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Abstract

The research on prostheses made by Additive Manufacturing (AM) has been increasing,

as they solve some of the issues of the most common prostheses. However, despite their

growth, these prostheses have a high rejection rate, especially in children, due to their low

level of anthropomorphism. The main goal of this study was to develop an aesthetically

appealing three-dimensional (3D) printed body-powered prosthesis for a four-year-old

child with a transverse metacarpal total deficiency.

The development of the prosthesis started through an assessment of the anatomical

features of the extremities of patient’s both upper limbs, performed with body casting,

simple measurements and 3D-scanning of the cast. The whole prosthesis was designed

using the Fusion 360 CAD software and produced using The Original Prusa i3 MK3S and

polylactic acid (PLA) and Filaflex filaments. The prosthesis was designed through an

iterative process, whereby the prosthesis’ appearance and functionality were optimised.

During the design stages, several design configurations and printing settings were tested.

Some printed models were evaluated using pull tests.

The developed prosthesis possessed a high level of anthropomorphism, consisting of a

solution that is quite similar to a human hand. Despite all the generated concepts focused

on increasing the performance of 3D-printed body-powered prostheses, the developed

prosthesis presented a low functionality. However, the device was cheaper and lighter

than the existing 3D-printed body-powered prostheses. Moreover, the performed tests

revealed that a better printing quality implied higher forces to flex the prosthesis and

consequently, lower functionality.

The final prototype was presented to the child and his family, which provided their

feedback using the System Usability Survey and a custom-made assessment questionnaire.

The resulting scores classified the device as "Excellent". Despite being promising, further

work is still required for this device to be used by children with upper limb defects.

Keywords: Additive Manufacturing, upper limb prosthesis, body-powered prosthesis,

flexible materials
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Resumo

A investigação em próteses feitas através de Manufatura Aditiva tem aumentado, uma

vez que as mesmas solucionam alguns dos problemas das próteses mais comuns. Po-

rém, apesar deste crescimento, estas próteses apresentam uma elevada taxa de rejeição,

principalmente em crianças, devido ao seu baixo nível de antropomorfismo. O objetivo

principal deste estudo consistiu no desenvolvimento de uma prótese body-powered esteti-

camente apelativa, impressa a três dimensões, para uma criança de quatro anos com uma

deficiência total transversal do metacarpo.

O desenvolvimento da prótese começou com uma avaliação das características anató-

micas das extremidades de ambos os membros superiores do paciente, realizada através

de extração de moldes, medições simples e scanning tridimensional dos moldes. Toda a

prótese foi desenhada com o software Fusion 360 CAD e produzida através da impressora

The Original Prusa i3 MK3S com filamentos de ácido polilático (PLA) e Filaflex. A prótese

foi desenvolvida através de um processo iterativo, em que a aparência e a funcionalidade

da prótese foram otimizadas. Durante as fases de design, foram testadas várias configura-

ções de design e impressão. Alguns modelos impressos foram avaliados através de testes

de tração.

A prótese desenvolvida possui um elevado nível de antropomorfismo, consistindo

numa solução bastante semelhante a uma mão humana. Apesar de todos os conceitos

gerados com o objetivo de aumentar o desempenho das próteses body-powered impressas a

três dimensões, a prótese desenvolvida apresentou uma baixa funcionalidade. No entanto,

o dispositivo é mais barato e mais leve do que outras próteses body-powered impressas

a três dimensões. Além disso, os testes realizados revelaram que uma melhor qualidade

de impressão implica maiores forças para flexionar a prótese e, consequentemente, uma

menor funcionalidade.

O protótipo final foi apresentado à criança e sua família, os quais forneceram feedback
através do questionário de usabilidade "System Usability Survey" e de um questionário

personalizado. As pontuações resultantes classificaram o dispositivo como "Excelente".

Apesar de promissor, é necessário trabalho futuro para que este dispositivo seja utilizado

por crianças com deficiências dos membros superiores.
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Introduction

Hands are one of the most important anatomical structures in the human body, as they

are used in most day-to-day activities. Hands allow the identification of objects through

the sense of touch, extracting a multitude of information such as shape, size, weight

and texture, among others. The upper limb extremity is responsible for activities like

grasping, manipulating objects and even communicating through gestures [2–4]. Thus,

the absence of this anatomical structure, either partial or complete, decreases the quality

of life of patients, since it impairs their level of autonomy and limits their ability to

perform a wide range of activities [5]. Additionally, this condition may also have a huge

psychological impact [6].

Prosthetic rehabilitation can help to reestablish function and consequently improve

the quality of life of upper limb amputees [7]. However, as of 2016, prosthetic innovation

was not a very appealing field due to the high development costs that contrasted with a

low market demand. As such, more sophisticated prostheses were very expensive and

unaffordable to most subjects with prosthetic needs. Nevertheless, the growth of AM

techniques has opened doors to the prosthetic field as it can be used to develop functional

low-cost prostheses [8].

The e-NABLE project is an online worldwide community of volunteers who collab-

orate in the development of low-cost body-powered upper limb prosthetic devices for

children and adults in need. These prostheses are developed by a multidisciplinary team

composed of engineers, 3D printing enthusiasts, occupational therapists, university pro-

fessors and students, designers, families, artists and teachers from all over the world.

Anyone can have access to these devices as they are free and open-source [9, 10]. How-

ever, biocompatibility, durability, risk of injury and the suitability to the user’s daily

activities are responsibility of the user since there is no medical control of these devices

[8].

Despite the huge growth of 3D-printed body-powered upper limb prostheses, espe-

cially through the efforts of the e-NABLE community, these devices seem to have a high

rejection rate, especially by children. These prostheses are similar to hero hands, which

was expected to improve the acceptance rates for children. However, this similarity seems
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to contribute to their rejection after a few hours, as many children consider them toys.

Adults, on the other hand, do not find this type of prostheses very appealing due to its

childish appearance, which makes them commonly choose to build their prostheses using

a skin-coloured filament [10]. Moreover, the stiffness of these prostheses also promotes

rejection. Therefore, it is important to invest in more flexible and realistic prostheses

that also ensure the other essential features such as comfort, low-cost and optimised

functionality.

Although some prostheses with flexible materials have already been proposed, their

function is mainly cosmetic. Functional prostheses built with flexible materials only

use this type of materials in some specific parts. Moreover, there is no complete body-

powered solution that combines stiff and flexible materials. Therefore, there is a need for

developing a body-powered prosthesis that take advantage of the combination of these

materials in order to ensure comfort as well as all the other user’s needs.

1.1 Study goals

The main goal of this study is to design a 3D-printed body-powered upper limb pros-

thesis with flexible materials and improved cosmetic appearance. The hypothesis of this

study is that a more realistic, functional and tailored hand prosthesis can be developed

by using Additive Manufacturing and flexible materials. Replacing the stiff material,

that composes the common 3D-printed prostheses, with flexible materials, makes these

devices more comfortable. In addition, by giving them a more natural shape, these de-

vices become more aesthetically appealing, without compromising other features such as

functionality, lightweightness, ease of repair and low-cost.

For this purpose, it was necessary to perform a state of the art analysis on the existent

prostheses and to determine the optimal combination of materials. The identification of

the user’s needs was crucial to determine prosthesis specifications and therefore create

some concepts in order to identify the best model to develop. Concerning concepts

generation and selection, it was desired a high level of customisation, especially regarding

to the size of the printed hand when compared to the sound hand. Establishing sensory

feedback was also a concern.

