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ABSTRACT 

 

 

Rapid prototyping (RP) also known as additive manufacturing (AM) or three-dimensional 

(3D) printing is a collection of techniques that aid faster production of prototypes. RP has a wide 

variety of applications in fields ranging from forensic science to space instrumentation. Over time, 

its medical applications have evolved from constructing models for training and communication 

to creating customized human implants and prosthetics. Today, RP has emerged as a powerful tool 

in tissue engineering by 3D printing human organs from living cells. This thesis presents a review 

of the various RP developments leading to new applications in the medical field by conducting a 

textual analysis of the publications. The review covers related publications from January 2001 to 

December 2017. NVivo 12 Plus software is used to stratify the publications followed by a manual 

review to draw results and conclusions. Knowledge of these applications is expected to provide a 

better understanding of the current state of the technology and propose directions for future 

research in terms of hardware, software and material.  
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CHAPTER 1 

INTRODUCTION 

 

 

 Rapid prototyping is a collection of techniques that aid faster production of prototypes. It 

involves layer by layer manufacturing process of a physical object from a 3D digital model. The 

physical model is built by slicing the 3D digital model into thin layers and then fabricating it by 

adding thin layers of material successively on an RP machine. RP is based on additive 

manufacturing rather than the subtractive methods used in traditional manufacturing methods. 

From very humble beginnings about 35 years ago, RP is now a billion-dollar annual 

enterprise including numerous systems operating worldwide by various small, medium and large 

enterprises, government and non- government organizations and universities [1]. The first patent 

of 3D printing was issued to Charles Hull, the father of 3D printing and co-founder of 3D Systems 

Inc., in 1986 for the invention of his first stereolithography (SLA) apparatus [2]. SLA-1, the first 

commercial RP system of 3D Systems was introduced in 1987 followed by the patent issuance to 

Carl Deckard for the Selective Laser Sintering (SLS) system in 1989. Fused Deposition Modelling 

(FDM) RP process was patented by Scott Crump, co-founder of Stratasys Inc., in 1992.  

RP development in Europe gained popularity with the introduction of Stereos system 

manufactured by EOS GmbH, Germany in 1990. Laminated Object Manufacturing (LOM), Solid 

Ground Curing (SGC) and three-dimensional printing (3DP) were the other few technologies that 

hit the market in the early 1990s. The 1990s also witnessed the initial application of rapid 

prototyping techniques in the medical field leading to many developments in the coming years. 

The combination of medicine and 3D printing techniques made a milestone in 1999 by engineering 

3D printed bladder at the Wake Forest Institute for Regenerative medicine [3].  
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With the development of computers and advent of Computer Aided Design (CAD), RP was 

initially used in the manufacturing industry later advanced into different fields having a wide 

variety of applications ranging from medical, fashion, textiles, forensics to space instrumentation. 

In medical applications, RP was initially used as a means of guiding surgical procedures, 

preoperative planning and training, and printing/prototyping medical devices. Due to the 

significant advancement of the technology in terms of hardware, software, and materials, it has 

now evolved to create customized implants and prosthetics and breakthrough applications in tissue 

fabrication. The first 3D printed prosthetic leg marked the success of this technology repeatedly in 

2008. First blood vessel was printed using a 3D bioprinter in 2009 followed by the fabrication of 

the first implantable prosthetic jaw in 2012 [4]. It has been announced by Organovo Inc., that their 

3D bio-printed liver tissue could make it to the Food and Drug Administration (FDA) by 2019 [5].  

Medical Rapid Prototyping (MRP) process generally consists of four basic steps as shown 

in Figure 1.1: raw data collection, 3D file preparation, 3D printing and post-processing. The first 

step involves the collection of patient data with the help of a computed tomography (CT) scan or 

Magnetic Resonance Imaging (MRI) or X-ray. The collected 2D data is converted into a 3D file 

with the help of a CAD software. The 3D file is then converted into a Standard Tessellation 

Language (STL) format using a RP software. The STL file is then fed into the 3D printer system 

where the part/prototype will be fabricated. The final step involves the post-processing procedures 

of the 3D printed part such as cleaning and curing. 
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Figure 1.1. Schematic diagram of a medical 3D printing process [6]. 

Rapid prototyping is one of the most powerful disruptive technology that can bring 

innovative changes in the medical and healthcare sector.  Many researchers have published articles 

on the advancement of this technology in depth. This research is motivated by the study conducted 

by Webb [7] that reviewed articles published before January 2000 focusing on medical 

applications of rapid prototyping. Afterward, various studies were conducted on a wide range of 

medical applications of RP and evaluated the accuracy and effectiveness of the technology. A 

content analysis of all these publications can provide a better knowledge of the current state of the 

technology and developments happened so far.  

This research is focusing on the computer-aided textual analysis (CATA) of publications 

related to medical applications of RP to list the advantages and current limitations of the 

technology and suggest future directions of MRP.  The following chapter represents a literature 

review of the state of RP technology as of December 2000. Chapter 3 represents the research 

methodology and content analysis of the publications in detail. Content analysis involves a manual 

review of stratified publications within January 2001 to December 2017. The results obtained are 
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then compared to the analysis derived in Chapter 2 to draw conclusions. Chapter 4 represents the 

summary of the research and gives conclusions with future recommendations for medical 

applications of rapid prototyping. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

Webb [7], reviewed the applications of RP techniques in the medical and biomedical sector 

and drew conclusions on the potential developments and limiting factors of this constantly 

evolving technology. The review drew insight into the uses of RP in prostheses development, 

surgical planning and bioengineering by reviewing related publications till 1999. SLA pioneered 

in 1986 by 3D Systems Inc., was the most established medical RP technique so far. Suggestions 

were provided for further expansion in the hardware and choice of materials to utilize this 

technique to a wider range of applications [7].  

Swann [8] investigated the feasibility of building bio-models by linking MRI and 

stereolithography and established that the integration is possible considering reducing the 

problems encountered. Data transfer issues along with the poor resolution of the image processing 

limited the ability to capture intricate details into the bio model. Other disadvantages were the 

material stiffness and high cost of fabricating SLA models. Potential resolution of imaging data 

such as MRI or CT-derived data was found to be poor even after overcoming the data interfacing 

problems [7]. The low resolution of these scanners with a slice thickness in the order of 3 mm put 

a hold on applying RP in various medical fields. The low resolution became a major limiting factor 

in the overall accuracy [7]. 

