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Resumo 

As incapacidades do membro superior são definidas pela ausência ou pela grave hipoplasia das 

estruturas esqueléticas do membro superior, quer sejam adquiridas ou originadas por defeito congénito, 

afetando milhões de pessoas em todo o mundo. Os pacientes com este tipo de problemas têm tentado 

restabelecer a simetria, aparência e funções básicas desde as primeiras etapas da tecnologia com 

substituições artificiais denominadas próteses. Os aparelhos prostéticos estão em constante evolução 

e é agora possível obter próteses biónicas do membro superior com uma elevada sofisticação e 

complexidade, mas que, contudo, podem não ser monetariamente acessíveis a todos os pacientes ou 

não ser adequadas para todas as situações, tal como próteses temporárias para crianças que se 

encontram ainda em fase de desenvolvimento. A tecnologia do Fabrico Aditivo surgiu como uma 

interessante solução para estes aparelhos prostéticos pois permite uma elevada personalização e uma 

rápida produção, na hora e no local, a custos especialmente reduzidos. Neste trabalho foi realizado um 

design original, versátil e adaptável para uma mão prostética antropomórfica funcional, concebido para 

Fabrico Aditivo com o uso de filamento flexível (TPU) com recurso a Desenho Assistido por Computador 

(CAD). Um estudo relativo à impressão 3D com filamento flexível foi elaborado, com testes metódicos 

e documentados aos fatores-chave para a qualidade das peças impressas em 3D e os parâmetros de 

slicing finais recomendados para as componentes do aparelho prostético são apresentados. O protótipo 

do design da mão prostética foi fabricado com resultados positivos em termos de aparência e função. 

Por fim, os diferentes métodos de atuação e alguns aparelhos de atuação já existentes que possam 

ser compatíveis com o conceito apresentado foram descritos. 

 

 

Palavras-Chave: Incapacidade do Membro Superior, Desenho Assistido por Computador, Prótese 

Funcional, Fabrico Aditivo, Filamento Flexível 
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Abstract 

Upper limb disabilities are defined as the absence or severe hypoplasia of upper limb skeletal 

structures and, whether it was acquired or originated from a congenital defect, affect millions of people 

worldwide. Patients with these disorders have tried to restore symmetry, appearance and basic function 

since the early stages of technology with artificial replacements called prosthesis. Prosthetic devices 

are in constant evolution and it is now possible to obtain highly sophisticated and complex upper limb 

bionic prosthesis, that, however, can’t be afforded by every patient and may not be suitable for every 

situation, such as temporary prosthesis for children that are still developing. Additive Manufacturing 

technology came as a very interesting solution for such prosthetic devices, since it allows high 

customization and fast production on demand and on site, at particularly low costs. In this work an 

original, versatile, adaptable and anthropomorphic functional prosthetic hand design was conceived for 

Additive Manufacturing using flexible filament (TPU), resorting to Computer Aided Design (CAD). A 

study on 3D printing with flexible filament was carried out, with methodic and documented tests on the 

key factors in the quality of 3D printed parts and the final recommended slicing parameters for the 

components of the prosthetic device were presented. A prototype of the designed prosthetic hand was 

manufactured with positive overall results in terms of appearance and function.  Finally, the different 

actuation methods and some existing actuation devices that could be compatible with the presented 

concept were described. 

 

 

Keywords: Upper Limb Disabilities, Computer Aided Design, Functional Prosthesis, Additive 

Manufacturing, Flexible Filament  
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1 Introduction 

 

1.1 Motivation 

The hand is a very important anatomical structure of the human body, and it is the primary 

instrument for contact with the exterior world. It is constantly used to a wide range of operations, such 

as grabbing objects, sensing textures and heat, gestures and many more. To sum up, the hand is every 

human’s personal tool to operate the outside world, and to lose this limb represent a heavy decrease in 

quality of life. 

There is a number of people who suffer from Upper Limb Deficiencies that have to face and 

overcome the challenges of the lack of a hand on a daily basis. The lack of an Upper Limb can have its 

origin in congenital disorders or it can be acquired at some point of life, as a result of an amputation. 

Since as early as 905 to 710 B.C., date of the oldest prothesis ever registered, an ancient 

Egyptian prosthetic toe, people have been using devices to mitigate the negative effects of limb losses. 

These devices may be destined for cosmetics purposes, body balance and symmetry and for functional 

purposes as well. 

With the advance of technology, increasingly sophisticated Upper Limb Prosthetic Devices were 

developed and there is a continuous need for innovation. Specifically, 3D printing technology came as 

a very interesting solution for prosthetic devices manufacturing, since it allows high customization, fast 

production at low costs. Since the beginning of this decade, it is possible to use 3D printing with flexible 

filament to produce highly resistant and flexible rubber-like parts, a feature that can be very useful to 

develop realistic and functional prostheses. 
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1.2 Objectives 

The objective of this work is to develop a functional Upper Limb Prosthesis designed for 

production by Additive Manufacturing, namely Fused Deposition Modeling, using flexible material 

filament. This prosthetic device is developed with the goal of providing an anthropomorphic, low-cost 

(when compared with the existing prosthesis) solution to restore minimum hand function to people 

suffering from Upper Limb disabilities. The prosthesis is to be actuated mechanically through “tendon” 

cables and to have no visible or exposed hinges. 

To complete this task an original computer aided design (CAD) model for the prosthesis is to be 

made resourcing to SolidWorks®. The model parts are to be converted into stereolithography (STL) files 

and prepared for manufacturing with resource to a slicing software (Ultimaker Cura®). A study is to be 

made on ideal printing parameters for flexible filament (TPU), namely FilaFlex® by Recreus®, and a 

functional prototype is to be manufactured by 3D printing with use of that material. Finally, a study on 

possible actuation devices is to be made, identifying compatible solutions to the prosthesis that was 

developed. 
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1.3 State of the Art 

Prosthetic devices have existed since the ancient Egyptian civilization, as the oldest prosthesis 

ever registered was dated from 905 to 710 B.C (CLEMENTS, 2015). These devices have suffered big 

evolutions, as advancement in science and technology increasingly better solutions to be developed, 

whether it is in terms of comfort, appearance, function, sophistication, precision and even cost. There 

are several categories of Upper Limb Prosthesis that can be grouped by the way that the device is 

controlled. 

 

Figure 1.1: Prosthetic Toe discovered in Egypt (Marshall, 2015) 

 

A passive prosthesis is a non-functional prosthetic device used for cosmetic purposes, for body-

symmetry reasons and to ensure proper children development (Amos, Matthew, & Wimhurst, 2013; 

Plettenburg, 2009). This device has no active function, and therefore no actuation, however, it can 

largely restore basic non-moving limb function. 

A body-powered prosthesis is a functional, mechanical device that allows a person to use the 

self-strength and movement of the body to actuate a prosthetic hand (Kutz, 2003; Kuyper, Breedijk, 

Mulders, Post, & Prevo, 2001). These devices usually ensure a grabbing function and typically there is 

no possibility of individual finger control. 

A myoelectric prosthesis is a functional, sophisticated device that uses one or more sensors to 

read electrical signals sent from muscles in the remaining upper limb, through the skin, and send the 

collected information into a controller. This controller is then configurated to, in real time and when 

certain signals are sent, actuate specific motors. This allows for a trained user to actuate a prosthetic 

hand with no effort and no body movement restrictions (Egermann, Kasten, & Thomsen, 2009; Matrone, 

Cipriani, Carrozza, & Magenes, 2012; Scott, 1990). 

Technologic evolution allowed for even more sophisticated prostheses to be developed, including 

devices that read signals directly from the subject’s brain, in order to control movement of each finger. 

These are highly functional devices, allowing virtually full freedom of movement (Andersen, Kellis, Klaes, 

& Aflalo, 2014; EunYoung Song, 2017; Hwang & Andersen, 2010). Figure 1.2 shows tests being 

performed with a tetraplegic patient at Caltech University (Aflalo et al., 2015). This is a very advanced 
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technique that is still being researched currently. However exorbitantly high costs will be involved, as 

well as significant training to be able to control with precision such devices. 

 

Figure 1.2: Direct Brain Interface to Control a Bionic Arm (Fiore, 2015) 

 

Additive Manufacturing techniques, commonly known as 3D printing, have been introduced to 

the world in the 1980’s, with the first patent for the AM process of Stereolithography (SLA) being filed in 

1986 by an American inventor named Charles Hull (Flynt, 2017), who also invented the first functional 

SLA 3d printer back in 1987. Additive Manufacturing was mostly developed in research centers and in 

the mid 2000’s it started to draw the attention of diverse areas and the first commercial 3D printer was 

made. Since the beginning of the 2010’s it became a widespread manufacturing process (Peña, Lal, & 

Micali, 2014) affordable not only for companies but also nonprofessional private users, who benefit from 

the open-source character of most 3D printing technology (Flynt, 2017). According to the study 3D 

Printing State  (Cassaignau, Core-Baillais, de Wargny, & Lonjon, 2016)  the most used Additive 

Manufacturing processes are Fused Deposition Modelling (36%), Selective Laser Sintering (33%) and 

Stereolithography (25%)  and most common uses are Prototyping (34%), Proof of Concept (23%), 

Production (22%), Marketing Samples (10%), Art (8%) and Education (7%). The most common 3D 

printed material is plastics, which accounts for 88% of all printed material, however, the use of flexible 

filament (TPU) in Additive Manufacturing is a relatively new process, since the first TPU filaments were 

released in 2013 (Palsenbarg, 2013), reason why there still isn’t much general consensual knowledge 

of this technique, with the additional factor of being mostly operated at an amateur level.  
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1.4 Main Contributions 

The main contributions of this thesis are: 

• An original CAD design for an Upper Limb Prosthesis manufactured resourcing to 3D 

printing of flexible filament. 

