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Abstract - Additive Manufacturing (AM), formerly known 

as Rapid Prototyping (RP), enables quick production of 

personalized bone implants using different techniques 

and materials. Therefore, there is a need to examine the 

possibilities for AM application in the field of  orthopedics 

and prosthetics and to provide an overview of  current 

state. Progress done in the area of biomaterials is presented 

from the perspective of different AM technologies used. 

Patient specific implants and prostheses in different 

branches of surgery and implantology, as well as some 

examples in tissue engineering are shown. The results are 

presented in the form of systematic review, bearing in mind 

challenges and future trends related to bone healing and 

regeneration. 
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I. INTRODUCTION 

 AM application in medical context is well 

documented and described. It is the subject of a large 

number of research, especially in orthopedics and 

prosthetics [1,2,3,4]. Research status of AM application 

and literature review are presented in [5].  

 Personalized implants production from titan and 

shape memory alloys, as well as from biodegradable 

metals and some other porous metals using AM 

technologies are examined [6,7]. Technology 

optimization approach was used for implant design [8]. 

Challenges and issues in producing implants for bone 

reconstruction as a subset of personalized medical 

products are presented [9]. Use of AM for production of 

patient-specific implants is decribed [10]. The 

possibilities of 3D printing technique in patient specific 

orthopedic are shown [11].  

 This paper presents systematic review of current 

issues and trends in producing personalized bone 

implants from two different aspects such as biomaterial 

types (their mechanical properties and 

biocompatibility), and AM technologies used in 

accordance to selected material. Concepts for selection 

of appropriate materials and design are considered in 

order to satisfy implant requirements and allow 

refinement of different methods used for obtaining 

patient specific models. Biomaterial characteristics and 

the process of obtaining the physical model of 

personalized implants are presented together with AM 

technologies in conjunction with commonly used 

biomaterials.  

 

 

II. PERSONALIZED IMPLANT DEVELOPMENT 

 With the development of Computer Aided Design 

(CAD), Computer Aided Engineering (CAE), Computer 

Aided Design/Computer Aided Manufacturing 

(CAD/CAM), new trends in medical technology are 

emerging and lead to a personalized approach which 

allows the construction and production of personalized 

implants at an affordable price, within a reasonable time 

span [6]. Such systems are based on advanced 

visualization tools and 3D modeling, but obtaining an 

accurate implant model is a complex process, 

conditioned by the patient's disease and degree of bone 

damage [12]. 

 Personalized implants are constructed, designed, and 

produced to fit the anatomy of a given patient perfectly 

and with high accuracy. They are considered as the best 

solution for bone reconstruction, especially in cases of 

major damage and trauma, as well as large bone cancers, 

serious deformities, genetics, complex implants 

revisions, arthrosis, infectious disease, some metabolic 

conditions and clinical problems when the geometry and 

bone size do not allow embedding a standard implant 

[9,11,13,14,15]. 

 The main advantages of using personalized implants 

are in reducing the time of surgery, and in decreasing the 

amount of the resected tissue [6,11,15]. In addition, the 

patient's quality of life is improved, the operational flow 

is facilitated and the success rate of interventions 

increases. The design and development of personalized 

medical products is based on data of a particular patient 

in the form of 3D models of anatomical structures in 

order to meet clinical and technical constraints, using 

medical imaging, simulation and 3D modeling [9]. 

 In any case, there are always problems in creating an 

implant of the appropriate shape from the selected 

material. For an example, in orthopedics, the geometry 

of the personalized implant was manually drawn, and 

such implants may have errors in geometry [16]. To 

avoid such errors and make improvements in the field of 

prosthetics and implantation, AM is introduced as a new 

approach. It is possible to design and manufacture 

patient specific implants with high accuracy from 

medical image data using AM technology in a very short 

time [1,15]. In order to achieve this goal, it is necessary 

to implement the following steps: data acquisition and 

processing, formatting the data for AM, model creation 

and evaluation, production and validation [1,3].  