As a result of the created concepts, several prototypes for testing and concept valida-

tion were designed, according to Product Design and Development methodology [11].

This study is the first developing a 3D-printed body-powered hand prosthesis that

presents a high level of anthropomorphism and customisation. By taking advantage of

the properties of flexible materials, it is possible to mimic the human hands features and

design a more comfortable and appealing solution for the user, while preserving other

essential features such as low-cost and lightweight. In addition, this study presents a

thorough analysis of the challenges faced while printing with flexible materials, which

is specially important since the prosthesis’ functionality depends on the materials be-

haviour.
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1.2 Document Outline

The present study is structured in seven chapters:

• Chapter 1 presents the motivation behind this study, as well as its goals.

• Chapter 2 presents the background regarding the prosthetic field and is divided

in three parts. The first part focuses on the etiology of upper limb lesions and

presents the standard classification methodology for these deficiencies. The second

part presents the types of prostheses and the third part describes the prosthetic

rehabilitation process with focus on the patients’ needs.

• Chapter 3 describes the progresses achieved in the prosthetic field with special

focus on Additive Manufacturing, 3D-printed devices with flexible materials.

• Chapter 4 presents the state of the art on prostheses developed with Additive

Manufacturing, introducing a parallelism between the progress of technology and

medicine. It also presents the literature review of the most relevant 3D-printed

body-powered prostheses that use flexible materials and are aesthetically enhanced.

• Chapter 5 presents the clinical case in which this study was based on, as well the

methodology used to develop a customised 3D-printed body-powered prosthesis

with Additive Manufacturing.

• Chapter 6 presents and discusses the results of the development process of this

study’s prosthesis, in which several prototypes and created concepts are analysed.

This chapter also presents suggestions on further improvements of the developed

prosthesis.

• Chapter 7 contains the final considerations of the developed work, namely the major

conclusions and suggestions for future work.
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Clinical Background

This chapter presents the background on prosthetics. The first section introduces the

etiology of upper limb lesions as well as the standard classification methodology for these

deficiencies. In the second section, the three types of prostheses are explored together

with currently available examples. Finally, the last section describes the prosthetic reha-

bilitation process with focus on the patients’ needs.

2.1 Upper Limb Deficiencies

Worldwide, it is estimated that in 10 000 people, 4 to 5 suffer from upper limb deficiencies

[12]. An upper limb deficiency may have two possible origins: acquired or congenital.

Congenital deficiencies primarily affect children, especially up to 10 years old. On the

other hand, acquired deficiencies are more frequent in individuals older than 10 years

old [13, 14]. Both acquired and congenital deficiencies are an overwhelming situation for

the individual and its family [15].

2.1.1 Acquired limb deficiencies

Acquired limb deficiencies, also known as amputations [16], are limb absences that oc-

cur during a person’s lifetime due to trauma amputation surgeries caused by trauma or

disease [17].

About 90% of acquired deficiencies involve only one limb and 60% of these cases

correspond to lower limb. About 70% to 80% of the cases correspond to trauma. The

main causes are usually road and work injuries, natural disasters or consequences of

violence. Accidents with fireworks are the most common cause of children’s amputations.

The remaining cases result from diseases such as tumors, infections or vascular problems.

However, the causes of this type of deficiency may vary from country to country [14,

16, 18]. For example, in lower-middle income countries (LMICs), besides work injuries,

amputations are mostly caused by war and diseases like diabetes and polio [19].
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2.1.2 Congenital limb deficiencies

A congenital deficiency is an abnormality which occurs during the gestation period and is

characterized as the absence of bones or hypoplasia, which must be significant enough in

appearance to be identified by the medical team in the first five days of child’s life. These

deficiencies vary greatly in etiology and anatomic characteristics [20].

Congenital limb malformations occur between the third and eighth gestation week.

After this period of embryogenesis, all the limb structures should be present [21, 22].

Upper limb congenital malformations are twice as frequent than lower limb deficiencies

[21, 23]. These deficiencies may have origin on primary structural defects due to localized

development failures or on later changes during normal development. Congenital limb

anomalies may be isolated or part of a malformation syndrome that affects different organ

systems with several congenital defects [22].

The Association of Children’s Prosthetic and Orthotic Clinics (ACPOC) estimates that

60% of children’s limb deficiencies are from congenital causes such as genetics, vascular

problems and teratogenic agents [21]. However, little is known about the precise etiology

of congenital upper limb defects. Indeed, in 60% to 70% of the cases, the causes of

congenital limb deficiencies are unknown [14]. Regarding genetics, these defects may be

autosomal recessive, gender-linked or simply sporadic and non-hereditary. Teratogenic

agents like thalidomide, misoprostol, ergotamine or retinoic acid may be responsible

for these sporadic errors during embryogenesis. Vascular disruption could be caused by

chorionic villous sampling, dilation, curettage or trauma to the abdomen and placenta.

Vascular disruption can result in amniotic band syndrome due to hypoxia, followed by

endothelial cell damage, hemorrhage, tissue loss and finally reperfusion. Despite the

great advances in prenatal care and technology, currently it is not easy to detect these

defects through ultrasound scans [21–24].

2.1.3 Upper limb deficiencies classification

According to the International Society for Prosthetics and Orthotics (ISPO), congenital

upper limb defects may be classified as transverse or longitudinal [25].

In transverse deformities the limb has a normal development up to the existing skele-

tal structures. These structures can be proximal structures such as nerves, arteries and

tendons and there is the possibility of existing digital buds. The classification of this type

of lesions is given by the name of the segment in which the limb finishes followed by the

indication of the lesion’s level [22, 25].

In longitudinal deformities, there is a deficiency or absence of one or more structures

along the limb axis. In these cases, there is the possibility of existing normal distal

elements. In order to classify these lesions, it is referred the name of the compromised

bones, in proximo-distal order. Then, it is stated the absence level of each bone, whether it

is total or partial. In partial cases, the absence fraction should be referred. When referring

to metacarpal structures or phalanges, the digit number should be indicated from the
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radial side. Finally, to refer to metacarpal structures and its corresponding phalanges,

the term “Ray” may be used [22, 25].

The most common upper limb congenital deficiency is the below elbow unilateral

transverse deformity. This condition is more predominant in females and in the left limb

[16]. Figure 2.1 schematizes the description of upper limb’s longitudinal and transverse

deformities.

Shoulder
total

Upper arm total

Upper arm middle third

Forearm total

Forearm middle third

Carpal total
Carpal partial

Phalangeal total

Phalangeal partial

Upper arm upper third

Upper arm lower third

Forearm upper third

Forearm lower third

Metacarpal total
Metacarpal partial

Scapula 
total 

partial 

Humerus
total 

partial 

Clavicle 
total 

partial 

Radius 
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partial 

Ulna 
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partial 

Carpus 
total 

partial 

1 2 3 4 5
Metacarpals 

total 
partial 

Phalanges 
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partial 
1 2 3 4 5

Rays 

Longitudinal Ulna total Carpus total Ray 5 total

(a) (b)

Figure 2.1: Upper limb congenital defects classification according to ISPO: (a) description
of transverse deficiencies; (b) description of longitudinal deficiencies. Adapted from H.
Day [25].