 

• A methodology and ideal printing parameters for 3D printing flexible filament, namely 

FilaFlex based on documented tests. 

 

• Development of a functional prototype of the Upper Limb Prosthesis presented. 
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1.5 Structure and Organization 

This thesis is structured in six chapters: 

Chapter 1: includes the motivation and objectives of this work, as well as a brief state of the art 

and the main contributions of this project.  

Chapter 2: presents a basic description of upper limb disabilities, both acquired and congenital. 

Afterwards, selected existing solutions are presented, as well as the user needs. 

Chapter 3: describes the concept generation and the project specifications and methodology for 

the design of the prosthesis. A problem sub-division approach is made to refer all the problems and 

solutions that occurred throughout this work divided by the different parts that compose the model and 

the final assembly of the prothesis CAD is presented 

Chapter 4: provides knowledge regarding the manufacturing techniques, equipment and 

material, as well as the methodology to improve 3D printed parts quality and presents the final 

recommended printing parameters 

Chapter 5: describes possible adaptation techniques, as well as different possible actuation 

devices for the presented prosthetic hand   

Chapter 6: presents the final considerations of the developed work, namely the major 

conclusions and suggestions for future work. 
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2 Problem 

2.1 Upper Limb Reduction Defects 

An upper limb reduction defect is defined as the absence of severe hypoplasia of upper limb 

skeletal structures (Sheba, Hashomer, & Gan, 2007).  

Upper limb deficiencies differ greatly in their anatomy and etiology (Gold, Westgate, & Holmes, 

2011) as it can have two main origins: congenital defects and acquired upper limb deficiencies, 

commonly known as amputations.  

Regarding upper limb deficiencies, these disorders account for approximately 3% of all 

amputees, although in children the ratio of congenital to acquired is 2:1 (Atkins, 2012). These 

malformations are typically observed during pregnancy and can have multiple origins such as vascular 

disruption defects (Gonzalez et al., 1998; McGuirk, Westgate, & Holmes, 2001),  teratogenic drugs, 

chemicals and radiation exposure (McGuirk et al., 2001) and even abdomen trauma during pregnancy  

(McGuirk et al., 2001). Typically, there is no heritance related to these events, however there are cases 

that seem to show dominant mutated genes (Wilcox, Coulter, & Schmitz, 2015). There is also a tendency 

for the affected children to have older than average parents (Wynne-Davies & Lamb, 1985). 

. Limb amputation, defined as a medical procedure in which there is partial or complete removal 

of a limb for a variety of reasons  is considered to be one of the oldest surgical procedures with a history 

of more than 2,500 years (Ligthelm & Wright, 2014). The necessity of amputation of an upper limb is 

most commonly related to trauma, often work related (Atkins, 2012), although malignant bone tumors 

(osteogenic sarcoma), infections, vascular diseases and diabetes are among the known common 

causes (Jain, 1996). 

There is no consensus (Lowry & Bedard, 2016) in upper limb defects, but they can be classified 

as longitudinal and transversal (Day, 1991). Longitudinal defects affect one or more skeletal bones along 

the axis of the limb, without directly affecting other element in the same transversal section. On the other 

hand, transversal defects cause malformation or absence of the limb from a certain transversal section 

in all bones and elements. These two different classifications are illustrated in Figure 2.1.  
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Figure 2.1: Classification of Upper Limb Disorders – Transversal (Left) and Longitudinal (Right) (Day, 1991) 

 

Longitudinal limb deficiencies are challenging in the orthopedics field because of the great 

variations of skeletal elements damage, as well as geometry of residual limb and muscle power (Frantz). 

On the other hand transverse congenital or acquired limb deficiencies are suitable cases to the use of 

a prosthetic device (Curran  R., B., Curran, & Hambrey, 1991; Kuyper et al., 2001). For this reason, 

focus of this work will be on this type of defects. 

It is recommended for children with upper limb disorders to be introduced to a passive prosthesis 

as soon as possible according to the psychomotor development of the case in question, even before 

the first year of life (Pruitt, Seid, Varni, & Setoguchi, 1999).  This procedure is intended to encourage 

the use of both upper limb for day-to-day activities, to ensure body symmetry through the development 

of the child and to improve the chances of accepting a more complex prosthetic in the future, as the 

increase in age of introduction of the first prosthetic device is related to increase in future prosthesis 

rejection rate (Curran  R. et al., 1991; Kuyper et al., 2001; Scotland & Galway, 1993). It is important to 

understand that, although patients with upper limb disorders can be highly independent, as 

approximately 90% of day-to-day activities can be still be performed (Watson, 2000), the use of 

prosthesis is still recommended to improve motor skills (Jain, 1996; Watson, 2000) and even 

psychological development (Dlugosz et al., 1986). 

The next level of development should be the introduction to a functional prosthesis (Pruitt et al., 

1999), when the patient shows a certain level of psychomotor development, and although the 

recommended age is not consensual it is in the range of 18 months to 5 years (Curran  R. et al., 1991; 

Egermann et al., 2009; Kuyper et al., 2001). In order to improve acceptability of a functional prosthetic 

device, children should be introduced to regular, intensive training (Davids, Wagner, Meyer, & 
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Blackhurst, 2006; Egermann et al., 2009). To have a functional moving hand is very beneficial for 

children in the referred ages, however, during child growth it is necessary to change the prosthetic 

devices as size and complexity may need to be adjusted. 

In that regard, 3D printing technology comes as an ideal manufacturing process for this kind of 

prosthesis, as it allows for high customization, production on-demand and low production costs (Zuniga, 

Peck, Srivastava, Katsavelis, & Carson, 2016). This is as much relevant as most existing devices are 

still very expensive, hard to obtain and not easily adapted to the specific case of a patient. 

 

2.2 Existing Solutions 

2.2.1 Passive prostheses 

Passive prostheses have existed for a long time and their appearance and characteristics have 

been raised to a high degree over the years. To this day, it is possible to purchase highly realistic 

cosmetic arms, for a cost surrounding US$3.000 to US$5.000 (Strait, McGimpsey, & Bradford, 2008). 

The LIVINGSKIN™ arm cosmetics prosthesis (LivingskinTM, 2017) for adults is displayed Figure 2.2. 

 

 

Figure 2.2: The Cosmetic Arm Prosthesis (LivingskinTM, 2017) 

 

These passive devices can also exert moderate function, as some prosthesis like the WILMER 

Passive Hand Prosthesis for Toddlers (Plettenburg, 2009), displayed in Figure 2.3, have a manually 

adaptative opening grip claw which allows the patient to use the device in different opening angles and 

even pick up objects with manual assistance. This claw is then covered with a cosmetic glove, ensuring 

a realistic appearance. 
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Figure 2.3: The WILMER Passive Hand Prosthesis for Toddlers (Plettenburg, 2009) 

 

3D printed prosthetic passive devices using flexible filament are a very interesting solution, as it 

allows the user to access to a fully customized and adaptable solution with low costs associated (Lopes, 

2017). In Figure 2.4 is presented a Filaflex® 3D printed cosmetic prothesis developed in Instituto 

Superior Técnico. It shows a very satisfying result for a low-cost 3D printed prosthesis and with the 

evolution in 3D printing technology the visible quality issues will tend to disappear. 

 

Figure 2.4: 3D Printed Passive Prosthesis (Lopes, 2017) 

 

2.2.2 Myoelectric prosthesis 

The use of myoelectric prosthesis is improving and technology now allows for upper limb 

prosthetic devices to be controlled with high precision, provided that the user has intense training  

(Matrone et al., 2012). It is a great option for adult prosthetic upper limb devices, although, with its price 
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starting at US$20,000 to US$30,000 (Strait et al., 2008) this solution can’t be afforded by everyone 

(Chadwell, Kenney, Thies, Galpin, & Head, 2016). 

The BeBionic™ hand, displayed in Figure 2.5, that was developed by Steeper and recently 

acquired by Ottobock is the self-proclaimed “most advanced myoelectric prosthesis in the market”. It is 

a high-tech and high-priced device that allows for individual finger control with high precision and can 

be manually adapted for different kinds of grips. 

 

Figure 2.5: The BeBionic™ hand (“BeBionicTM,” 2018) 

 

 Another very effective solution being currently developed is the OpenBionics™ upper limb 

prosthetic device, that uses 3D printed parts to lower production costs and allows customization of each 

commercialized prosthesis. The device produced by OpenBionics™ is the Hero Arm (OpenBionicsTM, 

2018), displayed in Figure 2.6. 

