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Introduction 

Ever since its introduction in the early 80s, the technology 
of three-dimensional (3D) printing, also known as additive 
manufacturing, has made rapid progress. Despite current 
uses being mainly limited to the management of complicated 
clinical cases, promising results and more widespread 
applications of the technology can be seen in various surgical 
specialties. Combined with advanced imaging, 3D printing 
has the potential to redefine personalized medicine and 
revolutionize the healthcare system (1). This article discuss the 
roles of 3D printing in thoracic surgery in simulation model 
and prosthesis, followed by a brief discussion on its advance 
application, future use and the challenges ahead. 

3D printing 

The introduction of 3D printing has radically changed 
the method of manufacturing models. Conventionally, 

engineers and producers prefer subtractive manufacturing, 
a construction method that involves various modelling 
techniques such as cutting and shaping to achieve a desired 
structure. In 3D printing, however, the object is produced 
layer by layer and added up. Such an additive manufacturing 
method is not only innovative, but also offers numerous 
advantages. It requires less manpower as the manufacturing 
process is almost automated, and it also has less demands 
on craftsmanship especially on manipulating complicated 
shaping tools. Furthermore, 3D printing can be seen as a 
more environmentally friendly solution to manufacturing 
that produces less waste, and has the ability to create objects 
with complex geometry. 

Current medical tools and devices, as described in the 
literature, are printed using the fused deposition modelling 
(FDM) method. It works by extruding thermoplastics 
through hot nozzles up to 200 degree Celsius, however, 
the process of building a whole prosthesis can take many 
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days. In the future, time is less likely to be a major concern 
when the newly introduced Continuous Liquid Interface 
Production (CLIP) is brought into clinical use. It works 
by controlling the balance between oxygen and UV light 
within a pool of photopolymer resin causing the resin to 
solidify allowing a continuous printing process. The CLIP 
method can markedly reduce the production process to 
minutes instead of hours or days (2), hence potentially 
allowing “real-time” on-table 3D printing for treatment of 
thoracic diseases for more tailored therapy (3). 

Surgical planning 

3D anatomical model printed based on the computed 
tomography (CT) images can greatly enhance preoperative 
planning. The ability to visualize directly from a handheld 
model allows surgeons to better appreciate the spatial 
relationships of the tumour and the bronchovascular 
structures. 

In particular, the efficiency of this technology well 
demonstrated in pre-excisional localization of small nodule 
with diameter less than 2 cm. 3D customized navigational 
template has a high accuracy with a median localization 
time of 13 minutes (4). Besides, it has the potential to 
replace intraoperative CT scanning and thereby prevents 
the patient from excessive radiation exposure. Consequently, 
it can be considered as a better alternative of the frequently 

used CT guided hookwire localization. 
Thus, 3D printing helps improve both surgical 

accuracy and efficiency in complex diseases. Using various 
colour patterns, the printed model could even indicate 
the effectiveness of neoadjuvant chemotherapy and 
fluorodeoxyglucose (FDG) activity (5). These “added 
dimensions” provide a more comprehensive picture, and 
reduces the chances of missing clinical irrelevant but 
abnormal lesions.

In the literature, 3D plastic lung models have been 
utilized in the planning of lung tumour resection (6) and 
subsegmentectomy (7). It is reported to preserve lung 
capacity to a greater extent by reducing some unnecessary 
removal of lung tissue and also minimizing access injury 
to surrounding respiratory muscles and structures. 
Together with the fissureless technique in thoracoscopic 
segmentectomy as brought by Akiba et al. (8), there is an 
additional benefit of preventing air leakage. 

Improved surgical precision, clearly defining resection 
margin even prior to the surgical incision and reduced 
operation time, are just a few of the potential advantages 
of using 3D anatomical modelling. In light of these, 
there have been preoperative productions of personalized 
models of airway (9), artery (10) and vertebral body (11) 
for surgical planning lately, making the technology of 3D 
printing a valuable asset across many surgical specialties 
(Figure 1).