 Early applications of RP were found to be successful in implantable prostheses in 

craniomaxillofacial surgery. Moving towards titanium from methylmethacrylate maxillofacial 

prosthetics in the early 1990s showed a significant development in materials [7]. Compared to the 

conventional techniques used in this field, RP was found to be more advantageous in terms of 
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aesthetics and proper fit which in turn led to excellent clinical results and huge cost savings. The 

accuracy of the fit of SLA fabricated implants was very beneficial in pre-manufacturing implants 

because of its good aesthetic results and less post-operative complications [7].  

Jamieson et al. [9] studied the possibility of developing new orthopedic products with the 

help of rapid prototyping techniques. Cost of instruments was a major factor adversely affecting 

the development of new orthopedic products. Potential of RP in fabricating cost-effective 

instruments and proper utilization in orthopedic surgery was examined by fabricating a meniscal 

tensor instrument using SLS in nylon with the help of Unigraphics software. Results of this 

experiment were found to be favorable to MRP applications as it reduced not only the cost and 

time of the instrument fabrication but also the final assembly part count compared to the 

conventional techniques and increased the tool design elegance [9].  

Use of SLA models in surgical planning dates from 1992 with an application in cleft palate 

reconstruction in which SLA models were used for the first time in planning the surgery and 

predicting surgical outcome. Later, SLA models were used for preoperative planning in 

maxillofacial surgery and congenital malar hypoplasia corrective surgery. Fabricated models 

helped in estimating the amount of bone required in reconstruction of jaw bones of a patient during 

surgery rehearsal [7]. 

 Winder et al. [10] manufactured customized cranial titanium plates using MRP and 3D CT 

data. SLA fabricated cranial plates were evaluated and found to be good fitting. Application of 

SLA technique reduced the need for making an impression when done using conventional methods 

and thereby reducing the operation time. Resolution of the CT scan data was poor.  

 Schenker et al. [11] presented a case study examining the combination of MRP and reverse 

engineering. Ability to print hard and soft tissues, design accuracy of the fabricated model and its 
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conformance with the biological dimensions and imaging data interpretation was of main concern. 

Advantages of this integration included better visualization possibility, reduction in development 

cost and easy and prior detection of flaws in the design. Disadvantages included less accurate 

conversions of 2D image slices into 3D CAD models, high turnaround time and high per piece 

cost due to the absence of automated procedures. The study suggested an advancement of MRP in 

bone tissue engineering by loading bone morphogenetic proteins (BMP) into the implants [11].  

 Medical applications of RP were reported to increase the diagnostic accuracy to 95.2% 

from 65.6% with the use of fabricated bio-models and error variance was decreased to 8% from 

44% due to the imaging data interface [7]. Most promising results of this technology were found 

in surgery planning and training by reducing post-operative complications and effectively reducing 

the operating time. This emerging technology having huge scope in developing implants from a 

range of biocompatible materials was found to have few challenges yet to overcome [7]. Cost and 

build time were the major drawbacks which in turn limited its use in emergency cases. 

Unlike the gradual growth of materials, development in hardware using innovative 

techniques and new machines was rapid in the 1990s. LOM technique was used in developing 

preoperative planning models when SLA-250 could not handle the CT scan file size. Another 

development in hardware was marked by the successful fabrication of a good fitting polycarbonate 

artificial limb prosthetics using SLS [7]. Speeding up of the prostheses fabrication process 

compared to the conventional casting methods proved RP techniques to be very beneficial. SLS 

was used in bioengineering applications to create an adult femur model using nylon powder with 

a layer thickness in the order of 0.1 mm. Slice thickness of the imaging data continued to be a 

restrictive factor even in the SLS model accuracy, but the durability of the models was acceptable 
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[7]. FDM method was used to fabricate FDA approved medical grade Acrylonitrile Butadiene 

Styrene (ABS) models that can be used inside the human body for a short term. 

 Kai et al. [12] analyzed the significance of rapid prototyping during surgery planning and 

concluded that MRP had a positive impact in the biomedical field and surgery planning that it 

reduced the surgery time, increased the surgery effectiveness and reduced the risk. SLA was 

reported to have smooth surface finishing but with less realistic structures while LOM gave clear 

3D models.  LOM fabricated models were less accurate when compared to SLA. 

 McGurk et al. [13] and Mankovich et al. [14] studied the use of RP in anatomical modeling. 

The study claimed that clinical applications of RP especially in biomodelling are advantageous 

because of the complete visualization possibility. RP in surgical planning proved to be very 

effective and reduced operation time [13]. The study also pointed out a few limitations such as the 

CT scan data processing and conversion errors and the cost of the fabricated models [13].  
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CHAPTER 3 

CONTENT ANALYSIS 

 

 

 Qualitative data analysis forms the basis of this research. This study focuses on identifying 

the advantages and current limitations of medical applications of RP, regional wise identification 

of the demand for medical applications of RP and proposing directions for future research in three 

dimensions, in terms of hardware, software and material. The research also aims to address if the 

limitations as of 2000 have been overcome or still persists and draw conclusions to overcome 

those. 

3.1 Research Methodology 

 Research used computerized textual analysis of publications that are published in the 

English language in peer-reviewed journals from 2001 to 2017. Articles targeting medical 

applications of rapid prototyping were selected for the analysis. The research methodology based 

on the content analysis utilized computer-aided textual analysis because of a large number of 

publications to be reviewed and to accurately identify the growth of medical applications of RP in 

three aspects. NVivo 12 Plus, a qualitative data analysis software was used to perform the content 

analysis and derive relevant results and conclusions. Statistical analysis of the results was 

performed using Microsoft Excel. Figure 3.1 depicts the research methodology and a detailed 

explanation of each step is described in the following sections. 
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Figure 3.1. Research methodology. 