 The most common modes for data acquisition are CT 
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- Computed Tomography and MRI - Magnetic 

Resonance Imaging. Also, some other imaging 

modalities, such as PET - Positron Emission 

Tomography, SPECT - Single Photon Emission 

Computed Tomography and US - Ultrasonography can 

be used [2,15,17,18]. Images are written in a common 

medical file format - DICOM (Digital Imaging and 

Communications in Medicine) and 3D segmentation and 

visualization are performed [15]. During these processes 

a virtual 3D model is created as an approximate 

representation of the real model in STL 

(Stereolithography) format1, which is generally accepted 

as AM file format [19]. Virtual model is imported into 

AM commercial software, specific for each AM system, 

and physical model is obtained using some of the AM 

technologies [20, 21]. 

 The procedures for obtaining and personalized 

implant development are illustrated at the Figure 1. 
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Figure 1. Workflow in the process of personalized 

implant production 

 

III. AM TECHNOLOGIES 

 AM technologies, in general, include techniques 

based on deposition processes or layer-by-layer 

manufacturing processes without using tools (so called 

additive manufacturing) [2]. The main difference 

between these techniques arises from the material which 

is used [21, 22]. So far the following procedures have 

been identified: stereolithography (STL), where 

photosensitive resins are used (e.g. photosensitive 

polymers), selective laser sintering (SLS), where plastic, 

metal or ceramic powders are used (e.g. nylon or 

ceramic powder), laminated object manufacturing 

(LOM), where paper or plastic films are used, fused 

deposition modeling (FDM) where thermoplastics or 

eutectic metals are used, electron beam melting (EBM), 

where metal powders are used and 3D printing (3DP) 

where fine powders are used [2, 15, 19, 21, 22].  

 Using AM enables designing, visualization and 

evaluation of 3D complex models, but also facilitates 

fast fabrication and direct manufacturing of 

biocompatible and bioactive implants [6]. The choice of 

the appropriate material depends on implant's shape, 

purpose, type and properties. Depending on the type of 

material, a proper manufacturing process should be also 

selected. 

 SLS is usually used for obtaining metal or ceramic 

implants. STL is used for producing 3D structures of 

photocurable resin [3]. Some advantages of FDM are 

reflected in the application of a large number of different 

materials, but producing permanent implants is 

                                                                 
1 There is a possibility  to use another data formats such as Initial 

Graphic Exchange Specification (IGES), Standard for the Exchange of 

product Model Data (STEP), Virtual Reality Modeling Language 

restricted to anatomical models made out of white 

acrylonitrile-butadiene-styrene. These models are used 

as templates for personalized implants [1,3,14]. FDM 

also could be used for creating polymer-ceramic 

composites [3]. Titanium root-form implants (Ti-6Al-

4VELI), femur hip implants, dental implants and knee 

replacement implants are some examples of implants 

obtained by EBM process [14].  

 Cell and scaffold printing and patterning is possible 

using ordinary ink-jet and laser printing technology 

[3,14]. Because of the fact that the scaffolds will be 

implanted in the human body materials used for 

producing, scaffolds must be biocompatible2 and must 

have adequate macro- and micro-structural properties 

(e.g. pore size and shape, mechanical strength)  [14,17]. 

A. Materials and utilization 

 The development of biomaterials is the reason why 

utilization of AM for bone implants is growing 

exponentially. Biomaterials are divided based on 

different criteria, aligned in three generations. Examples 

of the first generation are: metals (stainless steel and 

cobalt-chrome-based alloys, Ti and Ti alloys), ceramics 

(Alumina Al2O3 and Zirconia ZrO2) and polymers 

(silicone rubber, acrylic resins). The representatives of 

the second generation are bioactive metals (metal 

surface is coated with bioactive ceramics or chemically 

modified), ceramics (bioactive glass, glass-ceramics and 

calcium phosphates (CaPs)) and natural or synthetic 

biodegradable polymers (polyglycolide (PGA), 

polylactide (PLA)). In the third generation bioactivity 

and biodegradability are combined [23]. According to 

[24], metals, polymers, ceramics and composites are the 

main categories of biomaterials. This categorization is 

expanded with biodegradable polymeric biomaterials 

[25]. Bhat and Kumar [26] divide biomaterials in three 

major classes: polymers, metals and ceramics. Based on 

the physicochemical nature biomaterials could be 

classified as metallic, ceramic, polymeric, composite 

and biodegradable polymers [27]. Single crystals, 

polycrystals, glass, glass-ceramics, polymers and 

composites are considered as different groups of 

biomaterials [28]. Classification based on the interaction 

between a biomaterial and surrounding tissue reports 

three kinds of biomaterials: biotolerant, bioactive and 

bioinert materials [29]. 