Figure 1 A young patient with right chest chondrosarcoma requiring surgical resection. (A) Model of the 3D printed chest wall 
chondrosarcoma with multiple vertebrae and ribs involvement placed beside the intraoperative resected specimen. The 3D model allowed 
our thoracic and orthopaedic surgeons to better plan the resection and reconstruction procedure in advance; (B) early postoperative chest 
radiograph of the reconstructed titanium vertebrae and chest wall. 3D, three-dimensional; R, right; SUP, supine.
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The model is also pivotal in surgical simulation. In 
particular, the opportunity of a hands-on practice on 
a realistic model before a complex procedure allows 
surgeons to be better prepared and identify any unforeseen 
challenges. Furthermore, the model could act as a 
platform for surgeons to practice on the controls of and 
manipulation of new or unfamiliar instruments prior to 
deploying or utilizing it on the patient (10) (Figure 2). 
Through practicing on the model, surgeons may have the 
freedom to be more inventive and develop novel surgical 
techniques. 

Educational purposes 

Furthermore, 3D printed models would be a useful visual 
aid in teaching trainees, undergraduate medical students and 
informing the patients in complex surgical cases. Not only 
can surgical trainees and students appreciate distinct human 
anatomy, they might also gain hands-on experience on the 
respective procedure in simulation as discussed. In this 
sense, the model can also help diminish the learning curve 
of various operations before performing the procedure 
on real patients (11). Patients could also gain a better 
understanding of their own conditions, allowing improved 
decision making and communication, and ultimately better 
informed consent for the surgery. 

Chest wall reconstruction 

Various conventional chest wall reconstruction methods try 

to maximize the structural stability and aesthetic outcome 
while avoiding major acute and chronic complications 
such as prosthetic loosening or fracture and infection. Yet, 
despite recent advances in titanium prosthetic systems, 
they remain far from ideal (12,13). To improve prosthetic 
function, structural stability and aesthetics, an important 
factor is to create a reconstruction prosthesis that fits or 
even mimics the exact defect.

3D tailor made titanium ribs have quickly gained 
considerable popularity since its first report in 2013. The 
novel design even allows implants to contribute to the 
dynamic movement from respiratory cycles in addition 
to maintaining the fundamental structural integrity. 
Encouraging results of the 3D printed titanium ribs could 
be seen after its first application on a 62-year-old female 
patient with metastatic breast cancer invading the sternum 
and ribs as reported by Turna et al. in 2013 (14). The 
tailor-made ribs segment bears a high resemblance to the 
original rib curvature and could be secured to the bony 
remnants. Only steel wires are required to keep it in place 
and additional intramedullary screws added if security were 
a concern (15). Soft tissue reconstruction using latissimus 
dorsi flap and split thickness graft could be performed 
concomitantly depending on clinical need, for better 
cosmetic results. The resulting chest wall convexity and 
function from the printed tailor-made ribs is unlikely to 
be achieved by the use of mesh, or other non-customized 
reconstruction methods. 

Recent modifications are made to maximize the 
functionality of the implants. Moradiellos et al. introduced 

Figure 2 A patient with complex tracheal stenosis. (A) Segmentation of computed tomography data of a patient with complex tracheal 
stenosis (trachea—grey; cricoid—yellow; neck great vessels—pink) requiring a tailor made self-expanding nitinol stent (Micro-Tech, 
Nanjing, China). The thin long red arrow indicates the area of stenosis; the small blue, yellow and red arrows show the X, Y and Z axis 
during computer reconstruction; (B) two identical stents were made, one used for rehearsal of stent insertion and deployment on patient’s 
3D printed trachea; (C) and the final expected result of the stenting can be appreciated from the 3D model. 3D, three-dimensional.
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a “Greek wave” folding pattern in the printed rib, adding 
more flexibility to the original 3D design. As a result, both 
the expansion and contraction phase in the respiratory cycle, 
can be carried out in a more physiological manner (16). A 
similar folding pattern can also be observed in the design 
employed by Aragón and Pérez Méndez (17). The “spring-
like” modification on the sternocostal region as seen in both 
designs is also expected to reduce the risks of atelectasis due 
to painful breathing and eventually improving postoperative 
quality of life. 

