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Abstract: With advances in both medical imaging and computer programming, two-dimen-

sional axial images can be processed into other reformatted views (sagittal and coronal) and 

three-dimensional (3D) virtual models that represent a patients’ own anatomy. This processed 

digital information can be analyzed in detail by orthopedic surgeons to perform patient-specific 

orthopedic procedures. The use of 3D printing is rising and has become more prevalent in medi-

cal applications over the last decade as surgeons and researchers are increasingly utilizing the 

technology’s flexibility in manufacturing objects. 3D printing is a type of manufacturing process 

in which materials such as plastic or metal are deposited in layers to create a 3D object from a 

digital model. This additive manufacturing method has the advantage of fabricating objects with 

complex freeform geometry, which is impossible using traditional subtractive manufacturing 

methods. Specifically in surgical applications, the 3D printing techniques can not only generate 

models that give a better understanding of the complex anatomy and pathology of the patients 

and aid in education and surgical training, but can also produce patient-specific surgical guides or 

even custom implants that are tailor-made to the surgical requirements. As the clinical workflow 

of the 3D printing technology continues to evolve, orthopedic surgeons should embrace the latest 

knowledge of the technology and incorporate it into their clinical practice for patient-specific 

orthopedic applications. This paper is written to help orthopedic surgeons stay up-to-date on 

the emerging 3D technology, starting from the acquisition of clinical imaging to 3D printing 

for patient-specific applications in orthopedics. It 1) presents the necessary steps to prepare 

the medical images that are required for 3D printing, 2) reviews the current applications of 3D 

printing in patient-specific orthopedic procedures, 3) discusses the potential advantages and 

limitations of 3D-printed custom orthopedic implants, and 4) suggests the directions for future 

development. The 3D printing technology has been reported to be beneficial in patient-specific 

orthopedics, such as in the creation of anatomic models for surgical planning, education and 

surgical training, patient-specific instruments, and 3D-printed custom implants. Besides being 

anatomically conformed to a patient’s surgical requirement, 3D-printed implants can be fab-

ricated with scaffold lattices that may facilitate osteointegration and reduce implant stiffness. 

However, limitations including high cost of the implants, the lead time in manufacturing, and 

lack of intraoperative flexibility need to be addressed. New biomimetic materials have been 

investigated for use in 3D printing. To increase utilization of 3D printing technology in ortho-

pedics, an all-in-one computer platform should be developed for easy planning and seamless 

communications among different care providers. Further studies are needed to investigate the 

real clinical efficacy of 3D printings in orthopedic applications.
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Introduction
Orthopedics is a surgical discipline that is commonly tied to 

biomedical engineering, which has been applied to various 

orthopedic disciplines, ranging from trauma surgery, joint 

arthroplasty, and tumor surgery to deformity correction. 

One of the reasons for the success of these applications is 

the contemporary medical imaging technologies that have 

allowed for detailed analysis of the individual’s musculo-

skeletal system. With advances in both medical imaging and 

computing programming, virtual models that are representa-

tive of patients’ own anatomy can be generated for planning 

patient-specific orthopedic procedures.

From preoperative planning to training and education 

to implant designing, the use of three-dimensional (3D) 

printing is rising and has become more prevalent in medical 

applications over last decade as surgeons and researchers 

are increasingly utilizing the technology’s flexibility in 

manufacturing objects. 3D printing is a type of manufac-

turing process in which materials such as plastic or metal 

are deposited in layers to create a 3D object from a digital 

model.1 The process is distinct from traditional manufactur-

ing methods in that it is an additive rather than a subtractive 

process. Specifically in surgical applications, the 3D printing 

techniques can not only generate models that give a better 

understanding of the complex anatomy and pathology of the 

patients,2 but can also produce patient-specific instruments 

(PSIs)3–11 or even custom implants12,13 that are tailor-made 

to the surgical requirements.