3.1.1 Publication Selection 

 This step involves research articles selection related to medical applications of RP. An 

initial search with titles containing any of the words ‘medical’, ‘applications’, ‘prototyping’ 

yielded a list of 23,992 publications. The search included only articles in the WSU Library 

Database (https://mywsu.wichita.edu/web/home-community/libraries). An abstract search with 

the word string “medical applications of rapid prototyping” shortlisted the list to 440 articles. 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were 

used for assuring reporting quality as depicted in Figure 3.2. 48 additional records available in the 

WSU Library database were identified using Google Scholar. 254 records were filtered out as 

those were found to be not fitting the criteria of peer-reviewed, full-text academic journal articles 

https://mywsu.wichita.edu/web/home-community/libraries
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published in the English language from January 2001 to December 2017. The final list included 

130 publications useful for the textual analysis. 

 

Figure 3.2. PRISMA flow diagram. 

3.1.2 Coding Scheme 

 The next step of the methodology was to identify the initial constructs for the content 

analysis. ‘Application’, ‘Development’, ‘Hardware’, ‘Software’ and ‘Material’ were selected as 

the initial constructs as most of the publications were either application based or focusing on 

various developments of MRP. Assigning codes to these constructs was the next task. Code 

generation was conducted by utilizing the online synonyms finder (http://www.thesaurus.com). 

http://www.thesaurus.com/
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The final list of codes to conduct the Computer-aided Text Analysis (CATA) is shown in Table 

3.1.  

TABLE 3.1 

FINAL LIST OF CODES 

Construct Code 

Application 
Implementation 

Utilization 

Development 
Advancement 

Improvement 

Hardware 

System 

Technique 

Technology 

Method 

Software Program 

Material 

Biomaterial 

Polymer 

Metal 

 

3.1.3 Textual Analysis 

 NVivo 12 Plus, a Qualitative Data Analysis (QDA) software (QSR International, Version 

12.1, 2018, Melbourne, Australia) was utilized to perform the textual analysis of the selected 

articles. Full-text portable document format (pdf) of all articles were downloaded from the WSU 
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database and were imported into the software. The software determined the frequency of 

occurrence of all the constructs and its codes. 

3.2 Data Analysis 

 The first step of the data analysis was to create nodes for all the codes and coding was done 

using the ‘Text Search Query’ feature of NVivo. Coding results showed that 105 (~80%) 

publications referred to the ‘Application’ construct and its respective codes 399 times. 78 (60%) 

articles referred ‘Hardware’ and its codes 161 times. ‘Software’ construct was referred 117 times 

(inclusive of the codes) in 60 (46%) publications and ‘Material’ construct and its codes were 

referred 91 times in 46 (~35%) publications.  

 The next step was to stratify the files (publications) according to their research area in 

different folders in the software. Folders were created based on the nodes and were used to classify 

files based on their research in hardware, software and material development and other 

applications of MRP. Figure 3.3 represents a Pareto chart of the most frequently used twenty-five 

words from all the nodes. This chart was referred to create folders to accommodate all the 

applications.  

 

Figure 3.3. Pareto chart of most frequently used 25 words. 
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Files were primarily classified using the ‘Explore Diagram’ feature of NVivo as shown in 

Figure 3.4. Explore diagram shows the list of nodes to which each file has been coded. If a file has 

been coded to two or more nodes, the coding will be reviewed, and the file will be classified based 

on the number of references in the nodes. More the number of references in a node, the chance of 

classifying the file into that folder is higher. If the ambiguity remains, keywords and abstract 

content of that file will be reviewed. Each folder was then analyzed separately to draw conclusions 

by reviewing the publications manually. 

 

Figure 3.4. Explore diagram used for classification of files. 

 ‘Case Classification’ feature of NVivo was used to store the regional information (country 

details) of the file and ‘File Classification’ feature was used to store the publication year details. 
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“‘Case’ feature represents the unit of the observation. ‘Case Classification’ contains descriptive 

information like places, people or other cases in the project. ‘File Classification’ is used to store 

the bibliographical information of the file” [15]. The results obtained from NVivo were analyzed 

using Microsoft Excel and are discussed in detail in the below sections.  

3.2.1 Global demand for MRP 

 Figure 3.5 depicts the number of articles focusing on MRP published from 2001 to 2017. 

18 (~14%) articles were published in 2017 and it is the highest number found in the span of 17 

years. 10% of the articles were published in 2010. About 68% of the publications fall in the range 

of years 2010 to 2017 and the graph shows a steady increase from 2013.  

 

Figure 3.5. Global demand for MRP over time. 

Figure 3.6 represents the Pareto chart of the region-wise demand for medical applications 

of RP. Around 19% of the publications are published by the USA, the leading nation in utilizing 

MRP followed by China (18%) and Singapore (9%) in the second and third positions respectively. 

Almost 80% of the contribution towards the research in MRP is done by USA, China, Singapore, 

UK, India, Germany, Poland, Spain, South Africa, Italy, Thailand, Finland and Malaysia. 
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Figure 3.6. Global demand for MRP by region. 

3.2.2 Biomodelling Applications 

 Ten publications (7.7%) were focused on biomodelling applications and 30% of the 

research was conducted in 2017. Journal articles focusing on this application was first published 

in 2001 and further research conducted in this field was less until 2017. Majority of the research 

work was contributed by the UK (17%), Singapore (17%) and Finland (17%). Five papers focused 

on the use of bio-models in surgical planning [A1-A5] and one article researched the biomodelling 

advantages in education and training [A6]. Two articles published in 2017 studied the accuracy 

parameters affecting the printing outcome of bio-models [A7-A8]. Currently, bio-models 

fabricated using SLA, FDM and PolyJet and factors affecting the quality of bio-models are of main 

concern. China has started to investigate the feasibility of using RP techniques in fabricating hand 

bones and artery bio-models preserving the topology [A6]. 

3.2.3 Drug Delivery Applications 

Only two journal articles have been published in this field. The first article was published 

in 2001 by Singapore developing a novel method of fabricating drug delivery devices (DDD) using 

the SLS technique and found it viable in fabricating variable porous disc matrix [A9]. The research 
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was continued in 2007 in Australia by successful fabrication of DDDs using FDM technique and 

concluded that future developments can be done in the optimized release of drugs more accurately 

and at low cost [A10].  Research on controlled drug delivery and its device fabrication using RP 

techniques has been neglected since 2008. 