Nevertheless, several problem identified regarding 
the use of STRATOS Titanium System may draw our 
attention (3) in the application of 3D printed titanium 
ribs, particularly those with a flexible “joint” design. Metal 
fatigue might be one of the concerns especially when the 
“Greek wave” pattern is used. With the reduced density 
of the titanium in the sternocostal region, the trade-off 
of increased flexibility might be less desirable long-term 
outcomes. Repeated and excessive external force at that area 
may theoretically increase the risk of implant fracture in 
the long run. Furthermore, a less sturdy system may also be 
prone to prosthetic fracture upon direct impact, for example 
if the patient engages in contact sports (13). 

Vertebral body reconstruction 

The success and comparative advantages of 3D printing in 
other surgical fields have led to the concept to be revisited 
for spinal surgery. Significant progress has been made in the 
high risk procedure of vertebral reconstruction and cervical 
fusion (i.e., arthrodesis). 

In-built pre-angulated screw holes (18-20) and porous 
end plates are two features shared by the 3D printed 
patient-specific custom vertebral body implants in the case 
studies. The screw holes added in the implant are made to 
achieve maximal stability. Xu et al., takes a step further, he 
added wings following the contour of the articular surface 
in order to create greater contact area between the implant 
and the vertebrae. By doing so, he is able to place additional 
screw on the lateral surface to further stabilize the implant 
and prevent dislodgement (11). 

Another common characteristic seen in the customized 
vertebral bodies is high porosity. Porosity up to 60% 
enables the in-growth of bones and facilitates the process 
of osteointegration (20). While adding to the mechanical 
strength, this feature also prolongs its lifespan (21), 
reducing the need of revision surgery if the device is used in 
a young age. 

Being a superior anatomical fit, 3D manufactured 
implants potentially saves patients from other complications 
if a graft is needed to be harvested from the traditional use 
of “off the shelf” implants or bone grafts. 

Airway splint 

A conservative approach with close monitoring is often 
adopted in mild to moderate congenital tracheomalacia. 
However,  a  consensus for management of  severe 
tracheomalacia is lacking (22). Aortopexy is an option 
for experienced surgeons in selected patients, but it is 
ineffective among 8% of individuals, with complications 
encountered among 15% of patients (23). Meanwhile, the 
failure rate and mortality rate are reported to be higher 
with the use of intraluminal stents. The advancement in 3D 
printing may give us an alternative for handling this clinical 
problem. 

3D airway splint is a new concept that works by 
suspending malfunctioning segments. While the luminal 
stent is placed inside the lumen; this personalized airway 
splint, on the contrary, is placed on the surface of the 
collapsed segment to achieve this effect (24). Additionally, 
due to  i t s  proximity  with the thyroid gland and 
neurovascular structures, artificial patches are used to cover 
the scaffold, thereby acting as a cushion to prevent direct 
contact with delicate structures and reduce injury. 

Different from the 3D prosthesis used in the chest wall or 
vertebral reconstruction, manufacturers of the customized 
tracheal splint have incorporated the use of “bioabsorbable” 
material polycaprolactone (PCL). The bioabsorbable 
material would not accumulate in the body and could be 
completely excreted, and this has already been tested in rat 
models (25). Despite the continuous degradation, the splint 
is designed in a fashion such that its mechanical strength 
would be sufficient to maintain airway patency for at least  
2 years (26) before a complete resorption, which is estimated 
to take 3 years (27,28). The acidic environment created, in 
turn would promote fibrosis of surrounding tissues and also 
increase the strength of the malacic airway segment (29). 

The effectiveness of the 3D printed tracheal splint 
is well demonstrated in both animal models and in real 
life practice. In a porcine model with surgically created 
life-threatening tracheobronchomalacia, placement 
of a 3D airway splint prolonged the survival time up 
to 7 days compared with the control group which 
succumbed in less than 1 day (26). The human case 
study also proves its success after implantation of an 



S760 Kwok et al. Multi-dimensional printing thoracic surgery

© Journal of Thoracic Disease. All rights reserved.   J Thorac Dis 2018;10(Suppl 6):S756-S763jtd.amegroups.com

anatomically specific tracheal splint in cases of paediatric 
tracheobronchomalacia with no reported procedure 
related or short term complication (27,28). 