 

Figure 2.6: The Hero Arm by OpenBionics™ (OpenBionicsTM, 2018) 
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2.2.3 Body powered prosthesis 

There is a relevant number of body powered prostheses produced using 3D printing technology 

and probably the most important and global project is E-NABLE: Enabling the Future. This is a nonprofit 

initiative working on an open-source basis and allowing their prosthetic devices to be printed and used 

all over the world (E-NABLE, 2018). 

One of the most popular E-NABLE prosthetic device is the Cyborg Beast (Zuniga et al., 2016) 

displayed in Figure 2.7. This is a rigid wrist-powered prosthesis that use two sets of wires to actuate 

fingers: rigid wires are used to activate bending motion of the fingers while flexible cables are used to 

ensure their return to normal position. It is composed by a relatively high number of 3D printed parts, 

joint using screws. 

 

 

Figure 2.7: The Cyborg Beast  (Zuniga et al., 2016), an Open Source Prosthetic Device  

 

There is also a prosthesis available in the E-NABLE project conceived to be 3D printed using 

flexible filament named Flexy Hand displayed, in its second version (Gyrobot, 2014), in Figure 2.8. This 

is a very realistic looking device that uses flexible printed hinges to attach finger parts and to resume 

initial position. 
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Figure 2.8: Flexy Hand 2 by Gyrobot (Gyrobot, 2014) 

 

2.3 User Needs 

There is a constant need to improve the existing technological devices to better suit the user 

necessities. It is important to identify these necessities, since the project specifications should be 

focused in solving those issues. 

The user needs considered for this work were: 

Affordability – this is a key problem on existing prosthetic devices, as most available options 

are very costly. Of course, with higher priced solutions comes higher-end technology and consequently 

best quality and precision. However, only a small fraction of the patients with Upper Limb Deficiencies 

can afford these prosthetic devices. Also, there is the case of infants, who are still growing and 

developing, in which a costly prosthetic device would no longer fit in a span of a few years and has 

higher probability of getting broken or damaged. Therefore, it is crucial to create an affordable functional 

prosthesis. 

Versatility – The need of versatility comes from two sources: different patient and limb sizes, as 

well as different level of amputation or congenital defect. Therefore, it is essential to create a device 

that’s scalable for children size and at the same time adaptable to the specific upper limb disorder of a 

patient. 

Improved appearance – although the futuristic bionic aspect of most prosthetic devices may be 

appreciated by many users, there is a lack of realistic anthropomorphic prosthesis with close-to-human 

appearance and feel. 

Easy to learn and use – It is important for the prosthetic device developed to be easy to use, 

and not to be overly complicated to learn how to operate. 
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Comfort – to minimize risk of rejection it is important for the prosthetic device to be comfortable 

to wear, to actuate and to use in different circumstances. 

On demand fast production – It is important for the user to have available an on-demand 

solution, with a non-overly long development and production. 

Customization – not exactly a “user need” but still a user satisfaction boost, as it can be valued 

for patients (specially, but not exclusively children) to have their own one-of-a-kind prosthesis, 

customized with special design or, for example, the patient’s name. 
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3 Concept 

3.1 Project Specifications and Methodology 

The first decision of this work was that the prosthetics would be developed using Additive 

Manufacturing, commonly known as 3D printing, most specifically FDM using flexible filament. 

Conventionally, 3D printed parts were made from rigid thermoplastics such as ABS (Acrylonitrile 

Butadiene Styrene) and PLA (Polylactic acid or Polylactide), whose lack of elasticity would obviously 

disable them for significant bending purposes. However, in 2013 the first TPU (Thermoplastic 

Polyurethane) filament for 3D printing was introduced to the world, making it possible to manufacture 

flexible rubber-like parts with great tenacity and shape retention. This design is made specifically for 

additive manufacturing, as some of the features included would be very difficult or even impossible to 

manufacture using any other process. The parts have been prepared to be 3D printed since there is a 

number of design-related factors that are very important to assure the best possible print, such as, for 

example, base geometry, part orientation and maximum slopes. 

Design was made from the beginning in a way that each finger and the palm of the hand would 

be separate parts. This is justified by a number of factors. For once, it would be next to impossible to 

print a full hand given the complex shape, the different orientation of fingers and oozing that would occur 

between fingers (see Manufacturing chapter). Also, prints would take roughly 48 hours, so a failure 

would mean 2 days of printing time, energy and material waste. 

Actuation of functional prosthetic devices is divided in two modes: Voluntary Opening (VO) and 

Voluntary Closing (VC) devices (Berning, Cohick, Johnson, Miller, & Sensinger, 2014) as displayed in 

Figure 3.1. Voluntary Opening devices can show advantages for body-powered prosthesis, since the 

device actuation (for example holding an object) is held as the user relaxes the limb. However, the grip 

is predefined by the return tension of the device, which can be limiting (Berning et al., 2014; Sensinger, 

Lipsey, Thomas, & Turner, 2015). On the other hand, Voluntary Closing devices show the most 

similarities to the natural human hand movement, since a relaxed hand is usually approximately open. 

It may cause difficulties in the function of body-powered devices, as the user has to keep in tension 

while actuating the prosthesis, however, grip force can be controlled. Studies show that, although there 

is no consensus, there is a certain overall preference of users in Voluntary Closing devices (Sensinger 

et al., 2015), reason why this was the option chosen for this project. 
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Figure 3.1: Voluntary Opening (VO) and Voluntary Closing (VC) devices. Adapted from (Sensinger et al., 2015) 

 

To summarize the major project specifications for this work are: 

• Creation of an original CAD model 

• Main process of manufacturing is 3D printing 

• Use of flexible filament 

• Separate hand body and finger parts 

• Adaptable to different actuation devices 

• Low-cost material and production 

• Light and resistant prosthetic device 

• Voluntary closing (VC) device 

 

We can group the project into two main categories: design and manufacturing. This chapter is 

focused on design although some tests made during manufacturing stage will be mentioned since this 

is a dynamic process, and design is dependent on the behavior of real printed parts. In Figure 3.2 is 

displayed a schematic of the methodology followed throughout the project. 
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Figure 3.2: Schematic of the methodology followed throughout this work 

 

3.2 Finger 

The design was made in CAD (computer assisted design) using the software SolidWorks 2016. 

Finger design was created using Lofts defined by sketched profiles and guide lines to resemble actual 

fingers, as shown as an example in Figure 3.3, with more importance being given to functionality over 

appearance. The model presented in this work is a fully developed adult hand by default, although it 

was made to be adapted to different upper limb sizes by an educated scaling procedure, in order to be 

used for adults and children as well. 

 

 

Figure 3.3: Finger Design: sketched profiles and guide lines (left) and the resulting loft (right) 
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The human finger is composed by narrow bones called phalanges, connected and articulated 

between them by joints and it’s the rotation of phalanges around these joints that induces movement to 

fingers (Freivalds, 2007). 

3.2.1 Finger Dimensions 

In order to calculate phalanges relative size in finger design (Freivalds, 2007) the data contained 

in Table 3.1 was used: 

Phalanges Proximal [%] Medial [%] Distal [%] 

Thumb 17.1 - 12.1 

Index 21.8 14.1 8.6 

Middle 24.5 15.8 9.8 

Ring 22.2 15.3 9.7 

Little 17.7 10.8 8.6 

Table 3.1:Phalanx lengths as Percent of Hand Length. Source: Adapted from (Freivalds, 2007) 

 

Although the values presented above are percentages of the whole hand, it is possible to use 

the values contained in this table to calculate relative size of phalanges for each kind of three-phalanx 

finger and average relative size as well. The values displayed in Table 3.2 are percentages of phalanx 

size relative to the finger. 

Phalanges Proximal [%] Medial [%] Distal [%] 

Index 49.0 31.7 19.3 

Middle 48.9 31.5 19.6 

Ring 47.0 32.4 20.6 

Little 47.7 29.1 23.2 

Average 48 31 21 

Table 3.2:Results of calculations for relative size of phalanges 

 

It is possible to verify that the deviations of each individual finger present values close to the 

averages obtained. Consequently, the average values can be used as standard values for all the fingers. 

The proximal phalanx represents approximately 48% of finger length while medial and distal phalanges 

represent 31% and 21% respectively. With this in consideration, the same design can be used for all 

the three phalanx fingers – index, middle, ring and little – as they are quite similar in shape and 

movement, as well as relative phalanx size.  

The effective length of each finger should depend on the individual’s size, gender and age. For 

reference, the finger lengths of a 23-year old male were measured and its results are displayed in Table 

3.3, in order to estimate relative finger size. In the next table the lengths obtained for each finger are 

displayed as well as the ratio compared to the value regarding the index finger. 
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 Length (cm) Ratio over index finger 

Index 7.8 1 

Middle 8.3 1.064 

Ring 7.9 1.013 

Little 6.4 0.821 

Table 3.3: Length of each finger and ratio over index finger 

 

Based on the information obtained, for the prototype built and images shown throughout this 

work the base design was used for index and ring fingers on a 100% scale, for middle finger on a 105% 

scale and for little finger on an 80% scale. These values were estimated and may not be completely 

accurate. However, its purpose is only to improve the hand’s appearance, so accuracy isn’t crucial as it 

won’t affect functionality. 