Only a few papers have recently reviewed the 3D print-

ing technology and its medical applications.2,14–16 However, 

they were reported mainly from the perspectives of radiolo-

gists, surgeons, and engineers. Although relevant studies 

and clinical data on 3D printing in orthopedics are limited, 

its potential in personalized treatment in orthopedics is 

huge. As the clinical applications of 3D printing continue 

to evolve, orthopedic surgeons should embrace the latest 

knowledge of the technology and incorporate it into their 

clinical practice for possible benefits to patients. This paper 

is written to help orthopedic surgeons stay up-to-date on the 

emerging 3D technology, starting from the acquisition of 

clinical imaging to 3D printing for patient-specific applica-

tions in orthopedics. The paper 1) presents the necessary 

steps to prepare the medical images that are required for 3D 

printing, 2) reviews the current applications of 3D printing 

in patient-specific orthopedic procedures, 3) discusses the 

potential advantages and limitations of 3D-printed custom 

orthopedic implants, and 4) suggests the directions for 

future development.

Patient-specific orthopedics
In traditional orthopedic procedures, surgeons have to 

mentally integrate all preoperative two-dimensional (2D) 

images and formulate a 3D surgical plan. This preoperative 

planning is particularly difficult in areas that have complex 

anatomy and severe deformity or in cases of bone tumor 

surgery. With the advent of volumetric medical imaging and 

computing technology, 2D axial images can be processed 

into other reformatted views (sagittal and coronal), and 3D 

virtual models with patient-specific anatomy can be created. 

With improved visualization, surgeons can then analyze this 

processed information to make more detailed diagnosis, plan-

ning, and surgical intervention on a patient-specific basis.

Although frequently used, the term “patient-specific” has 

not been clearly defined. An orthopedic surgeon may intui-

tively refer to it as the unique bone geometry or density that 

is assessed using the patient’s medical images. Other factors 

like material properties, design of orthopedic implants, or 

force acting on an individual patient may be incorporated 

qualitatively in the decision of “patient-specific” orthopedic 

treatment. On the other hand, the outcome for a particular 

treatment is based on the results of clinical trials that are 

only average estimates of different patients within the trials. 

These average results might not apply directly to individual 

patients for whom surgeons care.17 In biomedical engineer-

ing, patient-specific modeling (PSM) is the development of 

computational models of human pathophysiology that are 

personalized to patient-specific data.18 PSM is gaining more 

attention because of its potential to optimize an individual’s 

treatment by predicting outcomes of surgical interventions. 

It has been utilized in optimizing the preoperative planning 

of periacetabular osteotomies in hip dysplasia19,20 and in 

predicting the outcome of corrective surgery in scoliosis21,22 

and bony reconstruction with a custom implant after complex 

pelvic tumor resection.23 Although PSM is beyond the scope 

of discussion of this paper, the combination of PSM and 3D 

printing technology has been increasingly used in patient-

specific orthopedic applications such as for the creation of 

anatomic models for surgical planning, education and train-

ing, PSIs, and custom implants (Figure 1).

Image acquisition to generation of 3D 
objects
For patient-specific analysis in orthopedic applications, accu-

rate medical imaging data must be obtained to represent an 

individual patient. The modern multirow detector computer 

tomography (MDCT) and magnetic resonance imaging 

(MRI) provide fast and accurate 3D image data with high 
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resolution. With image postprocessing tools, it is possible to 

produce multiplanar reformatted 2D images and 3D views 

of the patient’s anatomy. The technique of converting digital 

medical images into a 3D physical object has been described 

in detail in a previously published review article.14 The con-

version consists of three steps: 1) image acquisition, 2) image 

postprocessing, and 3) 3D printing.