3.2.4 Implant Applications 

Research conducted in 17% of the reviewed publications focused on implant development 

using RP techniques. Figure 3.7 shows the number of publications focused on MRP in implant 

development from 2001 to 2017. The graph shows a gradually increasing curve from 2014 with 

the maximum number of publications in 2017.  Around 27% of the research done in this area is 

contributed by China, the leading nation in implant development using RP followed by USA 

(~14%) and South Africa (~14%) with an equal number of publications. 

 

Figure 3.7. Research development in implant applications. 

Seven publications (~32%) focused on oral and maxillofacial surgery (basal 

osseointegrated implant (BOI) and mandible implants) [A11-A17], 3 articles (~14%) researched 

on cranio-maxillofacial reconstruction surgery (polymethylmethacrylate (PMMA) implants) 

[A18-A20], 9 publications (~41%) focused on orthopedic implant fabrication (especially knee 
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joint implants and intervertebral disc implants) [A21-A29] and one publication studied the 

manufacturing possibilities of multi-structured implants [A30].  

In the recent research conducted in China in 2017 based on wrist arthroplasty, a novel 

application was developed for treating complicated bone defects in the wrists caused by trauma or 

bone cancer using SLA printed arthroplasty which avoids sacrificing other bones [A25]. Another 

main research was on the customized fabrication of knee femoral component. On the other hand, 

USA is focusing on the feasibility of 3D printed airway stents which dwarfs the current mass-

produced airway stents because of the customization feature in RP [A31]. The latest research 

conducted in India was in the field of oral and maxillofacial surgery by developing a new design 

process for a combined dental and jaw implant [A11]. Tribological performance of intervertebral 

disc implants produced by Selective Laser Melting (SLM) made skeptical conclusions about 

further usage of fabricating parts exposed to friction using SLM and future scope lies in 

overcoming this situation [A24]. 

3.2.5 Prostheses Applications 

Fifteen publications (~12%) utilized the research on prostheses application of RP and 

continuous research has been going on since 2010. Major research in this area has happened in the 

USA (20%) and China (20%) followed by UK (13.3%) and Spain (13.3%). Almost 46% (7 

publications) of the research in this field focused on customized orthoses fabrication and its 

benefits [A32-A38]. Three (20%) publications were focused on dental prostheses [A39-A41], two 

based on facial prostheses [A42-A43] and one focused on hip prostheses fabrication [A44] and 

another one on cranial prostheses [A45]. 

Recent researches prostheses development happened in Spain. Two articles were published in 

2017, both focusing on two new applications. The two articles published in 2017 are by Spain both 
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focusing on two new applications. F. Vicente et al. [A35] developed a new design model to 

fabricate customized orthoses at a lower cost. It was the first article ever to publish a successful 

orthoses design model by using inexpensive 3D scanners, open-source CAD software, desktop 3D 

printers with non-manual post-processing. Another research by Centeno et al. [A45] focused on 

manufacturing cranial prostheses with a new class of materials. A methodology to manufacture 

cranial prostheses using a polymeric sheet and Single Point Incremental Forming (SPIF) 

technology which comes under the scope of RP techniques were proposed. Though the use of the 

polymeric sheet in the clinical application must be validated, the significance of using transparent 

prostheses is increasing.  

3.2.6 Surgical Applications 

Fifteen publications (~12%) focused on the surgical benefits of RP applications in 

medicine with the maximum number of research (20%) conducted in this area in 2016. Medical 

sector has adopted surgical aspects of MRP mainly in three different ways, surgical guide 

fabrication, preoperative planning & simulation and resident training & education. USA (47%) has 

conducted most of the research work in surgical applications of MRP compared to all other 

countries. 

About 47% of the reviewed publication focusing on surgical applications of RP studied the 

benefits of using RP techniques in surgical planning and simulation [A46-A52]. Five publications 

(33%) focused on surgical guide fabrication utilizing RP [A53-A57] and one publication focused 

on the educational benefits for students by understanding the anatomy of complex structures in a 

better way using 3D models [A58]. Researches conducted in 2015 and 2016 focused on 

otolaryngology (head and neck surgery) [A46] and neurosurgery [A59] respectively. 

Subspecialties of neurosurgery namely, cerebrovascular and neuro-oncologic spinal areas were of 
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main concern. The recent research conducted by the USA in orthopedics (especially in hip 

dysplasia and instability) designed a novel application that uses fluoroscopy to compare the model 

with the patient’s anatomy [A49].  

3.2.7 Tissue Engineering Applications 

About 25% of the reviewed publications (33 articles) talks about tissue engineering 

application of MRP. Research in this field is ongoing from 2001 with a maximum number of 

journal articles published in 2005 (12%) and 2015 (12%). China is leading by contributing 27% 

of the total research work in TE applications followed by Singapore (21%) and USA (18%). 

 Nine publications (27%) focused on developing either novel TE applications or novel 

methods to fabricate TE scaffolds. About 73% of the reviewed publications worked on the existing 

materials and hardware for TE scaffold fabrication. Most of the work (30%) was conducted in the 

field of bone tissue engineering application [A60-A68]. The new developments in bone tissue 

culture were mentioned in 4 publications. Domingos et al. [A62] used a novel system, BioExtruder 

to study the morphological properties of polycaprolactone (PCL) scaffolds in bone TE. 

Phattanaphibul et al. [A61] introduced a novel powder-based RP technique, Selective Vacuum 

Manufacturing (SVM) to apply in temporary bone scaffold fabrication. Mehendale et al. [A63] 

investigated the possibility of growing PCL scaffolds on a human adipose-derived stem cell 

(hASC) which showed to have the potential for musculoskeletal TE application. Huang et al. [A65] 

developed a novel method to fabricate hydroxyapatite/ β-Tricalcium Phosphate (HA/β-TCP) 

composite scaffold for bone TE using a micro-syringe extrusion system. 

 Ten articles (30%) mentioned about hardware systems (SLS, SLM, precision extruding 

deposition (PED) and electrospinning-based rapid prototyping (ESRP)) used in scaffold 

fabrication [A69-A78]. Liu and Li [A69] developed a new slicing method for bio-scaffold 
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fabrication using microstereolithography (μSLA) system. Khalil et al. [A70] introduced a novel 

process for manufacturing bio-scaffolds using multi-nozzle deposition system. Four papers 

focused on the materials used in scaffold construction [A79-A82]. Calcium Phosphate (CAP), 

Polylactic acid (PLA) and PCL/PLA composites were of main concern.  