2.2 Upper Limb Prostheses

A prosthesis is an artificial body-part that helps disabled people living a normal life

by replacing the function of the missing part [26]. The main goal of an upper limb

prosthetic device is to reestablish the functional capacity of the lost extremity in a natural,

comfortable and aesthetical way for the user, resulting in a psycho-spiritual sense of

wholeness [19, 27].

There are three main types of prostheses: cosmetic, body-powered and electronic [28].

Electronic and body-powered ones are active prostheses, while cosmetic ones are passive

prostheses. In active prostheses, the grasping force is controlled by an internal mecha-

nism. Passive prostheses may be divided into static prostheses and adjustable prostheses.

7



CHAPTER 2. CLINICAL BACKGROUND

While static prostheses do not move at all, adjustable prostheses contain mechanisms to

control the grasping force externally through the sound hand or by pushing the prostheses

against the objects [29].

2.2.1 Cosmetic prostheses

Cosmetic prostheses are non-functional prosthetic devices developed solely for appear-

ance purposes. These are usually skin coloured prostheses, shaped to match the un-

affected arm. This type of prostheses is usually lighter as they don’t have additional

components and they can also assist the sound arm in bimanual activities [18, 28].

Passive prostheses have improved over time [30]. However, the current existing pros-

theses seem to have not evolved as much as active prostheses [29]. Nevertheless, cosmetic

prostheses that have a high realistic appearance can cost from 3000 to 5000 $ [30, 31].

Companies like ©Ottobock [32] have several solutions for those who search for this and

other types of prostheses. Examples of ©Ottobock’s cosmetic solutions include custom

silicone prostheses for hand or fingers replacement, passive arm prostheses and even

silicone covers for arms prostheses. All these devices can be highly customised by skin

colour and shape definition and include other details such as freckles, veins and even hair.

Thanks to their realistic designs, these devices are hardly noticed by others, allowing the

patients to feel more confident and comfortable with their prostheses. Figure 2.2 shows a

custom silicone hand prosthesis for an adult [33].

Figure 2.2: ©Ottobock’s custom silicone hand prosthesis [34].

2.2.2 Body-powered prostheses

Body-powered upper limb prostheses are functional devices composed by an active hand

that opens and closes by operating cables through body movements [28]. The cable

control system uses the flexion of the remaining limb to generate forces that enable the

movement of the prosthesis’ joints. However, the generated forces have only one direction,

allowing for a single degree of freedom and limiting the user to voluntarily close or open

the prosthetic hand [19, 35]. The increasing tension in the cables allows the prosthetic

hand to close or open. When the tension is released, the prosthetic hand returns to its

default state [36]. Commercial body-powered prostheses can cost about 4,000 to 20,000$,

depending on the complexity of the controlling system [10, 37, 38].
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There is a large diversity of hand replacement tools, known as terminal devices, that

can be changed depending on user’s daily activities. Terminal devices offer improved

accuracy, functionality and extended physiological perception. These prosthetic compo-

nents provide an efficient interaction between the user and the environment by reducing

user’s mental and physical effort that is required while using body-powered prostheses.

These accessories can be tailored according the patient’s daily tasks [35, 39]. Depending

on the task, the user may prefer a voluntary opening (VO) or a voluntary closing (VC)

terminal device, or one that can switch between the two modes of operation [35].

Voluntary opening terminal devices are the most widely used. This operating mode

allows the user to hold the object without sustaining the force during the task. Once the

object is grasped, there is no need to exert more force and the user can relax. The grasp

force is determined by the tension of a spring, which is unique and chosen according

to the user’s daily activities. However, the spring force may or may be not enough to

perform a certain task. Furthermore, the user must overcome the spring force in each

performed task and sometimes spend more energy than the necessary. To avoid these

limitations, some VO terminal devices allow to adjust the spring tension but only over a

limited range [35, 36].

In voluntary closing terminal devices, the grasping force is generated by the user.

Therefore, the exerted force is only the necessary to perform the user’s specific tasks, but

the user has to exert it during the whole task, which can lead to fatigue. However, there

are some VC devices that enable to hold the objects without exerting force during the

task’s performance due to an incorporated clutch system. Even still, the clutch needs to

be disengaged at the end of the task, which implies an additional action, and often wears

out before the prehension [35, 36]. These devices are more suitable for children and are

very important for the improvement of their gross motor development [38].

Some terminal devices provide both modes: VO and VC. The transitioning between

the two modes can be done over the range of cable excursion or through a switch system

[35, 36].

Figure 2.3 shows the X-Finger, a body-powered prosthesis for patients with partial

finger amputations developed by Didrick Medical. It is a customisable prosthesis that

enables the flexion and extension of the prosthetic finger through the movement of the

residual fingers. When the residual finger do not exist, the movement can be obtained

using the hand. The device is held around the wrist with a strap similar to a watch and

is composed by stainless steel and plastic parts in the fingertips, covered by a soft ther-

moplastic skin. The X-Finger has several versions and can replace up to four fingers. The

replacing fingers move as quickly as the prior fingers and enable restoring the dexterity

of the patient. Due to its considerable strength, the X-finger has been used namely by

militars, machinists, musicians and doctors [39–41].
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Figure 2.3: X-Finger, a body-powered prosthesis for partial finger amputations [41].

2.2.3 Electronic prostheses

Electronic prostheses are functional prosthetic devices composed by an external power

source that can cost from 25.000 to 75.000 $. The prostheses’ movement is achieved by

a electric motor which is controlled by a microcontroller, which can be can be activated

through a switch or through electromiography [10, 14, 19, 37]. Prostheses controled by

electromiographic signals are called myoelectric prostheses.

Myoelectric prostheses monitor muscle activity through electrodes placed on skin of

the residual limb, near agonist and antagonist muscles. This signal is read by a transducer

and amplified, leading to hand opening and closing. The success of these prostheses

depends on careful evaluation, patient mobility, accurate fitting and proper training [28,

42]. The level of lesion is also important as it necessary enough muscle bulk to generate a

readable signal [22].

When there are few myoelectric accesses, it is possible to use a hybrid device that

combines myoelectric activity with a switch control. Some myoelectric prostheses enable

the speed controlling, by varying the contraction force or the degree of movement [39].

This is called servo control. In general, electronic prostheses are typically used by adoles-

cents and adults. Nevertheless, microelectronics has allowed the use of these prostheses

by younger children [15].

©Ottobock company [32] has also developed myoelectric upper limb devices, such

as bebionic hand, displayed in Figure 2.4. This prosthesis has fourteen different grip

patterns and hand positions that allow users to perform their daily tasks. Each finger of

the bebionic hand moves individually which allows the hand to have a precise, natural and

coordinated movement. Therefore, the bebionic hand is a comfortable and intuitive device

which restores the user’s confidence. This device is available in three different sizes and

has multiple wrist options that can change according to the user’s requirements [43].
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Figure 2.4: bebionic hand prosthesis by ©Ottobock [43].

2.3 Upper Limb Prosthetic Rehabilitation

The absence of the upper limb is more life-changing than losing a lower limb and involves

a more challenging adaptation. Therefore, proper prosthetic prescription and rehabilita-

tion has to be done in order to improve the lives of those who suffer from this condition

[18, 39]. The rehabilitation process aims to help patients restoring their functionality in

the daily activities by teaching them how to use their prostheses [4, 28]. The success of

this process in patients with upper limb defects is reliant on many factors. The rehabil-

itation team plays an important role in this process as some of these factors are under

their control [39]. However, K. Soyer et al. performed a systematic literature research that

concludes that prosthetic rehabilitation of the upper limb amputees has shown itself to

be promising [4].