Image acquisition
High-quality medical images must be acquired first as the 

resolution of 3D objects generated from medical images is 

dependent on the resolution of the medical images them-

selves. The quality of the 3D object cannot outreach the 

quality of its raw 2D imaging data. Both MDCT and MRI 

are commonly used imaging modalities. Because of high 

contrast in CT, it is the imaging modality of choice in ortho-

pedics when bones are the region of interest for an imaging 

study. MDCT can produce thin-section axial image with 

slice thickness of less than 1 mm and isotropic voxel. These 

high-resolution CT images are ideal to facilitate the image 

postprocessing for 3D applications.24 MRI has the advan-

tage of no radiation exposure during image acquisition. It 

is superior to CT in delineating soft tissue anatomy, such as 

that of articular cartilage in joint disease and intramedullary 

or extraossoeus extension in orthopedic tumors. However, it 

is more difficult to obtain thin 1–2 mm thick MR slices for 

image postprocessing as the image quality of the MRI can be 

adversely affected by movement artifacts generated during 

the long scanning times.25 Therefore, image postprocessing 

in orthopedic applications is mainly based on CT images 

and supplemented with tissue information from MRI. All 

the acquired medical images are saved in digital imaging and 

communications in medicine (DICOM), which is a standard 

data format to store, exchange, and transmit medical images.

Image postprocessing
Image postprocessing software extracts DICOM images 

for data reconstruction. Thin-section axial images are used 

to create nonaxial 2D images by means of multiplanar ref-

ormation.24 The additional reformatted coronal or sagittal 

images can then be visualized for better clinical interpretation 

 (Figure 2). This technique is particularly useful for examin-

ing skeletal structures as some information like fractures or 

joint alignment may not be readily apparent on axial sections. 

Other 3D visualization tools such as volume rendering gener-

ate 3D representations of the data set. Image segmentation is 

usually required to select regions of interest within the image 

data. Thresholding voxel intensity value is a technique that 

is commonly applied in segmenting regions that uniformly 

differ in intensity from their surrounding tissue, such as bone. 

3D objects can be generated from the segmented regions of 

interest. Computer-aided design (CAD) software transforms 

the contour of a 3D model into a series of polygons, usu-

ally triangles, the number of which directly correlates with 

resolution.26 The CAD information is then converted into a 

Figure 1 This image summarizes the clinical workflow of patient-specific 
orthopedics from image acquisition to 3D-printed models and implants. 
Notes: The workflow requires close collaboration between surgeons and engineers 
to achieve the surgery that is customized to the patient’s anatomy and surgical 
requirement. 
Abbreviations: CT, computer tomography; MR, magnetic resonance; FEA, finite 
element analysis.

Patient-specific
instruments

Surgical planning

Patient
specific
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Medical images
(CT ± MR)

Patient-specific
orthopaedics

Engineers

Surgeons

Anatomical
models

3D printing

Image processing

FEA
evaluation

Custom
implants

Figure 2 Axial CT images were acquired in a patient with low-grade osteosarcoma 
involving the sacrum (red arrows). 
Notes: The CT images in DICOM format were imported into a CAD engineering 
program. As the sacrum was at a tilted position during CT scanning, the image 
data set could be resliced to allow better visualization of sacrum in its anatomical 
alignment. The extent of the tumor could also be segmented manually from the 
images. The reformatted axial (A), coronal (B), and sagittal (C) views, and the 
3D bone-tumor model (D) enabled surgeons to analyze the patient’s anatomy and 
pathology accurately for customized surgical planning.
Abbreviations: CT, computer tomography; CAD, computer-aided design; 
DICOM, digital imaging and communications in medicine.
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common 3D file format, STereoLithography (STL). Further 