3.2.8 Hardware Utilizations 

 Forty-two publications (~33%) focused on hardware development of MRP from 2001 to 

2017 with a maximum number of articles published in 2010 (14%) and 2015 (14%). The USA is 

the leading nation by contributing 20% of the research conducted in this field followed by China 

(~17%). Content analysis of all the 42 publications revealed the six most commonly used hardware 

systems. About 19% of the publications utilized SLM (MCP Technologies) [A77] [A83-A89] in 

their research work followed by FDM (Stratasys Ltd., Eden Prairie, MN) constituting 12% [A12] 

[A64] [A90-A92] and SLA (3D Systems, Rock Hill, SC) constituting 14% [A69] [A93-A96]. SLS 

(EOS Holding GmbH, Germany) was utilized in 7% of the research conducted in this field [A74] 

[A97-A98], 7% of the research utilized Direct Metal Laser Sintering (DMLS) technique (EOS 

Holding GmbH, Germany) [A91] [A94] [A99] and nearly 5% used electron-beam melting (EBM) 

(A&R Cambridge Ltd.) [A12] [A100]. 

 About 41% of the publications conducted their research of hardware development on TE 

application [A60-A62] [A64-A65] [A67] [A70] [A74-A78] [A82] [A95-A97] [A101]. Four papers 

utilized either new RP techniques or new RP machines based on existing RP technology especially 

for TE application. Chanthakulchan et al. [A75] developed a new RP technique, ESRP for tissue 

fabrication using woven and non-woven fibers. Domingos et al. [A62] manufactured PCL 

scaffolds using a novel machine, BioExtruder, an extrusion-based system. Patricio et al. [A82] 

produced PCL/PLA composite scaffolds using a new biomanufacturing device, BioCell Printing. 
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Huang et al. [A65] developed a new concise way of fabricating HA/β-TCP composite scaffolds 

using motor assisted micro-syringe (MAM) machine based on extrusion deposition method. Rest 

of the section explains various investigation conducted on hardware systems in brief. 

 Long fabrication time of FDM was a major drawback of this technique in 2002 that took 

approximately 30 hours to manufacture a prosthetic socket [A83]. A proposed solution for this 

limitation was to increase the nozzle tip size and layer thickness by properly adjusting the feeding 

speed of material and heating temperature [A83]. Another study on FDM by Katatny et al. [A92] 

investigated the accuracy of FDM prototyped anatomical models found to be more accurate than 

models produced by other RP technologies. Cohen et al. [A86] studied electrochemical fabrication 

(EFAB) technology that is used to manufacture micro-devices. Limitations of this technology are 

a narrow range of materials, inability to fully assemble all devices and prototyping can be costly 

as it requires tooling. Advantages include prototyping of multiple devices with different variations 

simultaneously. 

Melchels et al. [A96] reviewed stereolithography systems and resins that can be used to 

fabricate biodegradable devices. Ceramic polymer composite products were fabricated using 

ceramic stereolithography (CSL) by suspending ceramic particles like alumina or hydroxyapatite 

(HAP) in SLA resin and later photopolymerized [A96]. Two major drawbacks of SLA were its 

inability to use multiple resins in a single construct compared to FDM and lack of an automated 

system for post-processing and exchanging resin reservoirs. Adopting two-photon polymerization 

in the SLA process increased the resolution to 200 nm [A96].  

 Wiria et al. [A74] studied the viability of the SLS process in fabricating 3D scaffolds. 

SLS’s heat transferring process of powder particle was utilized to fabricate the porous scaffolds. 

Shirazi et al. [A97] reviewed SLS and 3DP techniques for TE applications since most of the 
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materials used for scaffold fabrication were powder based. Inability to process hydrogels, limited 

to use a small amount of materials, inability to encapsulate cells inside SLS fabricated scaffolds 

and non-fine resolution of the features fabricated were the limitations of SLS. Tedious post-

processing tasks were the limiting factor in 3DP [A97]. Vasireddi and Basu [A60] compared 

different RP techniques for 3D scaffold fabrication and the results are listed in Table 3.2. Studies 

on SLM by Pawlak et al. [A77] revealed that micro scaffolds fabrication using SLM is viable. SLS 

and SLA usage were limited in tissue fabrication as biodegradable materials used to melt in SLS 

chamber and due to the lack of liquid biocompatible polymer to be used in SLA [102]. 

 TABLE 3.2 

COMPARISON OF RP TECHNIQUES FOR SCAFFOLD FABRICATION [A60] 

Technique Benefits Limitations 

SLA High accuracy Moderate strength, suitable only 
for very few polymers 

SLS 
Good strength, wide range of materials, 
large part size, no support structure, high 

mechanical properties 
High cost, powdery surface 

SLM 
Longer durability, unaffected by 

temperature, micro scaffold fabrication 
[A77] 

Low surface quality 

LOM Large part size, low cost, acceptable 
resolution and accuracy Narrow range of materials 

3D 
Plotting 

Broad range of natural and synthetic 
materials, processable at room temperature, 

easily transferable to sterile conditions 
Low dimensional accuracy 

FDM Acceptable strength, low cost, no powder 
trapped, no support structure Long build time 

3DP Broad range of materials, no support 
structure, low cost, build fast 

Moderate strength, powder can be 
trapped inside. 

ESRP 
[A75] 

Patterned scaffold fabrication using woven 
and non-woven layers of fiber 

Accuracy affected by vibrations 
caused by the machine, difficult to 

control layer thickness 
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Choi et al. [A94] introduced a unique combination of macro RP techniques and 

microstreolithography (μSL) to manufacture coaxial phacoemulsifier, a medical device used in 

cataract surgery. Micro-scale features fabricated for this device minimized the risk of endothelial 

cell damage during the surgery. Integrating macro-scale devices with RP fabricated micro-scale 

parts increased the surgery accuracy. This capability of RP techniques to integrate microfeatures 

in a product was also studied by Cohen et al. [A86] with the help of EFAB technology to 

manufacture complex medical devices at low cost.  