2.3.1 Prosthetic rehabilitation of acquired deficiencies

For people with acquired deficiencies, it is recommended early prosthetic fitting and post-

traumatic counselling sessions [18]. The prosthetic fitting and training must begin within

a month after the amputation for a higher chance of success. However, residual limb

conditions such as the presence of edema or limb sensitivity and patient’s psychological

status may influence this time-frame [19, 39].

Besides prosthetic prescription and maintenance, upper limb rehabilitation also deals

with phantom pain, skin problems in the stump area and vocational problems, by advis-

ing and identifying a possible employment. Phantom pain is only reported by people

with acquired amputations and is usually worse in the first year, improving with time.

When the amputation is planned, rehabilitation may prepare and help these people to

understand what they will experience after the amputation [28].
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Regarding psychological impact in amputees, upper limb loss may be more devas-

tating in terms of body-image, social integration and post-traumatic stress disorder. Al-

though this situation does not imply mobility difficulties, it is difficult to disguise with

clothing. The absence of the dominant hand leads is even more crushing due to the ne-

cessity to relearn the simpler daily tasks. In this case, therapists should be careful with

these issues and give the necessary support. Peer support with someone that experiences

the same conditions may be helpful. Personal factors also influence the way amputees

lead with their condition [28].

2.3.2 Prosthetic rehabilitation of congenital deficiencies

For children with congenital unilateral transverse radial limb deficiency, ACPOC recom-

mends prosthetic fitting with a passive device at the age of six months, when the child is

able to sit in a stable position [21]. The prosthetic introduction at early ages contributes to

the psycho-motor development, promotes the use of both limbs in prehension activities

and to crawl, ensures body symmetry during the child’s growth, helps in the self-body

perception and increases the chance of accepting more sophisticated prosthetic devices in

the future. Therefore, it is important to introduce a prosthetic device before two years old,

so these devices are accepted without the children’s objection. Later prosthetic prescrip-

tion may result in higher rejection rate as children may already developed compensatory

methods [14, 15, 44].

An active terminal device should be introduced to the child between twelve and fifteen

months. Three to five years is the common age to prescribe a body-powered prosthesis,

followed by a myoelectric one during early adolescence. However, there are different

opinions about the usage of these two types of prostheses by toddlers. Children with

these types of lesions usually have a normal development and can be fully functional.

The only differences are that they may never crawl, may start walking a little bit later

due to the affected balance, or may need help in some specific activities. In short, these

children can do almost everything, with or without prosthetic help [15, 21]. Moreover,

there are also reports indicating that for many children it is easier to perform their daily

tasks without their prostheses [45]. Thus, these tasks may be performed in a different

way, by using their elbow, chin or knee to help them with bimanual activities [21].

Parents are crucial in the rehabilitation process along with a multidisciplinary team

composed of pediatric orthopedics, occupational therapists and specialist technicians.

Both should promote motion and strength exercises that ensure postural stability and a

good relationship with the device, allowing the children to correctly develop their own

methods to perform their daily activities [15, 39]. The proper use of the prosthesis and the

family’s support are essential for the functional independence of the children. However,

it is important to be aware of the benefits and drawbacks of prescribing a prosthesis.

Therefore, a proper rehabilitation program, adjusted to the child’s age and motor and

perceptual-sensory development is very important so the child could choose the best

12
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prosthetic option as an adult in the future [14, 15].

When the congenital defects are detected before birth, the rehabilitation program may

start before the child is born, in order to prepare the parents. Although several children

refuse to wear a prosthesis, regular and planned assessments at least once a year, are

important to anticipate additional demands as the children grow [15, 28]. Psychological

support may be also provided to these children and their families. In addition, schools

should be prepared to handle with these special conditions [21].

The quality of the prosthesis is determinant to the success of the rehabilitation, as it

must withstand the resultant loads of the patients daily living tasks, be practical, comfort-

able and provide confidence at the same time [19]. Therefore, the therapist must provide

all the necessary information to the patient and family so they can choose the best pros-

thesis for the patient. This choice must be made so the prosthesis reduces distress and

optimize the patient’s function. The therapist must be aware of the physiological and

psychological needs of the patient in order to understand and fulfill the patients’ expec-

tations. Typically, the expectations of the patients and caregivers are higher than the

reality [18]. In parallel, the patient must know the advantages and disadvantages of each

prosthetic device which is being suggested to ensure that the advantages overweight the

disadvantages. Usually, the considered factors to prescribe a prosthesis are the level of

lesion, age, family support, hobbies and daily activities, so that the prosthesis can be

adjusted to the patient as much as possible [28, 37, 39].

2.3.3 User’s needs

Many authors evaluate the prosthetic rehabilitation success according to to how much

time the patient uses the prosthesis throughout the day. Others defend that the prosthetic

rehabilitation was successful if the prosthesis is used. Finally, it is also defended that the

prosthetic success must consider function, prosthesis wear and patient satisfaction [18].

Despite the huge prosthetic offer, it is difficult to find a prosthesis that combines all

the user’s needs. People with upper limb disorders are not satisfied with the existent

prostheses, leading to high rejection rates. Some of the reasons that contribute to the

prostheses’ rejection are their high weight, high repair costs and poor training. Discomfort

and lack of functionality are the main factors that lead to prostheses abandonment [42,

46]. Table 2.1 displays the rejection rates of three types of upper limb prostheses in

children and adults, obtained from a 25-year follow-up survey [47]. However, recent

studies have shown that despite the prosthetic devices’ evolution in the last decade, there

was no significant change in the prostheses rejection rates [48].
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Table 2.1: Mean rejection rates (%) of the three types of prostheses obtained from a 25-
year follow-up survey [47]: the percentages of patients that did not use a prosthesis are
also presented. The children’s rejection rate for this type of prosthesis is from R. Crandall
and W. Tomhave’s study, since at the time of the survey only a single study reported on
passive prosthesis use in the pediatric sector [49].

Non-users Passive Body-powered Electronic
Children 16 38 45 35

Adults 20 39 26 23

2.3.3.1 Comfort

Comfort is one of the most evident features that must be offered by the prosthetic device.

Regarding comfort, the stump-prosthesis interface is the most significant part. People

with acquired lesions usually complain about pain in the scar tissue that is often triggered

when the patient wears a prosthetic device. Thus, the stump-prosthesis interface must

be designed in order to minimize this effect [28]. Moreover, no child will probably use

anything that provoke any kind of discomfort. Therefore, a prosthesis must have a good

fitting.

Besides stump-prosthesis interface, prosthetic devices have to be as light as possible

since excessive weight may lead to the rejection of the prosthesis [37]. Ultimately, if a

prosthesis is highly sophisticated but it is not comfortable to wear or does not transmit

safety to the user, it will be probably rejected [8].

2.3.3.2 Cosmetic

Cosmetic appearance is also a crucial aspect as is one of the main factors that lead to the

rejection of prostheses. However, within the prosthetic area, this issue is still a problem

to solve, because most models do not offer a completely natural look. Therefore, there is a

need of a higher anthropomorphism level in the prosthetic industry. Anthropomorphism

is the device’s capability to reproduce human features such as size, weight, shape or

colour [10].