editing of the STL files like optimization of triangular meshes 

or modification of object geometries can be performed before 

the CAD data are sent to a 3D printing machine for object 

fabrication (Figure 3). Therefore, DICOM images are the 

key link between 3D printing technology and patient-specific 

medical imaging data in orthopedics.26

3D printing
CAD software analyzes the STL file that represents the 3D 

model to be fabricated and “slices” the model into a series of 

cross-sectional layers. A 3D printing machine then fabricates 

the 3D physical model by adding successive layers of material 

to recreate the virtual cross sections. The 3D printing technol-

ogy used in medicine can be classified according to the tech-

nique of manufacturing. It mainly includes stereolithography 

apparatus (SLA), fused deposition modeling (FDM), selective 

laser sintering (SLS), or electron beam melting (EBM).14,15 

The liquid-based 3D printing technology of SLA makes suc-

cessive layers by using photosensitive resin that is cured by an 

ultraviolet laser. The solid-based 3D printing technology of 

FDM works by the extrusion of small beads of melted thermo-

plastic materials, from a small nozzle, that harden afterward 

to form layers. The powder-based 3D printing technology of 

SLS or EBM involves the use of a focused laser or electron 

beam to selectively fuse small particles of plastic or metal on 

the surface of a powder bed. The focused energy scans each 

layer according to the cross section generated from the STL 

file of the fabricated 3D object. The powder bed is reduced 

by one layer thickness after scanning of each cross section. A 

new layer of material is then applied on top, and the process 

is repeated until the fabrication is completed. In contrast with 

other 3D printing technology such as SLA and FDM, which 

requires special supporting structures to fabricate overhanging 

designs, SLS or EBM does not require supporters because the 

model being constructed is surrounded by unsintered powder 

at all times. This allows fabrication of objects with previously 

impossible complex geometries.

Applications of 3D printing in 
patient-specific orthopedics
In the last decades, 3D printing has undergone tremendous 

development and now has important applications in various 

fields of medicine. However, reports on orthopedic applica-

tions are limited and mainly consist of case reports or small 

series. They include anatomic models for surgical planning, 

education and training, PSI for assisting surgical procedures, 

and fabrication of complex custom metal implants.

Anatomic models for surgical planning
In traditional preoperative planning, orthopedic surgeons 

utilized 2D plain X-ray and CT images to assess the bony 

anatomy and pathology of the patient. As more advanced 

image postprocessing software can generate 3D nonaxial 

reformatted images and 3D images, patient-specific treatment 

choice(s) can be selected by studying all the digital images. 

Despite these advances in image processing technology, 

the 3D anatomy is still being viewed as a flat, 3D image. 

Figure 3 Summary of the steps in patient-specific orthopedics in a patient with low-grade chondrosarcoma involving the anterior acetabulum of pelvis and a partial acetabular 
tumor resection and reconstruction with a 3D-printed custom implant was planned. 
Notes: The steps consist of image acquisition (A), image postprocessing (B), and 3D printing (C). 
Abbreviations: DICOM, digital imaging and communications in medicine; CAD, computer-aided design; CT, computer tomography; MR, magnetic resonance; 3D, three-
dimensional.
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Patient-specific physical bone models can be recreated from 

patients’ CT image data by 3D printing. The models not only 

allow surgeons to have tactile and visual understanding of 

the patient-specific anatomy and pathology, but also antici-

pate the operative challenges that will aid in the planning of 

orthopedic procedures.

3D physical models have been reported to be helpful in 

surgical treatment of complex acetabular27–29 and clavicle 

fractures.30 The models aided in better understanding of 

acetabular fractures and significantly reduced the degree 

of interobserver variation in the classification of these frac-

tures.31 The metal plates could also be placed to the fracture 

bone model and bent to match the reduced bone fracture 

surface prior to the actual surgery.28,30 The precontoured plates 

could then be used to assess and assist in fracture reduction, 

and these have even facilitated minimally invasive plating 

in comminuted clavicle fractures.30 In a prospective obser-

vational study of the surgeons’ perceptions of 3D printed 

models to assist with complex surgical cases in pediatric spine 

and pelvis with anomalies, significant benefits were rated in 

designing a surgical plan, selecting implant type or external 

fixator, intraoperative reference of patients’ anatomy, preci-

sion of osteotomies, and communication with patients.32 The 

operative time may even be reduced in cases of congenital 

spinal deformity due to improvement in 3D understanding 

of the condition and surgical planning.32 In the author’s 

experience, patient-specific 3D-printed models can also be 

sterilized so that the surgeon can manipulate the model on 

the operative field while performing the procedure. It may 

help confirm surgical anatomy and guide resection in bone 

tumor surgery (Figure 4A).

Education and surgical training
Patient-specific 3D-printed models can be used for education 

and preoperative discussions about surgical strategies and 

options among care providers across different disciplines. 