Comparing SLA, SLS and PolyJet, FDM is found to be least suitable for wrist splinting 

due to its poor surface quality [A90]. Adopting RP techniques in upper extremity splinting cut 

down the labor cost and provides a better design outcome. Lack of suitable materials is the main 

limitation here as well. Researches conducted in 2017 focused mainly on further possibilities of 

SLM [A76] [A85] and SLA [A69] [A95] in scaffold fabrication and developed a few novel 

methodologies based on it.  

3.2.9 Software Utilizations  

 Fourteen publications (~11%) focused on software development in their research work. 

The USA, China and Germany are the three leading nations in software development publishing 6 

papers together. No publications were found with their research conducted on developing a new 

software for MRP use. All the 14 publications focused on the existing software and research was 

conducted to extend the usability of the software into further applications. Most widely used 

software in MRP along with its application are listed in Table 3.3.  
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TABLE 3.3 

WIDELY USED SOFTWARE IN MRP 

Author Software Company Application 
Sanghera et al. [A4] MIMICS Materialise 

NV, Belgium 
Front-end software; Segment CT data 

and convert to STL format. 
Quickslice 

 
Stratasys Inc., 

USA 
 

RP controlling software; process the 
STL data. 

 
L.C. Hieu et al. 

[A20] 
Magics RP Materialise 

NV, Belgium 
Process patient CT data and STL model 

manipulation. 
Kouhi et al. [A2] BioCAD 

 
Enable design and manipulation of 

complex geometries of TE scaffolds. 

Biobuild Anatomics Simplify and enhance the accuracy of 
2D to 3D conversion. 

Mavroidis et al. 
[A36] 

3D 
Lightyear 

 

3D Systems 
Inc. 

Edit part and platform settings. 
 

Vijayaraghavan et 
al. [A34] 

INSIGHT Stratasys Inc., 
USA 

Postprocessing program to slice the 
STL model. 

 

Other software targeting medical applications of RP are computer-aided socket design (CASD) 

and computer-aided socket manufacturing (CASM) to fabricate a prosthetic socket [A90]. Muhler 

et al. [A103] developed a toolkit, the Medical Exploration Toolkit (METK) for application 

development in surgical planning and training namely neck dissection, abdominal and spine 

surgeries. Advantages of this new toolkit are an advanced toolkit for visualization, animation 

features, automatic synchronization between all modules, user-friendly widgets and requires no 

programming skills. Though the toolkit as a preoperative planning software is very advantageous, 

it lacks the automatic selection of viewpoint for intraoperative use. A new approach to design 

maxillofacial prostheses using a complete computer-aided approach utilized a CAD-based novel 

design workflow [A95].  The new workflow was used to design and manufacture retention 

components and later integrate into the prosthesis mold.  
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Publications worked on open source software are explained in brief here. Cheng et al. 

[A31] [A96] used 3D Slicer, an open source software to fabricate personalized airway stents. 3D 

Slicer is a free and user-friendly software capable of medical visualization and computation. 

Research using this software was to tackle the barrier of physicians lacking the technical skill to 

use 3D modeling software as the main advantage of this software is its availability of self-learnable 

extensible platform for numerous automated algorithms. Limitation of this software is that it can 

be used only for clinical research rather than clinical applications as it is not FDA approved. 

InVesalius is another open source software available for medical image visualization and 

manipulation [A18]. It is used to reconstruct Digital Imaging and Communications in Medicine 

(DICOM) images obtained from imaging techniques, generate STL file and convert into a 3D 

model. 

Mallapree and Bergers [A104] analyzed the accuracy of RP models with respect to the 

chosen scan parameters. The aim of the research was to represent the original object as accurate 

as possible using the generated digital 3D model and analyze the parameters that contribute to 

error variance.  

3.2.10 Material Utilizations 

 Sixteen publications (~13%) of the research conducted in MRP focused on material 

development. About 25% of the research carried in this field is contributed by the USA followed 

by China contributing about 19%. Table 3.4 lists materials and its applications that have been 

widely used in the research conducted by the publications. 
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TABLE 3.4 

LIST OF COMMONLY USED MATERIALS IN MRP 

Author Material Application 
Yang et al. 

[A105] 
 

Implant metals Potential materials available for TE; includes 
stainless steel, Co-based alloys and Ti-based 

alloys. 
Ceramics Includes alumina, zirconia, calcium phosphate 

and bioglass. 
Natural polymers Includes collagens, glycosaminoglycan, starch, 

chitin and chitosan. 
Synthetic resorbable 

polymers 
Includes poly (a-hydroxy ester)s, 

polyanhydrides, polyorthoesters and 
polyphosphazene. 

Bioceramics Includes hydroxyapatite, bioactive glasses, 
calcium phosphate ceramics. 

U.S. FDA approved 
materials 

Synthetic degradable polymers (polyglycolic 
acid, or polyglycolide (PGA), polylactic acid, or 

polylactide (PLA), polydioxanone, and 
copolymers) 

Yang et al. 
[A102] 

Biomimitic materials 
(Molecular Geodesics 

Inc.) 

Mimic microstructural organization, mechanical 
responsiveness and biocatalyst activities of 

tissues and living cells.  

L.C. Hieu et al. 
[A20] 

PMMA  Suitable for constructing implants; most 
commonly used biomaterial for cranioplasty 

applications. 

L.C. Hieu et al. 
[A20] 

Carbon Fiber 
Reinforced Plastics 

(CFRP) 
 

Suitable for constructing implants. 

HAP-TCP ceramic 

J.M. Williams et 
al. [A106], Negi 

et al. [A107] 

Polycaprolactone (PCL) Bioresorbable polymer for bone and cartilage 
repair and skeleton tissue replacement; more 

advantageous compared to PLA. 

Q. Liu et al. 
[A57] 

316L Stainless steel 
 

Removable Partial Denture (RPD) frameworks 
showed excellent quality of fit. 

Co-Cr alloy 
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TABLE 3.4 (continued) 

Author Material Application 
Vandenbroucke et 

al. [A89] 
Ti-6Al-4V Fabrication of dental prosthesis. 
Co-Cr-Mo 

Melchels et al. 
[A96] 

 

Poly (propylene fumarate) 
(PPF) 

These biocompatible macromers were 
used in SLA for TE applications. 

Trimethylene carbonate 
(TMC)  

e-caprolactone (CL)  

Natural Polymers Chitosan and (meth) acrylate 
oligopeptides modified to enable photo-

curing. 
Hoque et al. 