Another important factor is the cleanliness of the prosthesis. Thus, some users choose

more sophisticated devices instead of weak skin reproductions. This choice is quite

subjective and differs from person to person. It is expected that progress in this field will

decrease prostheses rejection rates. Although cosmetic appearance is a universal need for

all prosthetic users, it is a priority for those who wear cosmetic devices [5, 8].

2.3.3.3 Functionality

Functionality is also a very important parameter. Performing daily living activities such

as eating and dressing is required by all the prosthetic users, no matter what their defi-

ciencies or type of prostheses are. Although basic grasping operations are desired, upper
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limb prostheses have some limitations regarding their control. Sensory feedback, stable

grasps, fine motor skills, dexterity and flexibility are examples of attributes required by

prosthetic users that improve these devices’ functionality [5]. Yet, despite the improve-

ments achieved up to the date, it is necessary to ensure that the prosthetic device can

perform the most important types of grip: the power and precision grip. The sensory

feedback should also be improved, ensuring a secure grip with force control. These re-

quirements are needed not only to perform specific movements but especially to perform

the activities of daily living [8, 10, 44].

2.3.3.4 Costs

Prostheses costs are also a significant aspect, as they are usually expensive devices. The

higher the cost, the more technological the prosthesis is. However, only a few individuals

can afford these devices. For children, costs are naturally higher as their growth will lead

to frequent changes in the prosthetic device. Moreover, prostheses used by children are

more likely to be damaged which also contributes to higher costs [10, 30].

2.3.3.5 Prostheses for children

Conventional prostheses are increasing their level of technology and complexity. Al-

though these devices are suitable for adults, their weight and cost are not beneficial for

children as they have special needs.

Prostheses designed for children must be small in size and weight. In addition, these

prostheses need to have a higher resistance and to be easily fixed, as it may need to

be frequently adapted due to repairs or adjustments. Unfortunately, a large number of

prostheses do not adapt to children’s growth. As children grow, their prostheses usually

require socket and harness adjustments every 3 to 6 months. These adjustments are

essential to maintain bilateral symmetry, support children’s development and adapt their

devices to their daily activities. Additionally, the entire replacement of the prosthesis is

done every 1 to 2 years, which results in frequent medical consultations that may increase

the rejection rate on children [21, 30, 37–39].

Therefore, it is necessary to develop prostheses that meet the basic user’s needs in or-

der to decrease their rejection. These prostheses must be practical and comfortable, func-

tional, low-cost, easily fitted and aesthetically appealing. These demands are transversal

to any age but are more significative in pediatric prostheses as they usually reject their

prostheses due to their low functionality and comfort, high weight and unreal appearance

[10, 12, 37].
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Additive Manufacturing

Additive Manufacturing, more commonly known as 3D printing [50], is a group of auto-

mated technologies which use additive processes to create physical objects. These objects

are built from a 3D computer-aided design (CAD) file by adding raw material layer-by-

layer. This methodology is diametrically opposed to traditional subtractive methods that

remove material to obtain the final product [51–53].

The CAD files, resultant from CAD software, contain a virtual solid model and de-

scribe its geometry and size. After the model is designed, the CAD file is exported to the

Standard Tessellation Language (STL) format. These files are a triangulated representa-

tion of the object’s surface, that contain a list of the spatial coordinates of the vertices of

the triangles that together form the designed model. The .stl files are sent to a 3D printer

slicing software that converts the model into multiple series of two-dimensional (2D)

cross sections that correspond to the printing layers. Afterwards, the slicing program

generates the G-code, a set of instructions for the 3D printer which indicates the coor-

dinate values that the extruder needs to follow to print the designed model. The model

may need support structures that can be generated by the slicing software or be defined

by a CAD file [37, 53, 54]. The use of supports guarantee the dimensional accuracy of

printed products [55].

AM is often used for rapid prototyping of new products, visualization, testing and

mold making. However, due to the advances made in the capabilities, properties and

materials for AM, these technologies have also been used to build final products in small

series [50, 56–58]. The design freedom of AM enables new products with any shape,

precise geometries and high dimensional accuracy by adjusting the process parameters.

These designs would otherwise be impossible to produce so swiftly. The evolution of

printing materials available in the market has contributed not only for a great range of

AM applications but also for an easy customisation of products [10, 50–52, 56, 57]. Since

these products are built by adding material layer-by-layer, the assembly phase might

be eliminated. Therefore, the risks of localized stresses, which are common during this

stage, are reduced. The main disadvantages of AM techniques are the possible formation

of voids, anisotropic behaviour and laminated appearance. Nonetheless, it is important
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to highlight that AM does not substitute the other existing production methods such as

molding, forging, milling, injection, among others [51, 58].

Available printing materials are increasing progressively and range from poor quality

stiff plastics to advanced multifunctional materials. These advanced materials include

high-quality polymers, metals and metal alloys, wax, resins, ceramics and concrete to

name a few. Materials for AM have different shapes and states as they can be liquid like

inks or solid. When in solid state, AM materials can be filaments, powder, paste or sheets

[53, 58, 59].

3.1 Additive Manufacturing Methods

There are seven distinct AM methods: powder bed fusion, vat photopolymerization, ma-

terial jetting, material extrusion, sheet lamination, binder jetting and direct energy depo-

sition [53]. The benefits and drawbacks of each technique are related with their accuracy,

the possibility of using different types of materials and the associated costs [10]. Figure

3.1 compares the seven AM existing procedures, presenting their strengths, materials

and alternative names. A more detailed description of each one of these methods can be

consulted in Appendix A, except for material extrusion that is explored in Section 3.2.

Although “3D printing” is an alternative nomenclature for the binder jetting process,

“3D printing” is more commonly used to describe all the AM methods. Therefore, for the

purpose of this study “3D printing” will be used as a synonym of Additive Manufacturing,

referring to Fused Deposition Modeling in particular.

3.2 Fused Deposition Modeling

Additive Manufacturing methods have been growing and so has material extrusion, of

which one common name is Fused Deposition Modeling (FDM). This technique has been

growing in the past few years as a modeling, prototyping or manufacturing process [55]

in areas like aerospace, automobile, construction and electronic industry and medicine

[54, 56, 59, 61].

FDM has been widely applied in medicine since it can work with a wide range of ma-

terials. In tissue engineering, FDM has been used to create porous scaffolds for printing

organs such as vessels, bones and soft tissue. Other examples of what can be done with

3D printing include tools for drug delivery with bioresorbable polymers, artificial bones,

splints, dental repairs, hearing aids and micro batteries for smaller medical devices. Surg-

eries have also benefited from FDM as it helps the surgeons and medical students in the

pre-surgical planning and training, increasing the success rate of the operation [54, 55,

59, 61].

Scanning technologies such as magnetic resonance imaging, computed tomography

(CT), X-ray and 3D scanning allows the gathering of accurate medical imaging data of

anatomic structures of the patients with a high resolution. Thus, by combining these
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Figure 3.1: Additive Manufacturing techniques: parallelism between their alternative
names, strengths and materials. Adapted from H. M. Technologies [53, 60].
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techniques with AM methods it is possible to customise medical devices for each patient

[55, 61]. Product customization used to be a challenge due to its high costs. However, it

is now simplified with the combination of 3D printing and scanning techniques [58].

3.2.1 Working principles of Fused Deposition Modeling

FDM is a layer-by-layer printing technique in which the nozzle moves through the print-

ing plate in order to deposit the material in the desired position [53]. After the design

is set and all the printing parameters are selected, the resulting G-code is uploaded to

the 3D printer. The printing head is fed with the filament through the extrusion motor.