 A variety of different materials (liquid based, solid 

based and powder based) are used in medical AM: a) 

ceramics (aluminium, zirconia, calcium phosphate based 

bioceramics and porous ceramics); b) polymers, such as 

biodegradable (e.g.  polyvinyl chloride (PVC), 

polyethylene (PE), polypropylene (PP), polymethyl 

methacrylate (PMMA), polystyrene (PS), polytetra-

fluoroethylene (PTFE), polyesters, polyamides (PA-

nylon), polyurethanes (PUR), and polysiloxanes 

(silicone)), hydrogels and shape memory polymers; c) 

polymer-based composite materials (polypropylene-

tricalcium phosphate (PP-TCP)); d) metals and alloys 

(stainless steel, titanium alloys, cobalt-chromium alloys, 

(VRML), etc., depending on the AM system [15,17]. 
2 Biodegrability and bioacitivity are required in some cases. 
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shape memory alloys, such as nitinol - consist of about 

50% nickel and 50% titanium, copper based shape 

memory alloys); e) bone cement and many others 

[2,14,20]. 

 Ceramics (e.g. alumina, zirconia) are often used for 

joint implants which are exposed to loads, but also for 

mold making in metal alloy implants production. 

Problems may occur with bone ingrowth and implant 

anchoring, due to the fact that alumina ceramics are not 

bioactive. In such cases bioactive coating made from 

hydroxyapatite is used. Ceramic scaffolds are directly 

fabricated and applied in bone tissue engineering, 

hydrogels are usually used as scaffolds for cell culture, 

porous composites are used for bone tissue regeneration, 

nano-hydroxyapatite is used in prosthetic applications 

for bone and teeth enamel  [3]. Due to its mechanical 

properties, polymethyl methacrylate is the most 

frequently applied non-metallic implant material the in 

orthopedics [6, 21]. Bioceramics, hydroxyapatite and 

titanium are often used for bone reconstruction. In the 

cases when it is necessary to treat bone fracture, 

temporary implants from stainless steels and titanium 

alloys are commonly used [6]. 

 In the cases where the great value of specific 

strength, as well as corrosion and fatigue resistance are 

of primary importance, titan and its alloys are used (e.g. 

Ti-6Al-4V). Stainless steel, cobalt-chromium alloys 

(Co-26Cr-6Mo), aluminum and aluminum alloy foams 

have a certain share in metal implants production [30]. 

 Synthetic bone graft substitutes from biocompatible 

materials such as zirconia/hydroxyapatite compositions 

are capable of replacing human bones, but some 

problems related to osteoconduction, osteoinduction and 

osteogenesis which are necessary for bone healing and 

regeneration may occur [13]. 

 Mechanical or biological fixation of the personalized 

implants to the host bone, is an important issue to deal 

with. It is closely related to the disparity between the 

values of the elastic modulus (Young’s modulus) of the 

bone and implant material [31]. 

 Due to the ability to quickly manufacture complex 

3D models and structures from various raw materials 

with great precision (from few micrometers to hundreds 

of nanometers), AM has a great impact on the 

biomedical engineering and industry [14,15,17,18]. 

There are numerous examples of using AM for 

production of patient specific medical prostheses and  

implants in craniofacial, oral and maxillofacial surgery, 

dental implantology, neurosurgery (incuding spine 

surgery), oncology, orthopedic and trauma surgery (e.g. 

pelvic surgery), as well as cardiovascular and visceral 

surgery  [3,14,15,32]. 

 AM technology is used for fabrication of skull and 

mandible implants, designed using CAD software [12]. 

Facial prosthetics, cranioplasty plates, osteointegrated 

titanium implants - titanium screws for cranioplasty, 

dental implants, 3D-printed titanium mandibular 

prosthesis, individual auricular prostheses, vascular 

prostheses, joint implants (e.g. hip and knee implant), 

orthopedic jigs for arthroplasty of the knee are the 

examples of patient specific implants, fabricated by AM 

technologies [1,2,14,15,19, 32]. 

 In some case studies the stainless steel implant of the 

hip joint made in carbon-dioxide casting process with 

pattern from acrylonitrile butadiene styrene plastic [33], 

3D-printed trabecular titanium personalized implant for 

the purpose of revision hip arthroplasty with serious 

acetabular bone loss [11], and the personalized 3D-

printed implant in the case of bone defect after pelvic 

tumor resection are presented [34]. 