3.2.2 Finger Movement 

As it was explained, one of the objectives of this work is to create a low-cost 3D printed realistic 

prosthesis, using flexible filament.  

Just like in a number of 3D printed prosthesis available so far, the finger movement will occur 

resourcing to wire “tendons”, since this is an easy way to translate movement through a long distance. 

A wire is threaded through a hole that goes through the posterior side of the finger and tied on the tip of 

the finger. The geometry of the finger ensures that when the wire is pulled the finger’s phalanges rotate 

over the articulations and the finger bends. A schematic demonstrating how the wire tendon movement 

works in displayed in Figure 3.4. 

 

 

Figure 3.4: Finger movement schematic 
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The return of the finger to its initial position is ensured by elasticity, and methods like elastic wires 

and flexible hinges could have been used. However, in this work it was decided to print fingers as a 

whole part (only one printed part per finger) and using this approach position restoration is ensured by 

the elasticity and shape retention of the finger itself, due to the flexible material used to print it, following 

the idea and general concept of the Flexy Hand, by Gyrobot (Gyrobot, 2015). This makes it possible to 

ensure minimum total number of parts and to ensure that there are no visible hinges, hence an improved 

appearance for the model. 

The geometry of the finger defines the movement that will occur when the inextensible wire is 

pulled. The designed finger geometry has three inner chambers, each one intended to recreate each of 

the joints associated with finger movement. Those joints are, starting from the tip of the finger, the 

proximal interphalangeal joint (PIP) connecting the proximal and medial phalanges, the distal 

interphalangeal joint (DIP) connecting the medial and distal phalanges and the metacarpophalangeal 

joint (MCP) connecting the distal joint and the metacarpal bone of the hand (Doyle & Botte, 2002). Figure 

3.5 displays the location of bones and joints referred, while Table 3.4 presents the relation between 

chambers in finger part and the joint that these represent. 

 

Figure 3.5: Hand Bones and Joints Anatomy, adapted from (GetBodySmart, 2018) 

 

Chamber 1 Metacarpophalangeal joint (MCP) 

Chamber 2 Distal interphalangeal joint (DIP) 

Chamber 3 Proximal interphalangeal joint (PIP) 

Table 3.4: Joints that each chamber is intended to recreate in finger part 

The thumb is a very specific and unique finger, as it as a different appearance, function, and 

even number of joints, since it doesn’t have a medial phalange. For this reason, a separate part had to 

be created for the thumb geometry, using all the same features referred throughout this chapter. As 

there is one interphalangeal joint, it is simply referred by that name (no longer necessary to distinguish 
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between distal or proximal). The relation between chambers in thumb part and the joints they are 

intended to represent is presented in Table 3.5. 

 

Chamber T1 Metacarpophalangeal joint (MCP) 

Chamber T2 Interphalangeal joint (IP) 

Table 3.5: Joints that each chamber is intended to recreate in thumb part 

 

It is possible to observe that the finger part does not only include the phalanges but also the 

metacarpophalangeal joint (MCP). This design consideration was implemented in order to englobe all 

joints into the same part as well as to improve the overall appearance of the model. This also eliminates 

the need for additional parts, such as flexible hinges in the metacarpophalangeal joint. Respective joints 

for the finger and thumb models are presented in Figure 3.6 and Figure 3.7. 

 

Figure 3.6: Section view of finger model with position of the inner hollow chambers 

 

 

Figure 3.7: Section view of thumb model with position of the inner hollow chambers 
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The geometry of the inner hollow chambers, presented in Figure 3.8, defines where and how 

much it will bend. The stiffness is partially defined by the geometry as well. The opening angle of the 

chamber, represented as θ, is related to the angle of rotation of the respective joint. The rotation of joint 

is always lower that the opening angle of rotation θ, because of the fold occurring in the outer shell. The 

depth of the chamber, L, defines the bending stiffness of the joint. 

 

 

Figure 3.8: Geometry of the hollow inner chambers in finger part 

 

It is very important to calibrate L and θ to achieve the desired finger movement. If the depth of 

the inner chambers L isn’t coherent enough fingers will bend completely on one joint before starting to 

bend the others. The objective is to obtain smooth bending with movement beginning at the same time 

on all three joints. Likewise, the θ parameter also must be calibrated. The angle should be high enough 

to assure the desired movement, however, a value too high would results in lower flexion force in the 

joint and would cause the wire to press against the outer shell and increasing friction to a point that 

causes movement to block, as it is shown in Figure 3.9. 

 

Figure 3.9: Movement blockage caused by a high opening angle of the chamber, θ 
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These values were iteratively tested and satisfactory results were achieved using the angle and 

depth of the inner chambers displayed in Table 3.6 and Table 3.7 for the fingers and thumb, respectively: 

Chamber Angle (θ) in degrees Depth (L) in mm 

Chamber 1 (MCP) 60 17.5 

Chamber 2 (DIP) 60 16 

Chamber 3 (PIP) 60 13.5 

Table 3.6:Values of opening angle, θ, and depth, L, for each chamber in finger part 

 

 

Chamber Angle (θ) in degrees Depth (L) in mm 

Chamber T1 (MCP) 65 15.4 

Chamber T2 (IP) 75 14.4 

Table 3.7: Values of opening angle, θ, and depth, L, for each chamber in thumb part 

 

The position of the chambers has to be aligned with the folds in order to ensure a smooth 

movement. Although no such fold exists in the metacarpophalangeal joint (MCP) – the human hand 

actually has some accumulated skin in that area – it had to be created in the design to achieve the 

desired function. Figure 3.10 shows the original correct anthropomorphic position of the folds, while 

Figure 3.11 displays the malfunction that would occur when this finger part is bent. 

 

Figure 3.10: Test part printed with finger folds in 
the original positions 

 

Figure 3.11: Malfunction during part bending test 

 

The fold’s position was edited in the CAD file in SolidWorks® into a tuned functional position, as 

shown in Figure 3.12, resulting in an easier, smoother bend, lowering the actuation forces and allowing 

continuous movement, displayed in Figure 3.13. 
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Figure 3.12: Comparison between test part 
printed with finger folds in the original position 

(left) and with adapted position (right) 

 

Figure 3.13: Test part printed with finger folds in 
the adapted position - correct bending 

 

One particularity of chamber design for 3D Printing is that to minimize the resistance to bending 

and therefore the force necessary to pull the wires and actuate the prosthetic hand, it is crucial to 

minimize the shell thickness around the chamber. In that sense, this value should be equal to the 

minimum possible thickness that can be obtained with the 3D printer and nozzle size used, so that only 

one wall line is created. This will be further addressed in the following Manufacturing and Implementation 

Chapter. 

In order to attach the wires to the tip of the fingers a small ring with a 6mm outer diameter and 

3mm inner diameter was designed and printed in a Ultimaker 3® 3D printer using PLA filament. The 

wire is then thread three times in the ring and tied with a knot. This solves the problem from the functional 

perspective but having a PLA ring just outside the tip of the finger would not only hurt the overall 

appearance of the model but also become too exposed and likely to fail. To solve this, a small hollow 

pouch was inserted in the tip of the finger design with a small hole into it, so that the threaded ring can 

be pushed inside the finger shell and be protected and concealed. The SolidWorks CAD fingertip profile 

and a section view highlighting the inner pouch are displayed in Figure 3.14, while a comparison can be 

made between a test printed part without the inner pouch, shown in Figure 3.15, and with it, displayed 

in Figure 3.16. 
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Figure 3.14: Fingertip profile (left) and section view of the fingertip (right) highlighting the inner hollow pouch 

 

 

Figure 3.15:Finger part appearance with 
the threaded ring before the inclusion of 

the inner hollow pouch 

 

Figure 3.16: Finger part appearance with the 
threaded ring after the inclusion of the inner 

hollow pouch 

 

Another sub-problem that had to be addressed is how to attach the finger to the hand body. 

Various existing solutions include a rigid hinge mechanism complemented with an elastic wire to ensure 

return to position, as well as a flexible hinge system, using a 3D printed flexible “8 shaped” part attached 

to the hand body and to each finger in order to connect them. 

As it was previously referred, the finger design in this work already include the 

metacarpophalangeal joint so the attachment between finger part and hand body part is prevented to 

rotate or to move at all. In that perspective, it was created a locking system using the elasticity of the 

part itself, due to the properties of the flexible filament used. A small outer rim is added to the finger 

design in order to fix the finger part into the hand body part in the right position. This docking joint is 

displayed in Figure 3.17 and makes it easy to insert the finger into place, keeping it relatively easy to 

dismount in case of replacement or maintenance. A section view of the SolidWorks® CAD assembly, 

with labeled parts, can be seen in Figure 3.18. 
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Figure 3.17: Locking system on finger part 
to join finger and hand body parts 

 

Figure 3.18: Section view of assembly between 
finger and hand body part 
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3.3 Hand Body 

The final part of the hand assembly is the hand body, which includes the palm of the hand and 

is where all the finger parts are connected. This part was designed using lofts defined by profiles and 

guidelines and, much like the fingers, a good deal of organic design was used in order to try to mimic 

the natural anthropomorphic shape and curves of the human hand. Although it isn’t actually necessary 

since the bending motion occurs in the finger parts, this design is conceived to be printed in flexible 

filament due to its mechanical properties (it is nearly unbreakable, unlike PLA or other rigid materials), 

appearance and feel. 