The filament is heated up to its melting temperature and the printing head passes the

melted material through the nozzle. Then, the material is deposited along the XY plane

and solidifies. During the printing process, as the printed model increases its height layer-

by-layer, either the printing head moves up or the printing bed moves down (along the Z

direction). Each movement in the Z direction is performed with a delta correspondent to

the layer thickness. This movement only occurs after each layer is finished. Supporting

structures can also be printed and removed after the model is finished. Figure 3.2 shows

the anatomy of the 3D printer used during this study, The Original Prusa i3 MK3S+ by

©Prusa Research [54, 55, 62].

Figure 3.2: Anatomy of The Original Prusa i3 MK3S+ by ©Prusa Research: 1. Extrusion
motor; 2. Filament spool; 3. Filament spool support; 4. Fan; 5. Heating element and
nozzle; 6. Motherboard; 7. Heating bed; 8. Control panel; 9. LCD panel; 10. Reset button;
11. Control knob; 12. Magnetic heating bed. Adapted from M. B. Burn et al. [37, 62].

Some printers have more than one extruder, which gives them the ability to print

with more than one material. This technique has been growing in the past few years as a
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modeling, prototyping or manufacturing process [55] in areas like aerospace, automobile,

construction and electronic industry and medicine [54, 56, 59, 61].

FDM can use several materials including metals, ceramics and polymers. The fil-

aments most commonly used in FDM include polymers such as PLA, acrylonitrile bu-

tadiene styrene (ABS), polycarbonate (PC), PC-ABS, polyamide, polycaprolactone and

polyphenylsulfone. The thermoplastic character of these polymers is an essential prop-

erty to ensure the layers fuse together during the printing process [55, 58, 63].

One of the most important aspects for a good printing quality is the first layer. Without

it, the print will certainly fail since quality of the following layers depend on the first

one [37]. Other factors like layer thickness, width, orientation and inter-layer distortion

may lead to defects that compromise the properties of the printed object. The printing

quality also depends on the time that the material takes to solidify. Between layers, the

fibers of the melted material interact with the previous printed layers and bond. If the

solidification occurs faster than it is desired, it may lead to void formation and other

defects that influence the mechanical properties of the printed model [54, 58].

Therefore, disadvantages of FDM include weak mechanical properties and layer-by-

layer appearance. These disadvantages are common in other AM techniques. Nonetheless,

it is important to highlight that FDM’s low-cost, short manufacturing time, good surface

finish and high accuracy overweight these drawbacks. In addition, FDM requires small-

size and easy-use equipment with an intuitive operating interface [55, 58, 63].

3.2.2 Prostheses made with Fused Deposition Modeling

The majority of the existent 3D-printed prostheses are built with FDM. There are also

records of 3D-printed prostheses made with power bed fusion, vat polymerization and

material jetting, but they are uncommon. The majority of the available designs does not

require the printing of small details, which makes FDM the most suitable method for this

purpose [10].

PLA and ABS are the main rigid materials used to print prostheses with FDM. The

commonly used flexible materials include Filaflex patented by ©Recreus [64] and Nin-

jaflex® patented by NinjaTek® [65]. Ninjaflex® is a thermoplastic polyurethane (TPU)

while Filaflex is a thermoplastic elastomer (TPE) with a polyurethane base and some

additives [10, 65, 66].

PLA is the most used material in FDM due to its low-melting temperature that results

in smaller temperature gradients and consequently, in less stress during the printing.

PLA has a non-poisoning and non-irritating character as well as sound biocompatibility.

The contact of PLA with water and carbon dioxide does not lead to contamination of the

environment. In addition, its plasticity and stiffness does not decrease with time. Overall,

these characteristics makes PLA a very good option for medical solutions [63].

Filaflex is available in the following hardnesses: 90A, 82A, 70A and more recently

60A. These values are related with the durometer hardness test that asses the mechanical
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behaviour of elastomers. There are several types of scales defined by the American Society

for Testing and Materials. The Shore A Hardness Scale is one of them and it measures the

hardness of flexible materials in a scale from 0 to 100. Lower values correspond to more

soft and flexible materials and higher values to harder materials [67, 68].

The Filaflex 82A is the most popular flexible material used in 3D printing. Its hard-

ness means that the filament can be stretch up to 650% without breaking. After being

stretched, the material returns to its original shape without suffering deformation or

break. Furthermore, its flexibility is not altered by heat. Filaflex is odorless, resistant to

solvents like acetone and fuel, it is non-toxic and can be in contact with skin. When ex-

truding this material, some printing adjustments may be needed to make sure the printer

does not clog [10, 66].

3.3 Design for Additive Manufacturing Principles

Additive Manufacturing is only beneficial (comparatively to the traditional manufactur-

ing techniques) if used correctly. When poorly used, AM ends up being a replacement of

the traditional methods. Instead, AM must be seen as new tool to improve the flaws of

the existing manufacturing methods [69].

The Design for Additive Manufacturing (DfAM) is the process of adjust the model’s

design in order to optimize the AM methods and get the most out of each technique. The

impact of DfAM is more important for final products than for prototypes, as this opti-

mization could result in a waste of time and resources when developing pure prototypes.

The application of DfAM differs according to each AM method but should follow the

following principles [69–71]:

1. Think additively: the less material is used, the less are the costs and more is the

saved time. Unlike the traditional methods that work by removing parts from

a block material, AM methods work by adding material which leads to more er-

gonomic pieces.

2. Design for orientation: when the piece is being designed, the printing position

must be considered, as different positions may result in different mechanical and

aesthetical properties.

3. Contour design: the walls’ thickness of the model to print must be a multiple of

the extrusion width and height.

4. Segment and bond parts: bigger pieces may be segmented and bond together in-

stead of use another method to print the model. Segmentation may also be a mean

to simplify the final product.

5. Add hardware: the prototype or final product does not need to be entirely made by

AM methods and additional components may be added.
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6. Minimize complications: some designs may need support structures. However,

they increase printing time, waste material and may result in poor printing quality.

Therefore, supports should be avoided whenever possible.

7. Critical Surface Treatment: depending on the expected surface treatment, the num-

ber of bottom or top layers and the number of contours should be adjusted to guar-

antee that no post processing enters the infill of the component.

These principles offer different benefits for each application. Thus, depending on the

final purpose of the model to build, they must be explored in order to achieve the best

results.
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Present and Future Trends

This chapter describes the progresses on the the prosthetic field, particularly through

Additive Manufacturing. In particular, a literature review on the present and future

trends of the 3D-printed devices with flexible materials and aesthetical improvements is

presented in the last section.

4.1 Overall technological progresses

There is evidence on the usage of prostheses since the times of ancient Egyptians. How-

ever, the first prostheses recognised as capable of performing rehabilitation aids were only

built during the Rome and Greece civilizations. The most common alternatives to people

with limb loss were peg legs and hook hands. Over time, the constant improvements in

medicine have enabled several enhancements in the prosthetic field and, consequently,

hooks are increasingly looking like human hands [27].

Medicine has been benefiting from several technological fields, including AM. AM

was developed in the eighties and it has been used in several fields such as materials

and mechanical engineering, computer technology, electronics and medicine. At the end

of that decade, more than twenty AM techniques had been developed and have been

used since, to produce prototypes and new products. In particular, FDM was patented in

1988 and has become a highlight in 3D printing since it enables the low-cost creation of

complex geometries with a high accuracy [54, 55, 57, 63].