IV. CONCLUSION 

 AM covers a broad variety of areas in biomedical 

engineering and the number of applications is 

increasing, driven by material development. It has a 

great potential for patient specific implant 

manufacturing. The accuracy of obtained products 

depends to a large extent on the accuracy of input data 

and quality of volumetric image, obtained by some of 

the common modes for data acquisition. The second 

influencing factor is AM technology involved. The 

standard procedures involve integration of Computer 

Aided Design (CAD) and 3D medical imaging. But, 

there are still some challenges to set up an environment 

for producing personalized bone implants with high 

accuracy from the materials which can overcome the 

problems related to bone healing and regeneration. 

REFERENCES 

[1] Bibb, R., Dominic, E., Abby P:  Medical Modelling, 

2nd ed. Elsevier Science, 2014. 

[2] Brennan, J.:  Production of Anatomical Models from 

CT Scan Data, Master dissertation, De Montfort 

University, Leicester, United Kingdom, 2010. 

[3] Hoque, M.:  Advanced applications of rapid 

prototyping technology in modern engineering, 

InTech, Rijeka, Croatia, 2011. 

[4] Vehviläinen, J.: Process and Web Application 

Development of Medical Applications of Additive 

Manufacturing, Master thesis, School of Science, 

Aalto University, 2011. 

[5] Javaid, M., Haleem, A.: Additive manufacturing 

applications in medical cases: A literature based 

review, Alexandria Journal of Medicine, 

https://doi.org/10.1016/j.ajme.2017.09.003 (article 

in press), 2017. 

[6] Parthasarathy, J.: 3D modeling, custom implants and 

its future perspectives in craniofacial 

surgery, Annals of Maxillofacial Surgery, 4(1), pp.9-

18, 2014. 

[7] Pfeifera, R., Müllerb, C., Christof Hurschlerc, C., 

Kaierlea, S., Weslinga, V., Haferkamp, H.: 

Adaptable Orthopedic Shape Memory Implants, 

Procedia CIRP 5, pp. 253 – 258, 2013. 

[8] Wang,  X., Xu, S., Zhou, S., Xu, W., Leary, M., 

Choong, P., Qian, M., Brandt, M., Xie Y.: 

Topological design and additive manufacturing of 

porous metals for bone scaffolds and orthoapedic 

implants: A review, Biomaterials, 83, pp. 127-141, 

2016. 

[9] Le, C., Okereke, M., Dao, V., Shwe, S., Zlatov, N., 

Le, T.: Personalised medical product development: 

methods, challenges and opportunities, Romanian 

Review Precision Mechanics, Optics & 

Mechatronics, 40, pp.11-20, 2011. 



15 
 

[10] Cronskar M.: The use of additive manufacturing in 

the custom design of orthopedic implants, Thesis, 

Ostersund: Mid Sweden University, 2011.  

[11] Wong, K.: 3D-printed patient-specific applications 

in orthopedics, Orthopedic Research and Reviews, 

2016:8, pp.57-66, 2016. 

[12] Guoqing, Z., Yongqiang, Y., Hui, L., Changhui, S., 

Ran, X., Jiakuo, Y.: Modeling and Manufacturing 

Technology for Personalized Biological Fixed 

Implants, Journal of Medical and Biological 

Engineering, 37(2), pp.191-200, 2017. 

[13] Ahlhelm, M., Schwarzer, E., Scheithauer, U., 

Moritz, T., Michaelis, A.: Novel Ceramic 

Composites for Personalized 3D Structures, Journal 

of Ceramic Science and Technology, 8(1), pp.91-

100, 2017.  

[14] Bartolo, P., Kruth, J., Silva, J., Levy, G., Malshe, 

A., Rajurkar, K., Mitsuishi, M., Ciurana, J., Leu, M.: 

Biomedical production of implants by additive 

electro-chemical and physical processes, CIRP 

Annals, 61(2), pp. 635-655, 2012. 

[15] Rengier, F., Tengg-Kobligk, H., Zechmann, C., 

Kauczor, H., Giesel, N.: Beyond the Eye – Medical 

Applications of 3D Rapid Prototyping 

Objects, European medical imaging review, pp.76-

80, 2008. 