Discussion

The current applications and the advantages that 3D 
printing could provide in the field of thoracic surgery are 
discussed, and yet there are several issues worth addressing. 
Foremost would be the time and cost involved, but they 
vary in different published case studies due to complexity, 
material used, and printing technology they adopt. For 
instance, printing a customized pulmonary artery or 
vertebral model may cost 700 USD (10,30), while it costs 
1,500 USD (5) to create a personalized pancoast tumour 
model and at least 2,000 USD (30) to print the entire rib 
cage or thoracic spine. 

Despite the high costs, there are various methods to 
tackle this problem. As an illustration, it is often more 
economical to utilize local 3D printing service than purchase 
a 3D printer. Depending on the model characteristics, the 
printing service cost may start from 100 USD per model 
whereas a minimum 1,500 USD is required for a decent 3D 
FDM printer in the market. At the higher end of 3D printer 
able to support multi-material printing, the cost of the 
machine may reach several hundred thousand USD. Other 
methods to save money includes using free online software 
such as Tinkercad or FreeCAD, attaching printed parts on 
a non-printed core, choosing cost-effective material such as 
standard resin and so forth. 

Generally speaking, the most time consuming steps in 
processing a 3D model/implant is to design the model on 
the computer, which as an example, can take up to 10 hours 
for a pulmonary artery model (10). Moreover, the virtual 
models should be reviewed by a radiologist before finalizing. 
This collaboration would be essential given a lack of 
standardized guideline (30). Inaccuracies can easily occur in 
one of the multiple steps while processing. In light of this, a 
radiologist equipped with the skill of designing CAD model 
would be helpful in promoting 3D printing in the surgical 
field. This would not only shorten the processing time, but 
also limit the number of people handling and transferring 
clinical data thereby help protect patients’ privacy. 

While time and cost appear to be the major obstacles in 
promoting the use of 3D printing in thoracic surgery, in the 
future, it may be compensated by the advantages addictive 
manufacturing offers in complex clinical scenarios. The 
potential reduction in operation time, fewer revision surgery 

and improved postoperative performance are factors that 
may justify the use of the expensive technology. With more 
documented cases and increasing experience, prospective 
study can be performed to validate these claimed benefits 
and provide an overview on long term performance. 

At this juncture, there is no established regulation or 
protocol on manufacturing 3D implants. A regulatory 
framework from authorities would be necessary to limit 
suboptimal implants being manufactured and placed in 
humans. In the long term, regulations on sterilization would 
be useful as well. Of equal importance would be 3D printing 
research collaborations with other units such as tissue 
engineering, and regenerative medicine so as to facilitate a 
revolutionary advancement in the health care system (31). 
The following provides an update and brief discussion on 
two of the most exciting developments; bioprinting and 4D 
printing. 

Beyond 3D printing: bioprinting

Bioprinting is a rapidly developing branch in regenerative 
medicine, aiming to reproduce cells, tissues, and ultimately, 
fully functional organs. A detailed review on this field is 
beyond the scope of this article, however, the following 
serves to provide a general overview and discuss its possible 
application. 

Taking the advantages of improved precision and spatial 
control provided by 3D printing, great progress is made in 
bioprinting with a more accurate deposition of viable cells, 
and supporting components on a biocompatible scaffold. 
Nonetheless, the field is still in its infancy and many more 
challenges are to be met before a living tissue can be 
created. 

Foremost, a more comprehensive knowledge and 
coordination between various specialities, including 
material science, engineering and chemistry is required. 
Having knowledge of  the microenvironment and  
cell-cell interaction, for example, would determine the 
material chosen for a biocompatible scaffold, correlating 
with the cell’s functionality and viability (32). Of equal 
importance in facilitating bioprinting is the appropriate 
choice of biomaterial as BioInk, and achieving subsequent 
tissue vascularization for ongoing development. An 
ideal BioInk should be able to differentiate into a wide 
spectrum of cells, easily isolated and stored. Moreover, 
extended lifespan and adequate mechanical strength 
are also desirable characteristics. At present, embryonic 
stems cells are considered as one of the top candidates 
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to be used as BioInk (31). After printing those functional 
tissues or cells, vasculature would be the key in controlling 
cells’ survival and maturation (33). Without continuous 
supply of nutrients and waste removal, tissues would 
undergo apoptosis. As such, further research on bioreactor 
supporting vasculature and angiogenesis is necessary (34). 