[A108] 
Widely used natural & 

synthetic polymers 
Alginate and collagen; PEG, PEO, PCL 

and PLLA. 

Composite materials Combination of more than one 
biomaterial showed better results. Eg: 

PLLA and 𝛽-TCP 
C.L. Ventola et al. 

[A109] 
Polyetherketoneketone 

(PEKK)  
FDA approved skull implant 

manufactured by Oxford Performance 
Materials. 

Shirazi et al. [A97] Bioactive glass Includes 45S5, 58S and 13-93; more 
advantageous than bioactive ceramics. 

Nylon-6 Biocompatibility tests of the scaffolds 
show very good cell viability. 

 

Around 50% (8 publications) of the research undergone in material development was to develop 

suitable materials for TE scaffold fabrication [A62-A63] [A65] [A67-A68] [A76] [A78] [A82]. 

Yang et al. [A105] studied potential materials for TE as listed in Table 3.4 and found that 

biocompatibility and biodegradability are the two main required properties for the materials that 

can be used for TE applications. Synthetic polymers were found advantageous compared to natural 

polymers by overcoming the poor mechanical performance of the latter. Moreover, natural 

polymers required a special solvent to melt whereas most of the synthetic polymers are degraded 

using a chemical hydrolysis and degradation is insensitive to enzymatic processes which will not 

vary between patients.  
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 About 25% of the TE material development focused on the viability of fabricating scaffolds 

using PCL [A62-A63] [A78] [A82]. [A106-A107] found that PCL, the best bioresorbable polymer 

suitable for bone and skeleton tissue replacement is more advantageous than PLA because of better 

stability in ambient conditions, comparatively inexpensive and available in large quantities. 

Macromers, PPF, TMC and CL were suitable for TE applications because of good cell adhesion 

and capability to degrade into nontoxic compounds when newly formed tissues were formed 

[A96].  

 PMMA is one of the most researched materials for medical applications of rapid 

prototyping. Since it is a synthetic biomaterial approved by FDA, it is suitable for constructing 

implants including dental implants, craniofacial implants and is recognized as the most commonly 

used biomaterial for cranioplasty applications [A103] [A110]. PMMA is widely used in medical 

applications because of its radiolucency property, poor electrical and thermal conductivity, low 

cost with a reasonable biocompatibility [A110]. PMMA bone cement include two components, 

powder polymerized PMMA and liquid monomer MMA, widely used in orthopedic surgery 

[A110]. Major drawbacks of polymerized PMMA are tissue necrosis, results in weakening the 

blood circulation and unreacted MMA can cause bone necrosis before it gets completely 

polymerized. Filament form of PMMA is best suitable to use in FDM.  

 Currently, material research is focused on developing new biodegradable materials that can 

be used for implant application approved by FDA. Montani et al. [A85] investigated the viability 

of innovative biodegradable implants using pure iron and pure zinc and found that these implants 

have superior mechanical properties compared to other polymer counterparts. The study also 

showed that iron and zinc metals showed better degradation rates compared to magnesium alloys 

and can be used as a reference for the development of other biodegradable metals.  
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

 

 

4.1 Summary 

 The research based on CATA analyzed 130 publications to review the current state of rapid 

prototyping technology in medical applications. NVivo 12 Plus software was utilized to perform 

the content analysis of research published from January 2001 to December 2017 in the English 

language in peer-reviewed journals available in the WSU Library Database. Stratification of 

publications was done in NVivo by developing a coding scheme and the stratified publications 

were manually reviewed to study the applications and developments of MRP. The growth of the 

medical applications utilizing RP technologies was analyzed and advantages and existing 

limitations of MRP were identified. The next section concludes the research by drawing attention 

to the current state of each medical application analyzed and propose future directions of MRP in 

terms of hardware, software and material. 

4.2 Conclusions 

Studies investigating the viability of RP processes in bio-model fabrication started off in 

2001 but very few articles have been published in this area. However, 30% of the research 

conducted in biomodelling applications was in 2017 which indicates that this application is 

regaining its significance. It has the potential to grow even further as the printing outcome of bio-

models is getting better and its use in surgical preplanning is becoming inevitable. A current 

limitation of biomodelling application is the low quality of bio-models constructed using 

ultrasound images [A111]. Since the ultrasound images are not layered and are of lower quality 
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compared to CT and MRI images, the resulting model tends to be of low quality. Improving 

segmentation method of the ultrasound images can improve the quality of the model. 

Drug delivery device fabrication using RP is the most underrated application of MRP. Only 

two publications were published in this field and has been totally neglected since 2008. Even 

though the size constraint of the drug disc (due to SLS process limitations) was a limiting factor, 

both the publications stated that it is viable to fabricate DDDs using SLS and FDM [A9-A10]. 

FDM was found to be more advantageous because of less material wastage, uses non-toxic 

materials and the potential for new materials exists. FDM parameters, raster gap and raster angle 

are the main parameters that control the drug release mechanism of DDDs fabricated using FDM. 

Extensive research can be done in this field using new hardware systems and new materials 

available.  

About 17% of the research conducted on the medical applications of RP focused on implant 

development and 50% of that work was conducted from 2014 to 2017. A gradually increasing 

trend was found in the number of research published from 2014 which indicates that the need for 

implants fabricated using RP techniques is increasing year by year and the developments in 

implant application are also growing fast to accommodate the need. Also, ‘implant’ is the most 

frequently used word (5.31 weighted %) in the entire publications reviewed which reveals the 

demand for this application. Most successful developments happened was in orthopedic implant 

fabrication which constituted about 41% of the research work carried out in this field. More 

research is needed to improve the fabrication of multi-structured implants and implants used in 

pulmonology. Also, further studies can focus on improving the tribological performances of 

intervertebral disc implants produced by SLM exposed to friction and wear conditions [A24]. Lack 

of a suitable FDA approved, biocompatible material appears to be a limiting factor. 
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 Fifteen publications (~12%) utilized the research on prostheses application of RP and the 

number of publications from 2010 shows that this is a well-exploited application of MRP and the 

research is still ongoing for better output. USA and China have contributed equally (20% each) in 

prosthesis development research while Spain has the potential to take over this field as much of 

the research work in the recent years has been performed in Spain focusing on novel applications 

[A35] [A45]. Though dental prostheses are the most commonly used prostheses fabricated using 

RP techniques, very few publications were found in this domain. Current research is looking at the 

prospective of using polymeric sheet material to fabricate transparent prostheses but the use of 

polymeric sheet in clinical applications must be validated. 