The use of the models has been reported in various pedi-

atric orthopedic disorders, such as Perthe’s disease, Blount 

disease, physeal bars, or coalitions.33 These models could 

assist surgeons, therapists, and patients to understand bet-

ter the patients’ musculoskeletal pathology. Patient-specific 

fracture models have also been used to improve the consent 

process in patients with complex acetabular fractures. It may 

increase the patient satisfaction as patients and their families 

can now easily understand their medical conditions with real 

physical models.29 Postoperatively, these physical models and 

their electronic CAD files could be kept to build a library of 

various types of fracture so that the models can be 3D-printed 

again when necessary. Such a collection of fracture models 

are useful educational tools for surgeons, other physicians, 

and medical students.29

Although the use of 3D-printed models has not been 

reported in surgical training in orthopedics, the potential 

benefits are obvious. Majority of the surgeons just train in the 

operating theater. This may place patients at risk when sur-

geons are trying to master certain surgical skills at the initial 

learning curve. With tangible solid models, senior surgeons 

can convey their surgical experience to residents much more 

easily. In addition, as complex or rare cases such as deformity 

correction, fracture fixation, or bone tumor resection may 

not be normally seen during resident training, 3D-printed 

models of the cases can provide residents or junior surgeons 

unique opportunities for authentic simulation-based surgical 

training. Besides enhancing surgeons’ understanding of the 

orthopedic conditions, surgical practice on prototypes created 

by 3D printing enables surgeons to be more familiar with 

the patient-specific scenarios before they actually perform 

similar procedures in real clinical setting. It may improve 

patients’ safety.

Patient-specific instruments 
PSI is customized on the basis of the 3D surface model of 

bony anatomy, which is generated by image segmentation of 

a patient’s imaging data. The design is then fabricated by 3D 

printing technology for orthopedic applications (Figure 4B). 

This customized tool is used with an intention of easily repli-

cating surgical plans that involve guiding a saw and/or drill in 

a specific planned direction. PSI has been reported in pedicle 

screw insertion for spinal surgery in the cervical4 or thoracic 

region,3 for performing difficult osteotomies in deformity 

Figure 4 (A) This image shows surgical exposure in a patient with humeral shaft 
bone sarcoma undergoing intercalary tumor resection. The 3D-printed PSM with 
planned resections (red arrows) could be used for easy intraoperative reference of 
the surgical plan. 3D-printed PSIs and bone models (B) were fabricated preoperatively 
for a joint-saving tumor resection in a 9-year-old patient with femur osteosarcoma.
Abbreviations: 3D, three-dimensional; PSM, patient-specific model; PSI, patient-
specific instrument.
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correction of fracture malunion,6,10 and for guiding accurate 

implant placement in total knee and hip arthroplasty.5,7,9 The 

use of PSI has also recently been described in bone tumor 

surgery. It might help improve the bone resection accuracy 

for oncological clearance11 and the matching of a customized 

tumor implant to the bone defect after tumor resection.8,23

In contrast to computer navigation-assisted techniques 

that require bulky navigation facilities and a machine opera-

tor, PSI technique has the theoretical benefit of improving 

surgical accuracy by using simple personalized instruments 

with minimal operative setup and without distraction from 

the surgical field. However, two recent meta-analyses did not 

support the routine use of PSI in total knee arthroplasty as 

it was not shown to provide superior accuracy to using con-

ventional manual instrumentation.31,34 One of the limitations 

in PSI technique is incorrect placement of a PSI on the bone 

surface determined during PSI design per the CAD software. 

The accurate fit between a PSI and its predetermined bone 

surface requires that the chosen bone contact surface or 

footprint should have sufficient registration features for stable 

positioning of PSI. A footprint with more contoured bone 

surface may improve the fit. In addition, accurate bone seg-

mentation from the preoperative image data set (CT or MRI) 

is important to depict the real bony anatomy for PSI design. 

In patients with osteoarthritis undergoing PSI-assisted joint 

arthroplasty, the depiction of osteophytes in CT images can 

be unreliable and can possibly result in errors in determining 

PSI footprint, which should exactly match the bone surface 

with osteophytes.35 Unlike the navigation-assisted technique, 

the PSI technique does not have the intraoperative visual 

feedback of preoperative images that can reveal errors.36,37 

Inaccurate placement of a PSI and the subsequent incorrect 

guided procedure may be undetected intraoperatively and 

may result in deviation error from the planned procedures. 