In human hands, it is possible to observe that fingers start at different distances from the wrist, 

and knuckles don’t exactly form a straight line. However, in this design the finger joints were designed 

at the same height to simplify the design of the overall model. This simplification was allowed even 

though it isn’t anatomically correct, because it wouldn’t heavily damage the appearance nor the overall 

function of the prosthetics.  

Fingers’ docking site were designed to match the ones in the finger parts with a tested geometric 

tolerance in order to assemble the parts easily and tightly fit them together. Also, the tendon wire holes 

were also inserted to match the ones in finger parts and the canals run through the anterior side of the 

hand all the way to the base where each individual wire comes out. The SolidWorks CAD of the hand 

body part is displayed in Figure 3.19 and in Figure 3.20 as well, with the frontal surface in transparent 

mode. 

 

 

Figure 3.19: Frontal view of the hand body part 

 

Figure 3.20: Frontal view of the hand body part with 
frontal surface transparent. The finger joint locking 

features can be observed, as well as the wire 
canals 

 

The thumb is considered responsible for 40% of the function of the hand (Weir & Grahn, 2000) 

and the most challenging problem about the hand body part design is that there is no movement of the 

thumb metacarpal which translates to the absence of lateral movement of the thumb whatsoever. This 
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is obviously a heavy limitation on the function of the model. In that regard, the thumb position has to be 

chosen carefully since, although the design is simple to adjust, once a part is printed it cannot be 

changed. Sometimes some designs for 3D printed prosthetics even come with two possible hand body 

STL files, one with the opposable thumb (perpendicular to the palm of the hand) for a mechanical claw 

movement and a default position with an open thumb position (Gyrobot, 2014). In this case it was 

decided on an intermediate position of 70 degrees between hand palm and thumb, as displayed in 

Figure 3.21, based on a compromise between claw like function and natural position. 

 

 

Figure 3.21:Top view of the hand body part, with focus on the orientation of the thumb socket 

 

The base of this part has to be adapted to whatever actuation device is used. It depends on the 

disorder (or injury) of each individual case. In the case of a patient with residual hand skeletal structure 

the base of the hand body part would have to be adapted to fit the dimensions of his stump. For that 

reason, this will not be addressed, since this model is devised to be general and adaptable to different 

situations. 
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3.4 Assembly 

The final model assembly was modelled by inserting each finger part in their respective docking 

site with mates as it is presented in Figure 3.22. The differentiation between the different fingers is visible 

and the model presents a realistic anthropomorphic appearance. 

 

 

 

 

Figure 3.22: Different Views of the final Assembly CAD, in Solidworks® 
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4 Manufacturing and Implementation 

4.1 Additive Manufacturing 

Additive Manufacturing (AM) is the process of creation of a three-dimensional object with material 

being added sequentially layer-by-layer. It is a computer-assisted technology that has its origin on a 

digital 3D model of the object to be manufactured. This unique process, through which objects of almost 

any shape and geometry can be created, is mostly used for rapid prototyping, complex geometries and 

highly customized objects. Additive Manufacturing is recommended for single unit or small batch 

productions, since it is associated with low manufacturing costs but it is typically slow and non-scalable 

(in the sense that increasing number of units for production doesn’t heavily decrease price per unit) 

process. These characteristics are a solid match for the needs of this project: fast prototyping, small 

batches and highly customable.  

Additive Manufacturing is a global term and it includes a variety of specific processes of 3D 

printing, the most commonly known and used being: 

SLA (stereolithography) – This is a process that uses photopolymerization to solidify a liquid 

photosensitive resin layer-by-layer until a full 3D object is generated. Ultra violet lasers are directed at 

the pool of liquid photopolymer resin causing chains of molecules to link, creating polymers. It is 

relatively expensive as an AM process but it generates high precision and quality prints. 

SLS (Selective Laser Sintering) – This process uses a high-power laser to sinter (heating to a 

point that fuses material together without totally liquefying it) material powder one layer at the time, in 

order to create a solid model. A layer of powder is sintered in specific points to match the respective 

section of the 3D model and then it is lowered and a new material powder layer is applied to be sintered.  

FDM (Fused Deposition Modelling) – This process of 3D printing consists on feeding 

thermoplastic filament through a high temperature nozzle, causing the material to fuse and to be 

extruded in a precise trajectory layer by layer, as displayed in Figure 4.1. A combination of temperature 

and pressure causes the layers to merge and to create an object. 
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Figure 4.1: Fused Deposition Modelling (FDM), adapted from 
http://3dinsider.com/3d-printer-types/ 

 

 

1 High temperature nozzle 

2 Object being manufactured 

3 Build Plate 

 

FDM is the process used in this work and therefore, all the following 3D printing techniques and 

specifications described in this document are related to this process. It is a very versatile and low-cost 

process, perfect for prototyping, testing products or production of small batch, custom units. A wide 

range of materials can be 3D printed using this process, the most widespread commonly used being 

thermoplastics such as ABS (Acrylonitrile Butadiene Styrene) and PLA (Polylactic acid or Polylactide), 

but also the most unusual materials such as, for example, bronze, carbon fiber, woodfill (a mix of 60% 

wood fibers and 40% PLA) and even edible materials can be 3D printed. 

It was the benefits of 3D printing and FDM that allowed this project to succeed. The ability to print 

test parts with different materials, shape and geometry, on site, and in a short span of time was key, 

associated with very reduced costs as well (Varotsis, 2014). 

4.1.1 Manufacturing Equipment 

The project manufacturing took place in the Product Development Laboratory “Lab2ProD” which 

is part of the Department of Mechanical Engineering (DEM) of Instituto Superior Técnico. The laboratory 

has various 3D printers, but the one assigned to this project was a Lulzbot TAZ6 equipped with a 

FlexyDually V2 Tool Head, especially made for printing flexible filament. 

3D printers may have two kinds of extruders. For once there is the Bowden extruder, which is an 

extruder away from the hotend usually attached to the frame of the printer where the filament is pushed 

into a tube connected to the hotend where it is extruded. Since the filament is confined into this tube it 

is forced to go into the hotend and out through the nozzle (extrusion). The problem in using this system 

to print flexible material is that the filament itself doesn’t have enough stiffness, so when one end is 

pushed it can simply flex and doesn’t reach the hotend with enough pressure. This causes extrusion to 

fail and to be impossible to use this kind of extrudes with flexible filament. The other existing kind is the 

Direct Drive extruder, which is the system used in the Lulzbot TAZ 6, displayed in Figure 4.2, and 

therefore in this work. It is located directly on the print head and pushes filament to the hotend without 
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travelling a long distance. This has the disadvantage of adding weight and volume to the print tool head 

but is required for 3D printing with flexible filament. 

 

Figure 4.2: FlexyDually V2 Tool Head with Direct Drive Extruder used in this project (Lulzbot, 2018) 

 

4.1.2 Material – Flexible Filament 

The material used was a thermoplastic elastomer (TPE) called TPU (Thermoplastic 

Polyurethane). It is a polyurethane plastic with high elasticity, high abrasion resistance and shear 

strength and an astonishing shape retention, although it is not exceptionally resistant chemically and it 

is widely considered very difficult to print with (Simplify3D, 2018). 

Initial tests started with NinjaFlex® a TPU filament made by NinjaTek. NinjaFlex® showed a good 

print quality in walls, as well as good elasticity and shape-retention. However, there was a noticeable 

difficulty to print correctly as the material wouldn’t produce a continuous flow and would consistently 

ooze and stick to the nozzle, without producing the desired results. Additionally, the existing color 

“Almond”, although not completely different from skin color, was still too light to resemble skin.  

A new TPU material was obtained and tested called Filaflex® made by Recreus. This filament 

showed great print quality overall, continuous reliable flow, same great shape retention and even 

improved elasticity. The overall appearance of printed part improved as well due to the color - named 

Filaflex Skin I (Recreus, 2018). A comparison between the two filaments can be seen in Figure 4.3. For 

those reasons Filaflex® became the material used for this project as the flexible filament of choice, 

although NinjaFlex®’s results and test were still considered valid since the materials are both TPU and 

are very similar. 
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Figure 4.3: Comparison between test cubes printed using NinjaFlex® (Left) and Filaflex® (right) with 0.6mm 
nozzle and 0.2mm layer height 

 

 

Filaflex® is a rubber-like material that presents the following properties displayed in Table 4.1: 

Elongation to break 700% 

Density 1200 𝐾𝑔/𝑚3 

Tensile Storage Modulus (20ºC) 48 𝑀𝑃𝑎 

Tensile Storage Modulus (60ºC) 48 𝑀𝑃𝑎 

Ultimate Tensile Strength 54 𝑀𝑃𝑎 

Table 4.1: Filaflex® Technical Data Sheet (Recreus, 2018) 

The property that stands out and makes this a very interesting material for this use is the elasticity 

and tenacity at 700% elongation to break along with an ultimate tensile strength of 54 MPa, making it 

super flexible and very difficult to rupture.   