The expiration of the patents at the beginning of the last decade gave manufacturers

the opportunity to develop new 3D printers. For this reason, 3D printers have become

cheaper and more accessible. Thus, FDM is being used in schools, laboratories and by

many home-users, leading to a constant improvement of this process. 3D printing online

communities are a result of the growth of 3D printers into the household and of the

advances in CAD software. e-NABLE community [9] has a wide variety of open-source

objects, including prostheses [54, 58, 72]. The printing files, as well as the assembly

instructions are available in these platforms. The prostheses’ models can be modified

according the individual’s needs or to fit the children’s growth [37].
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4.2 3D-printed prostheses

Before 3D printing was widely available, upper limb prostheses were not designed con-

sidering the user’s needs. As described in Chapter 2, clinicians and prosthetic manufac-

turers should be sensitive to user’s needs. Hence, any progress made in the prosthetic

field should be made considering answer these needs [3].

Thus, FDM appears to be a very good solution for the main problems of the most com-

mon prostheses. Table 4.1 shows the benefits and drawbacks of 3D-printed prostheses.

Table 4.1: Advantages and disadvantages of 3D-printed upper limb prostheses. Adapted
from K. Tanaka and N. Lightdale-Miric [72] with extra sources where noted.

Advantages Disadvantages

Lightweight and easy to use [73];
Limb function does not necessarily
improve [44];

Low-cost when compared with
other prostheses (5 to 500$). This
facilitates the prosthesis replacement
as the child grows. The pricing
is also very attractive for people from
LMICs [19, 73];

The materials commonly used are
thermoplastics that are sensitive to
high temperatures (common in LMICs)
[19];

Easy assembly that facilitates the
replacement of the prosthesis’ parts
as the child grows or when some
component is damaged [37, 72];

When extra parts or replacements
are needed, it requires access to a
3D printer;

Their toy-like appearance makes
these prostheses appealing to children
[38];

The toy-like appearance makes
these devices non-appealing for adults.
Children reject them after a few
hours of play;

These devices may promote social
confidence in children;

These devices may not be applicable
in all daily life activities as they might
be fragile for some rough tasks;

Models can be customised to fit the
user in terms of size, type of lesion,
shape and colour, aiming to meet the
user’s needs [10, 73, 74];

Sizing modifications do not fit
proportionally the child’s body and
the existent models do not
accommodate all the types of hands
deficiencies;

Open source and free models [73].
Lack of medical validation: these
devices are not properly regulated or
tested by any health entity [50, 73].
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Most of these prostheses have very similar designs, consisting of VC devices with an

anthropomorphic appearance. They use nylon tendon cables to create a composite grasp

powered by the flexion of the wrist or elbow. Each one of the finger’s cables is attached to

the extremity of the correspondent finger. The other extremities are linked to a common

structure, to ensure the fingers move at the same time. The fingers are connected to the

metacarpal region structure through hinges, which is connected to the forearm gauntlet.

Assembly starts from distal to proximal direction and additional components such as

screws and velcro may be necessary [10, 37]. The Raptor Reloaded, the Phoenix Hand v2
and the Nazree’s Prosthetic Hand are three examples of this type of prostheses.

The Raptor Reloaded is a body-powered 3D-printed prosthesis developed by e-NABLE’s

designers. The Raptor Reloaded design is easy to print and assembly, and combines the

best features of the existing prostheses until its creation. Therefore, it is a reference for

the future 3D-printed prostheses. It is composed by 3D-printed snap pins, a modular

tensioning system (composed by elastic bands and fishing line) and it can have Velcro or

leather palm enclosures. The closure of the fingers is obtained through the flexion of the

wrist. Therefore, it is necessary that the amputee still has wrist function. Figure 4.1 shows

the Raptor Reloaded prosthesis. This device is cheap to produce, as its core materials only

cost 35$ [19, 75].

Figure 4.1: Raptor Reloaded prosthesis. Adapted from B. Phillips et al. [19].

Figure 4.2 presents the Phoenix Hand v2 prosthesis, which is a voluntary closing wrist-

powered device. This prosthesis is an improvement of the e-NABLE Phoenix Hand as

it consists of a lighter and stronger version. The Phoenix Hand v2 is composed by a

whippletree mechanism that consists of a force transmission system which couples the

fingers motion but also enables each finger to move independently from other fingers,

allowing an adaptive grasp [76]. This prosthesis connects the index to the middle finger

and the ring finger to the little finger [77].
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Figure 4.2: Phoenix Hand v2 prosthesis [77].

The Nazree’s Prosthetic Hand, displayed in Figure 4.3, consists of a 3D-printed termi-

nal device composed by three segments that somehow follow the shape of the hand’s

creases, allowing the simulation of the gripping motion. This terminal device has an in-

ner whippletree mechanism that is pulled by a single cable. The Nazree’s Prosthetic Hand
connects the little finger to the index finger and the middle to the ring finger, unlike other

prostheses such as the Phoenix Hand v2. All this cabling is hidden so that the prosthesis

could resemble a human hand. Moreover, this terminal device can be covered by a silicon

glove to appear even more like a human hand [78].

Figure 4.3: Nazree’s Prosthetic Hand [78].

Although these prostheses are a practical and inexpensive solution, cosmetic and func-

tional improvements are still needed. The majority of the existing 3D-printed prostheses

are made of rigid materials. However, combining rigid and flexible materials could im-

prove the performance of these devices. Although the stiff components lead to a stronger

hand, these prostheses’ surface does not adapt to the object that is being held. The usage

of flexible filaments could simulate the compliance of the hand’s skin, allowing to achieve
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a stronger grip and avoiding the objects to slip [10]. Early studies have been focused on

using AM to create more realistic 3D-printed prostheses with these materials, as detailed

next.

In 2017, V. Lopes developed a cosmetic 3D-printed prosthesis customised for a two

year old child, shown in Figure 4.4. A more real appearance of the prosthesis was ob-

tained using scanning techniques. In particular, the stump’s anatomy was obtained with

3D scanning and the anatomical features of the sound limb were assessed through CT

scanning. The resulting files were explored with a set of CAD software in order to define

the prosthesis design. Finally, two prototypes were printed, one with PLA and the other

with Ninjaflex filament. Although these devices presented different characteristics, both

were well accepted by the two-year-old child [17].

Figure 4.4: V. Lopes’ cosmetic hand prosthesis [17]: (a) posterior view; (b) anterior view.

In 2018, F. Pinheiro developed a non-customized body-powered prosthesis, by com-

bining flexible and stiff materials, such as Filaflex and PLA. The fingers were printed with

Filaflex and the hand-body was printed using PLA. By using a flexible filament, F. Pin-

heiro tried to give the prosthesis a more natural appearance and avoided the exposure of

the actuation cables and hinges. This level of anthropomorphism was tried to be achieved

by using the Loft tool of Solidworks® software. Inner air chambers were added to the fin-

gers’ joints to allow the flexion of the fingers. The fingertips have an additional chamber,

in which a rigid ring tied to the tendon cables rests. These rings are inserted through a

small hole in the fingertips and are connected to the wire holes. Additionally, matching

wire holes were also designed in the hand body, so that the tendon cables could reach the

bottom of the hand-body. Figure 4.5 shows this study’s prosthesis design in which the

thumb is 70º from the hand body. Figure 4.6 presents the final prototype. Besides, the

prosthesis’ design, this study also included an analysis of the ideal printing parameters
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for Filaflex [30].