Currently, accurate intraoperative PSI placement relies 

mainly on the subjective feeling of the fit by surgeons. Stud-

ies are needed to investigate how much footprint at the bone 

contact is sufficient for consistent positioning of a PSI.8 In 

addition, possible intraoperative methods to quantitatively 

verify the correct positioning of the PSI should be determined 

as they might help minimize registration errors of the PSI.35

3D-printed custom implants
Off-the-shelf, standard-sized bone implants are mainly fab-

ricated using traditional subtractive manufacturing method. 

They are readily available to meet the surgical requirement for 

most patients. In contrast to an off-the-shelf implant in that 

the patient’s anatomy may need to be modified for a proper fit, 

a custom implant is a perfect match for the unique anatomy 

of that patient as it is based on the patient’s own medical 

images. Custom implants may be indicated when 1) patients’ 

bony geometries fall outside the range of standard implants 

with respect to implant size- or disease-specific requirements, 

and 2) improved surgical results are anticipated due to a 

better fit between implants and patients’ anatomical needs.14

Potential advantages and limitations 
of 3D-printed custom implants
The nature of additive layer manufacturing in 3D printing 

allows fabrication of custom implants with any complex 

shape or geometric feature; this is impossible using tradi-

tional subtractive manufacturing techniques. In addition 

to the advantage of being anatomically conformed to an 

individual patient, a 3D-printed implant can be generated 

with a complex free-form surface such as scaffold lattice in a 

metal monoblock (Figure 5). This interconnected pore surface 

structure has the potential to facilitate osteointegration and 

therefore the possibility to reduce the stiffness mismatch at 

bone–implant junctions.38,39 The stress-shielding problem 

may be further minimized as the porosity and pore size in 

the implants can be modified40 and the elastic modulus of 

porous titanium can be tailored to be comparable to that 

of the patient’s bone with the use of modern 3D printing 

techniques.41 Therefore, the modern design of a 3D-printed 

custom implant not only has the structural geometry that can 

match the surgical requirements of an individual patient, but 

also allows biomechanical evaluation under patient-specific 

loading conditions for design modification prior to the actual 

implant fabrication.23,42

The use of 3D-printed custom implants has recently 

been reported in difficult revision hip arthroplasty with 

severe acetabular bone loss.12 Sixteen patients with large 

acetabular defects underwent revision hip arthroplasty 

using 3D-printed custom trabecular titanium implants. The 

implants were designed from a detailed analysis of patients’ 

CT images with special reference to the bone quality and 

the bone geometry of deficient acetabulum. The implant 

consisted of a porous augment and cage that recreated the 

artificial acetabulum. Flanges were added to the design for 

optimum screw fixation to the remaining pelvic bone. Patient-

specific aids and instruments such as 3D-printed physical 

models of the hemipelvis, trial implants, and drill guides 

were provided for preoperative rehearsal and intraoperative 

reference and guidance. However, difficulty was reported in 

placing the custom implants accurately as planned in 7 out 

of 16 implants, which were found to be malpositioned in 
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one or more parameters of  measurement. This was the only 

study that addressed the accuracy of placement of custom 

acetabular implants by comparing the preoperative CT plan-

ning with CT data on the postoperative position. Further 

follow-up is needed to evaluate the clinical outcome of this 

new 3D-printed custom implant.

Bone tumor resection creates a bone defect that needs 

reconstruction to restore skeletal stability and function. 

3D-printed tumor implants may be the ideal reconstructive 

solutions as they can be customized to match various shapes 

of the bone defects after tumor resection. Early reports have 

suggested that the custom implants were useful for recon-

struction in clavicular, scapular, or pelvic bone tumors, which 

have unique bony geometry and no available off-the-shelf 

prosthesis.13,23 In addition, prefabricated custom implants 

and 3D models allowed surgeons to evaluate and better 

understand the surgical procedures prior to the actual surgery. 