4.1.3 3D Printing Process 

The process of creating a 3D printed object follows specific steps, described in the scheme 

presented in Figure 4.4. 
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Figure 4.4: Steps for producing a 3D printed object 

 

It starts with building a CAD model, a process that was described in chapter 3 and was made 

using the Solidworks 2016 software. This step can be skipped if the CAD model of the object desired to 

be printed is already available. 

When the CAD model is completed it has to be saved as a 3D model such as AMF (Additive 

Manufacturing File), 3MF (3D Manufacturing File) or STL (Stereolithography) files. These are files 

containing 3D model geometry information meshed and spatially oriented. 

From this 3D files it is possible to advance to a slicing software. Slicing is the process of 

converting the 3D model into a sequence of layers ready to be 3D printed, according to the parameters 

defined by the user. There are a lot of factors weighting into the print quality and the slicing software 

choice is definitely one of them. Two free slicing programs were tested throughout this work: Lulzbot 

Cura and Ultimaker Cura. These are different versions of the same software – Cura – each one with 

specific features and recommended for a different 3D printer brand. The comparison between test cubes 

using the two different slicing software is documented in Figure 4.5. 
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Figure 4.5: Test cubes printed with 0.2mm layer height on Lulzbot Cura (Left) and Ultimaker Cura (Right) with 

same printing parameters 

 

It is possible to observe that, although the printer used was a Lulzbot TAZ 6, the test cube printed 

using Ultimaker Cura showed best quality overall and for that reason that was the software of choice 

during this project. Notice that this program was configured for the print volume and characteristics of 

the printer used. 

When preparing a part to be 3D printed in this slicing software there are several parameters that 

have to be selected correctly. After this is properly made a G-Code file is created, containing all the 

information on coordinates the printer has to follow as well as information for the extruders and basically 

providing the printer with the script of what it has to perform. 

4.2 Parameters and Tests 

To achieve a successful print, it is crucial to calibrate the print parameters, especially for flexible 

filament which is extremely difficult to print with good quality. A slicing software typically has hundreds 

of options to select, reason why it is impossible to cover all of them in this document and only the key 

printing parameters, tests and conclusions are presented. 

According to the Filaflex® technical data sheet, the extrusion-melt temperature is a range of 

200ºC-260ºC whilst the recommend printing temperature by the filament maker, Recreus, is 215ºC-

235ºC. Calibration cubes, such as the ones displayed in Figure 4.6, were used to test out the perfect 

extrusion temperature of 230ºC. 
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Figure 4.6: Comparison between Filaflex® test cubes with printing temperature at 230ºC (left) and 220ºC 

 

As it is possible to observe, the cube test printed at 220ºC shows typical low temperature under extrusion 

and, although it still has a good layer adhesion, the finishing of walls and top layers is better at 230ºC. 

One advantage of printing flexible filament is that it sticks very well to the print bed, so no heated 

bed or build plate adhesion extras (brim and raft) are required. Print speeds must be low to achieve 

quality prints (or even successful ones), since finishing and discontinuous filament are concerning 

issues, so speed was reduced from the standard 60mm/s to 30mm/s except for outer walls as well as 

the top and bottom of the model which were printed at 15mm/s. Travel speeds don’t really affect print 

quality and were kept at the default value 120mm/s.  

A common issue when printing with flexible filament is that when the nozzle is hot (above the 

material melting temperature) and the filament is still in contact with it, the material melts and starts 

dripping, even if the extrusion motor isn’t moving. This is a phenomenon called oozing. It isn’t 

recommended to print flexible filament with retraction mainly because of oozing since, if retracted 

filament oozes out, a void will be created and the print will be interrupted, something that is definitely 

not beneficial. 

Other important feature that must be enabled is cooling of the printed part, in order to properly 

solidify the previous layer before a new one is deposited on top. Ideally, fans should be on at full speed, 

since an increase in cooling traduces to increase in print quality. However, with fan at 100% the extrusion 

temperature can’t reach the desired value when using the Lulzbot TAZ 6, due to problems in the nozzle 

heating process, and it was decided to use cooling fan at 60% of full speed – a value that provides the 

necessary cooling and allows printing temperature to be respected. 

In this work, as it was referred, the objective is to obtain printed parts with good finishing and 

overall appearance, resistance and, very important, the highest possible flexibility, since it is beneficial 
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to lower the wire tendons pulling force. One parameter that plays and important role in part stiffness and 

flexibility is the infill, displayed in Figure 4.7. This is the pattern that fills in the inside of model printed 

and it can go from 0% (hollow) to 100% (completely filled with material). On one hand, the existence of 

layers to build the model is fundamental and there has to be a distinction between hollow and filled 

regions to ensure the finger function. On the other hand, lower infill results in higher flexibility, which 

results in lower pull force in tendon wires. In this case, it was used the lowest infill recommended for 

non-hollow parts of 15%. 

 

Figure 4.7:Test cube with 15% infill (grid pattern) cut open 

The use of support material is unadvised with Filaflex® prints, since, because of its exceptional 

layer adhesion, supports are difficult to remove and damage the surface finish. For this reason, design 

was adapted to avoid the need of printing with supports, by adjusting the negative slopes that exist in 

the models. 

The success in printing with flexible filament doesn’t only rely on slicing parameters. One very 

important factor that has to be ensured is that the filament itself is fed smoothly into the extruder. Since 

Filaflex® is a flexible filament, if there is significant resistance (which would occur if the spool is put in 

the default spool holder from Lulzbot TAZ 6) in the feeding system the filament will simply stretch instead 

of rotating in the spool, which will eventually lead to under extrusion and low-quality prints, as seen in 

Figure 4.8. 
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Figure 4.8: Difference in test print half cubes with the filament rolled in the spool (Left) and with the filament 
manually let loose (Right) 

 

            As it can be observed, this factor is a key to achieve a decent quality print, but it can be an 

inconvenient to rely on an operator availability to manually unroll the filament spool, especially when 

printing parts that take a lot of time and could be printed overnight. For this reason, a part was modelled, 

3D printed on the Ultimaker 3 from the Product Development Laboratory and added to the existing spool 

holder on the Lulzbot TAZ 6, showing impressive results – smooth feeding and good print quality. The 

spool holder adapter CAD is displayed in Figure 4.9, while in Figure 4.10 we can see the actual part in 

use. 

 

 

 

Figure 4.9: CAD Model of the part added to the Spool 
Holder 

 

 

Figure 4.10: Lulzbot TAZ 6 working with the added 
part in the spool holder 
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 The path of extrusion in each layer depends on the settings the user provides the slicing 

software. It is very important to ensure the 3D model is converted into a correct sliced part, since there 

are some constraints on geometries. For example, when using a 0.6mm diameter nozzle (and a 0.6mm 

line width) a 0.4mm thickness wall cannot be printed, and it will automatically disappear from the print. 

In the same way, a 1mm wall would only be printed with a thickness 0.6mm since the nozzle width of 

0.6mm wouldn’t allow 2 deposition lines to be printed (as it would be 1.2mm which would exceed the 

1mm wall thickness).  

It is very important to take this into account during design stage and in nozzle selection as well 

since, as it was previously stated in chapter 3, it is beneficial to lower shell thickness in the finger 

chambers. The shell in these chambers serves the purpose of protecting the hole and the wire from 

getting dirty and damaged, while it also improves severely the appearance of the prosthesis. However, 

it adds resistance into the bending motion and consequently adds on the necessary force to actuate the 

wire tendons. 

In this regard, design should be adjusted in a way that the shell thickness in chamber match the 

nozzle diameter that will be used to print the model, so that the outer wall is composed of a single 

deposition line, ensuring minimal possible thickness. The hollow inner chambers were designed by 

sketching its section and using the command cut-extrude and selecting the end condition offset from 

surface, selecting the outer surface of the finger and an offset of 0.3mm (a 0.3mm diameter nozzle was 

used). However, there is a problem with the slicing of this kind of geometries: the shell wall isn’t 

represented as a perimeter around the model, causing the deposition line to be discontinuous and even 

creating small holes and imperfections in the G-Code (as it can be seen in the layer view of Ultimaker 

Cura in Figure 4.11) which will trespass to the actual printed model as seen in Figure 4.12. 

 

Figure 4.11: Layer view of the thumb in Ultimaker Cura showing defects in outer shell 
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Figure 4.12: Test printed Thumb part with defects in outer shell 

 

Even if the offset from surface was increased for a value higher than 0.3mm the same problem 

would persist as the outer wall line would just not be recognized as continuous. 

This was solved with a lot of research by finding and tuning the parameter outer wall inset which 

is used to detect small saliences in the outer shell of models and to ensure that engraved letter or logos 

will be detected. Since what is needed is the opposite of that – to ensure the software reads the outer 

wall of the model as a smooth continuous surface – this parameter was set to the negative value of -

0.015. Figure 4.13 shows the resulting layer view and in Figure 4.14 it is possible to observe the actual 

printed thumb part, which shows very satisfying results. Figure 4.15 displays the difference in a single 

layer affected by this issue before and after this parameter was adjusted. 