[16] Mukund, J.A.: Process planning for the rapid 

machining of custom bone implants, Master thessis, 

Ames: Iowa State University, 2011. 

[17] Geng, L., Wong, Y., Hutmacherb, D., Fenga, W., 

Loha, H., Fuha, J.: Rapid Prototyping of 3D 

Scaffolds for Tissue Engineering Using a Four-Axis 

Multiple-Dispenser Robotic System, The Fourteenth 

Solid Freeform Fabrication (SFF) Symposium, 

Austin, The University of Texas, pp.423-432, 2003. 

[18] Lantada, A., Morgado, P.: Rapid Prototyping for 

Biomedical Engineering: Current Capabilities and 

Challenges, Annual Review of Biomedical 

Engineering, 14(1), pp.73-96, 2012. 

[19] Mallepree, T.: An advanced prototyping process for 

highly accurate models in biomedical applications, 

PhD Thesis, Universität Duisburg-Essen, 2011. 

[20] Milovanović, J., Trajanović, M.: Medical 

applications of rapid prototyping, Facta 

Universitatis, Series: Mechanical Engineering, 5(1), 

pp.79 - 85, 2007. 

[21] Berce, P., Chezan, H., Balc, N.: The application of 

Rapid Prototyping Technologies for manufacturing 

the custom implants, ESAFORM 2005 Conference, 

Cluj-Napoca, Romania, 2005. 

[22] Joshi, A.:  Process planning for the rapid 

machining of custom bone implants, Master thesis, 

Iowa State University, 2011. 

[23] Biomaterials generations, available at: 

http://www.uobabylon.edu.iq/eprints/publication_1

2_1581_1707.pdf  

[24] Handbook of materials for medical devices,  Ed. 

Davis, J.R., ASM International, 2003.  

[25] Parida, P., Behera, A., Mishra, S.: Classification of 

Biomaterials used in Medicine, International Journal 

of Advances in Applied Sciences, 1(3), pp. 125-129, 

2012. 

[26] Bhat, S., Kumar, A.: Biomaterials in regenerative 

medicine, Journal of Postgraduate Medicine, 

Education and Research, 46(2), pp. 81 - 89, 2012. 

[27] Ferraro, A.:  Biomaterials and therapeutic 

applications, IOP Conf. Series: Materials Science 

and Engineering, Volume 108, Conference 1, 2016. 

[28] Prakasam, M., Locs, J., Kristine Salma-Ancane, K., 

Loca, D., Largeteau, A., Berzina-Cimdina. L.: 

Biodegradable Materials and Metallic Implants - A 

Review, Journal of Functional Biomaterials, 8 (44), 

2017. 

[29] Bergmann, C. P., Stumpf, A.: Dental Ceramics, 

Topics in Mining, Metallurgy and Materials 

Engineering,  Springer-Verlag Berlin Heidelberg, 

2013. 

[30]  Murr, L., Gaytan, S., Medina, F., Lopez, H., 

Martinez, E., Machado, B., Hernandez, D., Martinez, 

L., Lopez, M., Wicker, R., Bracke, J.: Next-

generation biomedical implants using additive 

manufacturing of complex, cellular and functional 

mesh arrays, Philosophical Transactions of the 

Royal Society A: Mathematical, Physical and 

Engineering Sciences, 368(1917), pp.1999-2032, 

2010. 

[31] Ryan, G., Pandit, A., Apatsidis, D.: Fabrication 

methods of porous metals for use in orthopaedic 

applications, Biomaterials, 27(13), pp.2651-2670, 

2006. 

[32] Frame, M., Huntley, J.: Rapid Prototyping in 

Orthopaedic Surgery: A User's Guide, The 

Scientific World Journal, pp.1-7, 2012. 

[33] Kannan, V., Yogasundar, S., Singh, S., Tamilarasu, 

S., Kumar, B.: Rapid Prototyping of Human 

Implants with Case Study, International Journal of 

Innovative Research in Science, Engineering and 

Technology, 3(Special Issue 2), pp.319-324, 2014.  

[34] Wong, K., Kumta, S., Geel, N., Demol, J.: One-step 

reconstruction with a 3D-printed, biomechanically 

evaluated custom implant after complex pelvic tumor 

resection, Computer Aided Surgery, 20(1), pp.14-

23, 2015. 

 


