling and no experience required. Good reduction
results were obtained in all three cases in terms of exact
reduction, proper fixation, minimal invasion, joint fracture
fragmentation and pain.

In a case of 29 children diagnosed with moderate ad-
olescent idiopathic scoliosis, Raux et al [52] have used
orthopedic treatment performed with traditional torso
surface acquisition method based on a plaster matrix
compared to the computer-aided design method with 3D
reconstruction of the trunk by optical scanning and 3D
printing for the manufacture of corrective devices. Each
patient received a corrective device manufactured by the
two technologies and selected a device according to their
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own comfort. It was preferred 13 devices manufactured
by classical technology and 16 three-dimensional printed
devices. Both technologies provided good results in terms
of correction made and in terms of patient comfort with
correction devices. Three-dimensional printing had the
advantage of a less invasive and more hygienic procedure.
Subsequently, in a clinical evaluation, Cobetto et al [53]
demonstrated better efficacy of correction devices that are
designed and manufactured computer-assisted and finite-
element simulated, compared to those that do not benefit
from finite-element simulation, on two groups of 19 and
21 patients diagnosed with scoliosis. The simulated rib
cages allowed better results of the main thoracic and lum-
bar curves. These were 50% thinner and had 20% less cov-
erage, compared to cages unsimulated with finite elements.

Dombroski et al [54] conducted a study to compare cus-
tom orthoses made of traditionally cast plaster foot molds,
respectively 3D printed. Results evaluation consisted in
medial longitudinal arch measurement using arch height
index during 10 walking cycles, which highlighted slightly
improved results in the case of 3D printed orthoses.

According to a review of Tanaka and Lightdale-Miric
[55], advances in 3D technology allows manufacture of
custom prosthetic hands at much more affordable costs,
which are about 70 times lower than traditionally manu-
factured. Using 3D technology, Swartz et al [56] fabricated
prosthesis in a case of a partially amputated hand on index
finger and non-dominant left thumb. The prosthesis also
contained a control device that compared to traditional
hand prostheses offered greater strength and functionality
and a smaller overall size.

In a case of an 8-year-old child with bilateral hand sur-
gical amputation, Galvez et al [57] selected the most ap-
propriate size for hand transplantation using 3D printed
models from different potential donors for which they de-
termined depending on size hands and forearms matching
between donor and recipient.

Conclusion

From the scientific literature analysis it can be seen that
new 3D digital technologies are revolutionizing orthopedic
clinical practices. In recent years, the vast potential of these
technologies, which include 3D imaging, design, numeri-
cal simulation in design and 3D printing, is increasingly
used in clinical practice. The first and most important step
is to acquire accurate image data. The obtained data are
then imported and processed by specialized image process-
ing software packages in order to identify and extract spe-
cific information about tissues.

These technologies have the potential to provide useful
tools for clinical environment, because complex structures
such as patient anatomy replicas, custom surgical instru-
ments, custom implants, but also other medical devices
can be manufactured in a few hours. Visualization of 3D
printed anatomical models and preoperative education of
patients can help orthopedic surgeons in selecting the op-
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timal operating plan, making implants in the most appro-
priate positions which optimizes clinical results and mini-
mizes complications.

Scientific literature research has shown that in many
surgical situations, by means of 3D technologies, accurate
preoperative planning can be achieved in cases of complex
trauma as well as elective cases. Supported by 3D technol-
ogies personalized surgical instruments and personalized
implants have been developed, especially in reconstruc-
tion interventions for adults and in orthopedic oncology.
By using personalized patient guidance tools, surgery in
complex cases is easier to perform, more accurate and cost-
effective, even if personalized implants and patient-specific
instruments can be costly.

Three-dimensional technologies have a valuable poten-
tial that requires exploration for their effective integration
and application in clinical practice. The vast potential of
3D technologies can still be applied in many other areas of
orthopedics. In future research it should be compared pa-
tient outcomes and effectiveness of preoperatively planned
interventions supported by conventional methods with
those using 3D technology. Physicians should also adapt
to and learn these technologies in order to support their
implementation in clinical practice and to perform further
research.
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