 

Figure 4.13: Layer view of the thumb in Ultimaker Cura showing a perfect outer shell 
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Figure 4.14: Test printed Thumb part with no defects in outer shell 

 

 

Figure 4.15: A single printing layer in the affected area before calibration (left) and after (right) in Ultimaker Cura® 

 

In order to understand the importance of its calibration, tests were made to determine the 

influence of the outer shell of the model on the force necessary to actuate the finger. Thumb parts 

which shell thicknesses of 0 (in this case the shell was simply cut off), 0.3 and 0.6 milimeters were 

used to perform these tests and the results are displayed in Table 4.2. It can be observed that when 

reducing the shell thickness to its minimum value of 0.3mm (nozzle diameter) forces are significantly 

reduced. 

Shell Thickness Tendon Cables Force 

0 mm 2.5 N 

0.3 mm 4.5 N 

0.6 mm 16 N 

Table 4.2: Results of tendon wire pulling force for different shell thicknesses 
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In the remaining outer shell of the model, although it is a goal to make the model less resistant 

to bending, if only 1 wall line is printed the appearance will be defective (some infill lines will be visible) 

which is why a minimum of 2 outer wall lines is recommended. 

The final recommended parameters to print the presented prosthesis in Ultimaker Cura® are 

displayed in Figure 4.16. 

 

Figure 4.16: Recommended Printing Parameters for the FilaFlex® Parts 

When all the parts are printed, it is still necessary to assemble the 3D prosthetic hand. Although 

the fingers, as referred (in Chapter 3), are easy to insert into place before that it is necessary to assemble 

the tendon wires in the finger parts. This is a relatively difficult process and there should be found a 

better method to perform it.  

However, this process works and it is crucial for the prosthesis function that the wires are 

assembled. It starts by using a paper clip and straightening it to the most rectilinear form possible. 

Afterwards, glue a thin thread of sewing twine around the paper clip using liquid all-purpose adhesive 

glue and let it dry. It is important to be a thin thread to ensure that it can fit around the paper clip and 

into the holes designed in finger parts. Next, thread the paper clip through the canal of the finger part, 

while ensuring the sewing twine is still attached to it. This task may be a difficult one, especially in the 

times the paper clip tip is in the chambers, since the operator has to find the beginning of the new canal 

blindly. Once the paper clip was threaded all the way through there should be one end of the sewing 

thread in each end of the finger part. Tie the end that isn’t glued to the paper clip to another stronger 

wire and then pull the other end, threading increasingly stronger wires through the hole, until the process 

is complete. If the final wire used is, for example, nylon fishing wire, it is recommended to thread first 
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the thin sewing twine, then a stronger sewing thread and finally the nylon wire, since the thin twine would 

not have resistance enough to thread the nylon wire. 

The final prototype for the prosthetic device developed in this project is presented in its resting 

configurated in Figure 4.17 and while being actuated in Figure 4.18. It has a temporary PLA hand body 

part with a still outdated design and it is being actuated with an adaptation of the wrist-powered actuation 

device of the Flexy Hand (Gyrobot, 2014). 

 

Figure 4.17: Prototype of the presented Prosthetic Device in different views - not actuated 

 

 

Figure 4.18: Prototype of the presented Prosthetic Device actuated (Left) and holding a Rubik’s Cube (Right) 
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As it was previously stated, the functional hand prosthesis presented is intended to be a fast to 

produce and low-cost solution. The printing time and material required to produce the different 

components of the prosthetic hand are displayed in Table 4.3, as well as for the complete assembly. 

Filaflex® has a density of 1.15 g/cm3 and a retail price of 33.76€ for a 500 grams spool (Recreus, 2018). 

Component Filament length (m) Material Mass (g) Printing Time (min) 

Index Finger 1.79 13.13 264 

Middle Finger 2.03 14.89 294 

Ring Finger 1.79 13.13 264 

Little Finger 1.21 8.88 163 

Thumb 1.55 11.37 231 

Hand Body 9.59 70.39 533 

Total 17.96 131.76 1749 

Table 4.3: Printing Times and Material Mass for the components of the prosthetic hand 

 In conclusion, the prosthetic hand presented in this work takes only 131.8 grams of Filaflex® 

and could be produced in approximately 30 hours of printing time (actual total print time is 29 hours and 

9 minutes but setup time have to be added). 
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5 Adaptation and Actuation 

The model designed and manufactured is a standard 3D printed hand actuated through wire 

tendons, but it is still necessary to adapt it to each specific situation in terms of geometry and actuation 

of the wires to make it an actual useable and functional prosthesis. There are several solutions available 

depending on the condition of the patient in question and most importantly the movement and functions 

available, as well as the complexity and detail requested in each case. It also heavily depends on the 

cost that the patient is willing to support, since the available solutions vary widely in cost and time to 

produce. 

Different wires were tested throughout the manufacturing process of the prosthesis. First it was 

a thick sewing twine, as shown in Figure 5.1, that had a desired rigid behavior, along with a moderate 

to low friction. However, it would break at times with use when high forces were applied. It was attempted 

to use an electrical cable, which ruptured after a few actuations, and a steel wire rope, which was very 

difficult to tie and would add massive friction to the movement. Finally, it was used a nylon fishing wire 

(Figure 5.1) to actuate the finger, which wouldn’t break or add friction, although it has a negative 

characteristic in its stiffness, since these wires elongate significantly when actuated, adding an 

unwanted length to the necessary movement. 

 

Figure 5.1: Different Test Finger Prints, assembled with sewing line (left) and nylon fishing wire (right) 

 

To attach the 3D printed functional hand developed in this work it will always be necessary to 

add new parts to the model to essentially exercise two functions: adaptation to stump geometry and 

condition and actuation of the tendon wires contained in the existing model. 

When designing the mechanism of adaptation to the upper limb it is important to acquire the 

residual limb shape (Faustini, Neptune, Crawford, Rogers, & Bosker, 2006; Sanders, Rogers, Sorenson, 

Lee, & C.Abrahamson, 2007). Traditionally this process is made with a method that uses a plaster of 

Paris to acquire a negative mold of the stump, then translates that geometry to a positive model using 

injection molding and finally a thermoformed part can be created with the negative shape of the original 

residual limb. 
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Currently, it is possible to use a 3D SCAN to obtain this geometry and to adapt it into a CAD 

design and produce it by Additive Manufacturing. This brings costs down and enables a lot of freedom 

in the rest of the model design (Lopes, 2017). 

It is also possible to simply measure the basic dimensions of the remaining upper limb, such as 

length and diameters in different sections throughout and to design manually a fitting negative stump 

geometry. Of course, although this is a faster way to design the socket, it can lead to uncomfortable fits 

and even patient rejection and it is not recommended for long time used prostheses. 

Global solutions can also be used with adaptive mechanisms that don’t require upper limb 

geometry acquisition, such as Velcro straps, widely used in the ENABLE hands (E-NABLE, 2018), 

although it would still depend on the upper limb deficiency in question. 

5.1 Motor Powered Solution 

Motor-powered actuation devices have the advantage of not relying on the movements or 

strength of the user, making it a comfortable long-time solution. 

A very interesting feature that a number of current upper limb prostheses have is Myoelectric 

Control (A Hambrey & Withinshaw, 1990; Egermann et al., 2009; Matrone et al., 2012; Scott, 1990). 

This process uses one or more sensors to read electrical signals sent from muscles in the remaining 

upper limb through the skin and send the collected information into a controller. This controller is then 

configured to, in real time and when certain signals are sent, actuate specific motors. This would allow 

the use of one motor per prosthetic finger and allow individual movements, a big advantage over other 

actuation processes. A schematic of a Myoelectrically Controlled Prosthesis (Saikia, 2015) is displayed 

in Figure 5.2. 

However, there is a relatively long learning procedure, especially for patients with congenital 

upper limb defects, since the user must learn which muscles have to actuate in order to bend a certain 

finger. Also, this is associated with higher costs and weight, since sensors, a battery, controllers and 

motors are required. 

 

 

Figure 5.2: Schematic of a Myoelectricalyl Controlled Prothesis (Saikia, 2015) 
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A simpler version of this would be the use of electrodes to detect the contraction of a single 

selected muscle to actuate the prosthesis and resuming standard position when that selected muscle is 

relieved. This would be definitely simpler in terms of control but would still have issues since the grip 

force is not being controlled. 

Another possible solution would be to utilize the remaining upper limb movement to press one or 

multiple buttons (or even, for example, a touchpad) to actuate one or multiple motors, pulling wire 

tendons and therefore actuating fingers. That would assure user control over the prosthesis actuation 

with low effort and wouldn’t be overly complicated to design. A problem that arises is that the socket 

geometry would not be able to tightly fit the remaining upper limb, since there would have to exist some 

movement of the stump. 

 

5.2 Body powered 

A body powered prosthesis is a device in which the user utilizes self-movement and muscle 

power to actuate it. The concept consists in the use of one of the joints remaining in the affected upper 

limb, in order to pull the wire tendons that actuate the finger movement. Figure 5.3 displays the physical 

principle that is behind this mechanism. 