To achieve a good fit of the custom implants, surgeons may 

require guiding tools such as PSI23 or computer navigation43 to 

replicate the same resection planes as planned per the design 

software. This patient-specific tumor implants may gain 

more attention and popularity in bone tumor surgery when 

the digital and manufacturing technology further advances.

A custom patient-specific knee implant (ConforMIS, 

Bedford, MA, USA) is commercially available for knee 

arthroplasty in patients with osteoarthritis. On the basis of 

the patient’s CT images, the implant is customized to match 

to each patient’s knee with unique shape and contour, thus 

optimizing bone preservation. A disposable set of person-

alized instrumentation is also provided with each implant 

to replicate the planned bone cuts. It may reduce implant 

inventory for the hospital when compared with the traditional 

off-the-shelf knee implants. However, it remains to be seen 

whether the potential benefit of this patient-specific implants 

can actually translate into a better clinical outcome.

Although the potential clinical performance of 3D printed 

custom implants can be outstanding owing to their ability 

to address reconstructive challenges that are beyond the 

scope of off-the-shelf implants, limitations of this emerging 

technology should be noted. The concerns include the high 

cost of the implants, the lead time required in designing 

and manufacturing to meet the surgical deadlines, the lack 

of intraoperative flexibility, and the difficulty of achieving 

accurate implant placement.16 The initial cost of custom 

implants may be higher than off-the-shelf implants. However, 

3D printing can generate custom implants with structural 

geometry that would be impossible using traditional subtrac-

tive technique irrespective of costs. Therefore, it is better to 

evaluate with reference to the total procedural costs from the 

preoperative planning, the implant design and manufacturing, 

the implementation of surgical procedures, and the long-

term clinical outcomes. The potential excellent long-term 

performance of the custom implants may reduce the costly 

revision surgeries due to implant-related failures and result in 

lower overall lifetime costs.16 With the advances in computer 

design software and 3D printing technology, biomedical 

engineers and implant manufacturers can integrate the whole 

planning process from 3D image data processing to complex 

custom implant fabrication via the close collaboration with 

surgeons. Therefore, the turnaround time of the implant fab-

rication may be further reduced and the 3D-printed custom 

implants can be a suitable adjunct for most patients in the 

future. In addition, post 3D printing steps, such as surface 

finishing and cleaning of metal powders in scaffold lattice, 

are essential to provide suitable and flawless 3D-printed 

objects to surgeons. Sterilization of physical models with 

materials not resistant to high temperature may raise a 

critical issue for intraoperative use. Implant-related infection 

may be a concern as the lattice structure may increase the 

hospitable surface for microbial adherence that is difficult 

to eradicate. Finally, some regulatory considerations in the 

design and manufacturing of 3D-printed custom implants 

remain challenging for hospitals as there are currently 

Figure 5 (A) and (B) The figures show a 3D-printed custom implant for acetabular 
reconstruction in the patient with low-grade chondrosarcoma. The implant has a 
solid plate, flanges, and an acetabular cup with screw holes for fixation. The scaffold 
lattice (C) contains an interconnected network of pores with an average porosity 
of 70%.
Notes: The pores have an average size of 720 µm and the thickness of the solid 
struts is about 350 µm. The porous construct can facilitate the bone ingrowth at the 
bone–implant interface for better implant longevity. In addition, it is highly resistant 
to mechanical compression, while its elastic modulus is similar to that of bone to 
minimize the stress-shielding problem around the implant.
Abbreviation: 3D, three-dimensional.
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limited regulatory standards that monitor the safety of these 

3D-printed custom products.26 Overall, although the clini-

cal data to support the routine use of the 3D-printed custom 

implants are currently limited, the integration of advanced 

3D design and 3D printing technology with PSI or computer 

navigation-assisted implant placement is very promising as 

it may further enhance the performance of custom implants 

in patient-specific orthopedics.