 Fifteen publications (~12%) focused on the surgical benefits of RP applications. About 

47% of the reviewed publication focusing on surgical applications of RP studied the benefits of 

using RP techniques in surgical planning and simulation [A46-A52]. It is one of the initial 

application of RP technique in medicine and is still widely used. Recent researches conducted 

indicated that RP processes benefitted the neurosurgery field. 3D anatomical models are 

extensively used in preoperative planning and usage of RP techniques is the most accurate method 

of making patient-specific models [A59]. Use of 3D physical models to rehearse the surgery 

minimized the operation duration and cost, enhanced surgical precision and thus minimized the 

risks involved [A49]. 

Around 25% of the reviewed publications (33 articles) focused on tissue engineering 

applications of MRP. The amount of research conducted (with respect to the number of 

publications) in TE application exceeded all other applications of MRP. About 30% of the 

publications reviewed for TE applications focused on bone tissue scaffold fabrication indicating 

the potential for further research in this field. Ten articles (30%) identified hardware systems (SLS, 
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SLM, PED and electrospinning-based rapid prototyping) used in scaffold fabrication [A69-A78]. 

It can be stated that hardware development is a key driver for the developments in TE applications 

as well as new material development. Future research may target developing newer porous 

biocompatible material that can be used in RP machines to expand the growth of scaffold 

fabrication. 

Forty-two publications (~33%) focused on the hardware development of MRP. Among 

these, 19% of the publications focused on the SLM system and it is found to be the most widely 

used system in the research work. PED systems had a good prospective in fabricating PCL 

scaffolds with a pore size of 250 μm but was rarely utilized [A78]. Ability to fabricate micro-scale 

features and integrate it on a macro-scale functional object using RP techniques improved the 

fabrication of medical devices.  

Tissue scaffold fabrication is the area which benefitted the most from developments in 

hardware. About 41% of the publications conducted their research on hardware development for 

TE application. Studies involving various RP techniques and its applications in scaffold fabrication 

shows that the future direction of hardware development will be focused on tissue fabrication 

especially using SLM. TE applications of SLA also has a possibility in the future but SLM is 

having a promising future because of its micro scaffold fabrication capability and fabricated 

scaffolds being unaffected by temperature related issues. 

Slow build speed of the RP systems was a major drawback prior 2000. Companies like HP 

and Carbon 3D have worked on this issue and have developed technologies that print faster. 

Another limiting factor identified is the cost. The total cost associated with the medical 

applications of RP must be still minimized. This total cost includes the cost of the machine, the 

material cost and post-processing cost if required.  However, investing more on the machine and 
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material did yield good results. Two major drawbacks of SLA are its inability to use multiple resins 

in a single construct compared to FDM and lack of an automated system for post-processing and 

exchanging resin reservoirs.  

 Fourteen publications (~11%) focused on software development in their research work. No 

publications were found with research targeting the development of new software for RP systems. 

Limitations of MRP software as of 2000 (low accuracy of 3D models constructed from patient’s 

scan images and lack of accuracy in converting 2D to 3D digital model were overcome. In the 

study conducted by Mallapree and Bergers [A104] to represent the original object as accurate as 

possible using the generated digital 3D model, accuracy of the fabricated models was analyzed 

with respect to the chosen scan parameters. The analysis concluded that the accuracy of the medical 

RP is determined by the medical imaging system. Accuracy was shown to depend on two 

parameters, slice thickness and slice increment. Accuracy is found to be inversely proportional to 

the slice increment. One disadvantage was the manual selection of contours on CT images in the 

3D reconstruction process. Future work should focus on developing semi-automatic and fully 

automatic tools for the design process. 

Since MRP is a highly interdisciplinary area, future developments in software should focus 

on making software more user-friendly, self-learnable and provide a well-explained assistance 

command for the features available in the software. Software tasks should be simplified that will 

make it easier for physicians to create accurate model fast. It will also increase the use of RP 

applications in emergency cases. The future direction of software development lies in the 

development of more open source software that is free and is compatible with all RP machines. A 

study on the progression of error variance from scanning the patient until a 3D physical part is 

fabricated can be conducted to improve the accuracy. 
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Sixteen publications (~13%) of the research conducted in MRP focused on material 

development. Cobalt- chrome, Stainless steel and Titanium are the primary metals used in MRP 

and plastics that have been in use are PLA, ABS, polyamide and nylon. Lack of material variability 

was a major challenge in this field and still continue to be so. Because of the strict regulations 

posed by FDA in implant material approval, the introduction of new materials that can be used 

inside the human body is very rare. With the introduction of newer materials, the cost of materials 

can be reduced thereby reducing the total cost associated with the medical applications of rapid 

prototyping.  

A recent study on innovative biodegradable metals showed that the future direction of material 

development will be in the field of biodegradable metallic implants by introducing new 

biodegradable metals [A85]. Metal implants are found to be better for long-term stability in the 

body compared to other implants. Metals are expected to continue its growth even after 2021 such 

that the suppliers of its competitor, polymer materials, are trying to improve the fabrication of 

plastics incessantly and new methods to print other types of plastics such as fluorinated polymers 

or silicones. Since SLM is found to have a good prospective in TE applications, future work lies 

in the development of new powder-based biomaterials.  

Safety and security regarding medical applications of RP continue to be of serious concern. Lack 

of standardized material cleansing protocols and material testing is a major limiting factor. 

Regulations imposed by FDA and other concerning authorities on the extent to which a 3D printed 

medical device can be customized must be clarified.  

Rapid prototyping technology in medical applications is in its adolescence period but it is one 

among the most powerful disruptive technology that exists today which has the capability to bring 

innovative changes in the medical field. These innovations have the potential to make the 
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healthcare service more personalized, affordable and accessible to everyone. RP has the potential 

to open a new era if the hardware systems become more sophisticated, materials in use get safely 

regulated and if the public gets properly informed about how this technology can revolutionize the 

medical field in a good way. 
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