 

Figure 5.3: Physical principle behind body powered prothesis with wire tendons 
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The extra distance the wire has to go through can easily be calculated as a function of D and θ 

as: 

𝑥 =  𝜃 × 𝐷, 𝜃 𝑖𝑛 𝑟𝑎𝑑𝑖𝑎𝑛𝑠 

 

Upper Limb deficiencies that can benefit from the use of the presented 3D printed flexible 

prothesis and the respective devices that can be used in each case were grouped in different categories, 

by the functional remaining joints, in Table 5.1 and will be briefly discussed in the following sections. 

Body-powered device Upper Limb Deficiency 

Shoulder/back powered Transhumeral (Upper arm), Transradial (Forearm), Hand and finger 

Elbow-powered Transradial (Forearm), Hand and finger 

Wrist-powered Hand and finger 

Table 5.1: Categorization of body-powered actuation devices by upper limb deficiency 

 

5.2.1 Shoulder/back powered 

One option to actuate body-powered devices, especially for users that lost function of the elbow 

(although not exclusively) is to used devices powered by the shoulder and back movements. Figure 5.4 

displays the movements that can be used to induce prosthesis actuation which include upper arm frontal 

rotation about the shoulder (glenohumeral flexion), backside rotation of the upper arm about the 

shoulder (glenohumeral extension), shoulder rounding or transversal motion of shoulders relative to the 

back (bi-scapular abduction) and shoulder depression (Kutz, 2004). The prosthesis is connected 

through the wire to a harness assemble in the upper body of the user and these motions will extended 

the wire tendons, triggering prosthetic opening and closing. 
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Figure 5.4: Control motions used in both transradial and transhumeral body-powered prostheses: A: 
glenohumeral flexion-forward motion of the upper arm about the shoulder; B: glenohumeral flexion; C: Bi-scapular 

abduction; D: Shoulder depression followed by glenohumeral extension (Kutz, 2003) 

 

This is an interesting solution that allows a trained user to easily control the actuation of the 3D 

printed prosthesis, while maintaining a high freedom of movements. Even for transradial disorders this 

could be an effective solution, since it allows free movement on the elbow with no actuation of the 

prosthetic device and it is comfortable to use. 

5.2.2 Elbow-powered 

When dealing with transradial disorders (transversal forearm deficiencies), elbow-powered 

actuation devices can be suitable for the 3D printed prosthesis. These devices have the advantage of 

being almost completely 3D printable, lowering costs and manufacturing time. The use of 3D printing in 

this process also enables the possibility of customization of the actuation devices, since it is easy to 

introduce geometry changes, outer patterns and different colors according to user preference. 

Elbow-powered devices obviously would depend on the disability in question, as well as the 

remaining upper limb shape. These devices are usually composed by two parts. The first part is 

connected to the hand body part of the prosthesis with a non-moving joint using 3D printed pins or 

screws. It should have the approximate geometry of the outside of the forearm and cover it all the way 

to the elbow. There is an outer canal in this part where tendon cables must pass and it is important that 

it has a slight rotation since it starts at the back of the hand body and should finish close to the back of 

the elbow, to maximize the joint rotation diameter D referred to in Figure 5.3. 
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The second part is then attached to the forearm part with two transversal screws in the inner and 

outer side of the elbow, allowing rotation over that joint. This part should be approximately shaped as 

the backside of the upper arm and cover it to the mid triceps region. In the upper arm part there is a 

device to attach the end of the tendon wires used to actuate the prosthesis, preferably adjustable for 

each individual finger, as a balanced finger movement will depend heavily in the equilibrium between 

the tensions applied in each cable. Movement of the prosthetic fingers is induced through bending the 

elbow, which causes some constraints in motion and actuation since these two factors are always 

conjugated and it is impossible, for example, for the user to close the prosthetic hand with his arm 

stretched. 

There are two open-source elbow-powered 3D printed prosthesis integrated in the E-NABLE: 

Enabling the future project that use these sort of devices: The RIT Arm (Rochester Institute of 

Technology, 2015) and the Team Unlimbited Arm (Unlimbited, 2016). 

The RIT Arm is currently on its second version and it is suitable for patients with transradial 

defects, specifically in the upper third of the forearm. The CAD of the assembly of a RIT Arm V2 is 

displayed in Figure 5.5.  

 

Figure 5.5: CAD of the Rit Arm v2 (Rochester Institute of Technology, 2015) 
 

The Team Unlimbited Arm is a more globally adaptable solution for users with an upper limb 

transradial defect. The prosthetic actuation device is attached to the residual upper limb with Velcro 

adhesive straps, which can be placed in a selected location to adapt to multiple residual geometries. A 

special feature of this device is that the forearm and upper arm parts are 3D printed in PLA material in 

a flat geometry and then thermoformed into the correct shape using hot water in near boiling 

temperatures, which makes the PLA parts malleable without melting. The freedom of adaptation, as well 

as the ability to correct a defective geometry make this a very interesting design, although it is 

significantly more difficult to assemble. In Figure 5.6 the CAD of the assembly is displayed, containing 

the referred flat upper arm and forearm parts while in Figure 5.7 we can observe the end result of this 

3D printed prosthesis, being used by an infant. 
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Figure 5.6: The UnLimbited Arm v2.1 – Alfie Edition CAD (Unlimbited, 2016) 

 

 

 

 

Figure 5.7: Use of The UnLimbited Arm in use (Unlimbited, 2016) 

 

It is possible to observe that, although this is an interesting standard device for all residual limb 

geometries, it isn’t adapted to each case and could therefore cause discomfort and even actuation 

issues as in Figure 5.7 we can see that the second Velcro strap in the forearm part isn’t being pressed 

by the child’s stump. 
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5.2.3 Wrist-powered 

Wrist-powered solutions work on the same basis as elbow-powered ones, except there is only 

one additional part in the forearm, and these devices are actuated through the frontal rotation of the 

wrist. There has necessarily to exist significant wrist strength in the residual limb, as well as minimal 

bone structure to fit the existing socket. Examples of wrist-powered devices can be found in the Cyborg 

Beast (Zuniga et al., 2016), displayed in Figure 2.7 and in the Flexy Hand 2 (Gyrobot, 2014) as it can 

be seen in Figure 2.8 and with more detail in Figure 5.8. 

 

Figure 5.8: Wrist-powered actuation device of the Flexy Hand 2 (Gyrobot, 2014) 

 

This is the temporary solution that was used to actuate the presented prosthesis as it can be 

seen in Figure 4.17 and Figure 4.18. 
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6 Conclusions and Future Work 

6.1 Conclusions 

It is fair to say that the body is a person’s most valuable possession and it is extremely difficult 

to overcome the loss of a limb as essential for virtually every aspect of life, as the hand. A functional 

prosthesis can significantly improve the life of a person suffering from an upper limb disability as it can 

restore a symmetric appearance and basic grabbing function, as well as attenuate the sense of 

incompletion. 

Prosthetic devices are in constant evolution due to innovation and advances in diverse 

technological fields, and it is now possible to obtain highly sophisticated and complex upper limb bionic 

prosthesis, that, however, can’t be afforded by every patient and may not be suitable for every situation. 

Additive Manufacturing technology came as a very interesting solution for prosthetic devices, 

since it allows high customization and fast production on demand and on site, at particularly low costs. 

As 3D printing technology advances, it will be possible to produced parts with increasingly higher quality 

and better mechanical properties. 

In this work an original functional prosthetic hand design was conceived for Additive 

Manufacturing using flexible filament, a feature that allow this device to be realistic looking and to avoid 

moving parts and exposure of the tendon cables that actuate the device. Design sub-problems were 

individually documented, which can be useful for students and researchers searching for solutions to 

similar issues. 

There were a series of difficulties that were identified and surpassed throughout this work, namely 

during manufacturing stage, with a tested set of 3D printing parameters for FilaFlex® being 

recommended. There are dozens of parameters involved in the slicing process, which means that it is 

very difficult to ensure total optimization, but the key parameters have been tuned and the overall quality 

of parts was heavily improved. 

A prototype of the designed prosthetic hand was manufactured, which included a temporary 

adapted actuation device, and showed promising results with basic function being assured. The 

objective of creating a low cost, light and functional 3D printed hand using flexible filament prosthesis 

was met, although there still is room for improvement. 

 Innovation must continue, and the future of upper limb prosthesis will depend on the ability 

prosthetists, doctors and engineers to work together and, with effort and research, to develop devices 

that will furtherly improve people’s life’s. 
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6.2 Future Work 

Additive Manufacturing, Biomechanical and Prosthetics fields are all areas that remain in constant 

development, and with new technology it is possible to conceive increasingly customized and cheaper 

devices. 

There is plenty of future works and development that still could be done and suggested projects 

include: 

• Design and manufacturing of a 3D printed body-powered actuation device for the prosthetic 

hand presented in this work, including research and implementation of optimized tendon cables 

for this device. 

• Implementation of a moving and adjustable joint for thumb lateral positioning in the prosthetic 

hand presented in this work 

• Inclusion of a Whippletree system in the actuation device to allow finger force and movement 

differentiation. 

• Extend the concept of 3D print realistic prosthesis using flexible filament to other limbs and body 

parts, especially interesting for the lower limb. 

• Structural Analysis using the Finite Elements Method to optimize the dimensions, thicknesses 

and material infill of the developed model. 

• Detailed study of the mechanical properties and behavior of 3D printed parts with flexible 

filament. 
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