Directions for potential future 
developments
A few years ago, only plastics could be 3D-printed into 

anatomic models and PSIs. Then, metal powders, such as 

titanium or cobalt-chrome, were used to fabricate custom 

implants by 3D printing. The advances in biomimetic mate-

rials for 3D printing will be one major direction for future 

development in 3D printing technology in patient-specific 

orthopedics. The material should be biocompatible and steril-

izable for intraoperative use. 3D-printed artificial bone should 

consist of materials with mechanical properties similar to 

the native bone, which might help restore bony anatomi-

cal structures and biomechanical function. One example is 

polyether ether ketone (PEEK), which has been used as an 

effective biomaterial for implantable medical devices. This 

high-performance thermoplastic can now be 3D printed 

to make durable, lightweight, and geometrically complex 

objects. Besides offering exceptional strength along with 

superior heat and chemical resistance, PEEK has a modulus 

of elasticity closer to that of cortical bone, which might help 

minimize stress-shielding effects in orthopedic implants.44,45 

PEEK has been used as reconstructive cages in cervical spine 

surgery.46 It is yet to be demonstrated if 3D-printed PEEK 

artificial bones or implants are beneficial in patient-specific 

orthopedics.

Drug delivery is the method of administering a pharma-

ceutical compound to achieve a therapeutic effect in cells 

and humans. 3D printing technology has been successfully 

incorporated into drug delivery systems to fabricate 3D 

scaffolds with biomolecules or pharmaceutical compounds.47 

The combination of 3D printing technology and drug deliv-

ery systems has been suggested for surgery in tuberculous 

spinal infection. Poly-DL-lactide and nanohydroxyapatite, 

two promising drug delivery systems and materials for bone 

repair, were mixed with antituberculosis drugs to fabricate 

a 3D porous scaffold via 3D printing technology.48 The con-

struct may provide sufficient mechanical properties for spinal 

stabilization, encourage bone growth, and function as drug 

delivery platforms for treating tuberculosis.

The current workflow from clinical imaging to 3D 

printing of physical models requires multiple separate 

software that are designed for use mainly by biomedical 

engineers. Surgeons might not easily master the steps 

in the working process such as image postprocessing, 

creating 3D images that highlight of regions of interest, 

planning the surgery with various reconstructive options, 

and even preoperative biomechanical evaluation of the 

implant design or a reconstructive method. To increase 

the popularity of 3D printing technology among orthope-

dic surgeons, an integrated all-in-one computer platform 

should be developed to allow for easy planning and 

seamless communication among different care providers 

like radiologists, orthopedic surgeons, engineers, and 

implant companies. All the digital orthopedic data can 

be integrated to facilitate customized patient treatments. 

Surgeons may then choose which 3D-printed products are 

most appropriate for their patients.

Conclusion
The advent of image processing and 3D printing technology 

is opening up many opportunities in patient-specific applica-

tions in orthopedics. The modern high-resolution medical 

imaging data can further be processed to create 3D images 

that are essential for 3D printing of physical objects. The 

3D printing technology has been reported to be beneficial 

in patient-specific orthopedics, such as for the creation 

of anatomic models for surgical planning, education and 

surgical training, PSIs, and 3D-printed custom implants. 

Besides being anatomically conformed to a patient’s surgical 

requirement, 3D-printed implants can be fabricated with scaf-

fold lattices that may facilitate osteointegration and reduce 

implant stiffness. Early results in revision hip arthroplasty 

and bone tumor surgery have been promising. However, 

limitations including high cost of the implants, the lead time 

in manufacturing, and lack of intraoperative flexibility need 

to be addressed. Materials like PEEK, which are biocompat-

ible and have superior strength and heat resistance, have been 

investigated for use in 3D printing. In addition, 3D printing 

has been incorporated into drug delivery systems that may 

restore bony anatomy and deliver therapeutic compound 

to the target tissue. To increase utilization of 3D printing 

technology in orthopedics, an all-in-one computer platform 

should be developed for easy planning and seamless com-

munication among different care providers. Further objective 

investigation into the clinical efficacy of the technology is 

needed before one can put the technology into routine clinical 

practice in orthopedics.
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