Although an organ replica is unlikely to be achieved 
in short term, the technology introduced in bioprinting 
has a widespread application in bridging the gap between 
the current medical practice and the ideal personalized 
medicine. First and foremost, printed human tissues would 
facilitate pharmacological development to a great extent. 
Drug trials can be tested directly on human tissues instead 
of animal model (35), allowing more precise trials, higher 
safety profile, more affordability and potentially more 
conditions to be treated. Printed tissue samples could 
also provide individualized drug regimen thus speeding 
up the recovery. Besides, the technology, per se, is an asset 
in learning pathology (34). In vitro model enables direct 
examination of various types of conditions. For instance, a 
thorough understanding on the aetiology of pneumonia or 
pathogenesis of fibrosis is made possible after inoculation of 
microorganism or pollutants on human lung tissue. 

Bioprinting organ for transplantation in many ways can 
be seen as medicine’s Holy Grail. With a more mature and 
well developed technology, in vivo bioprinting (31) also 
emerges as a promising alternative. It works by depositing 
cells and biological material directly on the patients. In 
this sense, a fibrotic diseased lung can be repaired after 
adding appropriate biomaterials and cells even without 
debridement. Multidisciplinary approaches with the 
input from various fields, including but not limited to 
engineering, medicine, biology, chemistry, would truly be 
necessary in getting closer to the dream of creating a 3D 
printed organ (35). 

4D printing—the new horizon

Another fascinating area of development is the recently 
introduced concept of 4D printing. Incorporating the 
concept of “time” into conventional 3D printing, it enables 
the printed objects to change form and/or function when 
exposed to a predetermined stimulus, such as heat, pressure, 
or humidity (36). 

Conventionally fabricated objects have a pre-designated 
form and modality that should remain static and stable. The 
new concept of 4D printing will challenge this idea, with 
the ability to undergo self-transformation once produced, 

and facilitate minimally invasive deployment thereby 
improving procedural cosmesis (37). Besides, 4D printing 
also enables a change in physical, chemical and/or molecular 
properties, resulting in an object with distinct flexibility, 
porosity, conductivity, magnetic properties and so forth. At 
present, shape memory polymer (38), hydrogels (39) and 
cross-linked liquid crystalline polymers (40) are the soft 
active materials (36) favoured in the 4D printing industry. 

Clinically, personalized endo-luminal medical devices are 
the first and, at present, the only documented application 
of 4D printing (38). Applications include cardiovascular 
stent for expanding narrowed lumen (34) and airway stent 
composed of shape memory polymer (38). Actuation, also 
known as transformation, is seen when device is subjected 
to heat as accomplished with the use of thermal chamber, 
infrared diode laser, inductive and resistive heating. Apart 
from stents, other future devices that may benefit from 
such characteristics of 4D printing include paediatric rib 
cage implant and prosthetic cardiac valves. The advantage 
in the rib cage would be the added ability to accommodate 
physiological growth and dynamic respiratory cycle, 
whereas in a valve model, flow rate could be well adjusted in 
response to the physical demands and oxygen concentration 
in blood. 

Another perspective of 4D printing would be the 
capability to undergo self-repairing. The underlying 
mechanism is mostly contributed by the reversibility of the 
cross linking at the molecular level (39). This has a vast 
therapeutic application in regenerative medicine. Other 
than reducing revision surgery in case of device migration 
and structural failure, outdated 4D printed devices and 
objects, can be decomposed into programmable particles 
or components for recycling. Although the idea of 4D 
printing is currently in the experimental phases, illustrated 
above are some of the potential advantages and uses. Other 
than clinical applications, it also provides a wide range of 
opportunities to be explored by various manufacturing 
industries. 

Conclusions

3D printing is a new medical technology with potential 
widespread applications in thoracic surgery. Currently, 
the main utilizations are in printed models for surgical 
planning, education and implant. For the time being, the 
high cost and prolonged processing time may preclude 
mass application. Nonetheless, the development of 3D 
printing provides the fundamental basis for generating 
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more exciting ideas, including bioprinting and 4D printing. 
With advancement in printing technology and further 
collaborative endeavours that can streamline and shorten 
the process, additive manufacturing will likely bring a 
paradigm shift in the planning and management of thoracic 
conditions in the near future. 
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