Figure 4.5: Design details of the components of the body-powered hand prosthesis de-
veloped by F. Pinheiro [30]: (a) anterior view of the hand body. The transparency of
the surface allows to observe the inner components such as the fitting mechanism for
the fingers and the wires’ holes; (b) top view of the hand body in which can be seen the
orientation of the thumb in relation to the hand-body; (c) inner design of the finger in
which can be seen the chambers and the wire hole (cut along the sagittal plane).

Figure 4.6: F. Pinheiro’s body-powered prosthesis [30]: (a) latero-anterior view of the pros-
thesis not actuated; (b) latero-posterior view of the prosthesis not-actuated; (c) actuated
prosthesis.
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Despite the progress that has been made, there is currently no evidence of a 3D-

printed body-powered prosthesis with a more realistic appearance. However, some recent

studies have been exploring the use of flexible materials in certain components of their

prostheses (rather than in the entire device) in order to increase the grasping performance

or making the prostheses more comfortable.

J. Corveira developed a low-cost soft 3D-printed body-powered upper limb prosthesis,

based on e-NABLE’s prostheses. Soft silicone was added to the fingers and palm of the

hand in order to increase the friction coefficient between the device and the objects.

Therefore, the prosthesis could have a better grasping performance, adapted to various

object shapes and sizes. Unlike e-NABLE prostheses, this prosthesis is not fully 3D-

printed and is composed by a soft silicone that is molded around the endoskeleton [79].

R. Alturkistani et al. developed a 3D-printed passive prosthesis for patients with

partial hand amputation in developing countries, using TPU and PLA. The contralateral

hand is responsible for the grasping control of the device. The anatomical features of

the patient’s hands were assessed using 2D drawings and body casting, followed by 3D

scanning. The developed prosthesis was inspired in e-NABLE’s Raptor Reloaded hand, but

the hand body and wrist parts were modified in subsequent prototypes with Fusion 360
software by ©Autodesk [80] in order to better fulfil the needs of the patient. The fingers

were printed using PLA and the palmar part of the device was printed using the flexible

filament, increasing the fitting comfort [81].

Finally, X-Limb is a soft robotic with a human-hand-like morphology prosthesis made

through FDM with 90A TPU and composed by inner actuation and control systems [82].

Figure 4.7 shows the prostheses developed by J. Corveira, R. Alturkistani et al. and the

X-Limb.

Figure 4.7: Examples of other prostheses with components made of flexible materials
(adapted): (a) body-powered prosthesis developed by J. Corveira [79]; (b) cosmetic pros-
thesis for finger replacement developed by R. Alturkistani et al.; (c) X-Limb, a robotic
hand prosthesis [82].
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Despite the success of these prototypes, even though they fulfil the basic user’s needs,

none addressed the need of improved cosmetic features. The passive prosthesis developed

by V. Lopes is a good solution for younger children as these devices may be the first

ones to be introduced to children. Nevertheless, the printing parameters and the used

materials must be reviewed as the prosthesis present several printing defects. J. Corveira

and R. Alturkistani et al. have good approaches to meet their studies’ goals, but none of

them consist of an aesthetically appealing option. X-limb is the solution which has the

best aesthetical appearance. However, this device is an electronic solution. Furthermore,

although it consists of a lighter and cheaper option, this device may not suitable for

younger children.

The 3D-printed body-powered prosthesis developed by F. Pinheiro is the one that

better meets the main goal of this study. However, there is still room for improvement.

The fingers’ design well as the thumb position need revision, aiming to give the pros-

thesis a more natural look. These adjustments must be done without compromising the

prosthesis’ functionality. Finally, the remaining design of the prosthesis must be also

improved in terms of anthropomorphic shape.

Thus, there is a need to improve the cosmetic appearance of 3D-printed body-powered

prostheses, without compromising the other user’s needs such as comfort, lightweight-

ness, low-cost and functionality. Flexible materials might be a key to solve some of the

referred issues since they allow to achieve a more real appearance and establish some

sensory feedback. However, it is still crucial to identify the needs of the patient receiving

the prosthesis, aiming to design a highly customised prosthesis
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Concept Development

This chapter describes the clinical case in which this study was based on, as well as

the methodology used to develop a customised body-powered prosthesis with Additive

Manufacturing. However, given that the prosthesis was developed through an iterative

process (where the results of a given prototype influenced the methodology used in the

following), most details are presented in Chapter 6.

5.1 Introduction to the Clinical Case

The prosthetic device developed during this study was based on a single clinical case.

Since one of the main goals of this study consisted in customising the developed pros-

thesis, addressing more than one clinical case would be far too time consuming for the

duration of this work.

The chosen clinical case was selected from the Patient Innovation program “Dar a
mão” [83]. Patient Innovation is a Portuguese non-profit company that whose mission

is to share medical solutions developed by patients, caregivers or collaborators. These

solutions allow patients to cope better with problems imposed by their medical condition.

Since 2018 and through this program, Patient Innovation has developed 3D-printed body-

powered prostheses to offer to Portuguese children with upper limb deficiencies.

Within the available cases that integrated this program, the selected clinical case had

to meet the following requirement:

1. The patient should have already used another 3D-printed prosthesis, so that this

study’s prosthetic device is not the first that child has contact with;

2. The patient should have a functional wrist, capable of doing a 30º flexion and

extension, so the developed prosthesis could be wrist-powered and the design could

be simpler [37];

3. The patient should have a unilateral deficiency, so the sound hand could be used as

a reference for the design of the prosthetic device;
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4. The patient should not have a complex lesion, since in some cases, depending on

the source of the lesion, it might exist excess of soft tissue in the stump area;

5. The patient should not live too far from the Lisbon area so possible measurements

and testing sessions could be easier;

6. Both child and the family should have the capacity to deal with the expectations.

The selected clinical case was a four-year-old boy (at the time of the measuring session)

with a left transverse metacarpal total deficiency caused by amniotic band syndrome1.

This child met all the aforementioned requirements. However, the main reasons for his

selection were the nature of his lesion, his residence area and the fact that he had already

had contact with a 3D-printed prosthesis.

5.2 Methodology

The methodology applied in this study was inspired in the Product Design and Develop-

ment methodology [11]. The first step was defining the goals of this study through the

identification of the main gaps in most upper limb prosthetic devices, as described in

Chapters 2 and 4. Afterwards, the user’s needs were identified in order to determine the

specifications of the present prosthesis. Finally, the main concepts used to develop the

prosthesis were generated based on these specifications.

The concept selection phase was performed aiming for a high level of customisation

and functionality. During this phase, several prototypes were designed and tested.

Finally, the whole prosthesis was evaluated in order to identify possible improvement

points for the future. Figure 5.1 presents the short version of the flowchart that illustrates

the development process of the prosthesis. Appendix B presents a more detailed and

thorough description of the used methodology.

5.2.1 Anatomical and functional features assessment

One of the main goals of this study was to design a highly customised prosthesis. In

order to achieve a high level of customisation it was necessary to measure and assess the

anatomical features of both limbs’ extremities. Therefore, a protocol composed by two dif-

ferent methods was established to assess the anthropometric measurements and physical

features of both limbs’ extremities. The used methods consisted of simple measurements

and body casting of both limbs’ extremities, providing different types of information,

from single to three-dimensional data. Before starting any procedure, an informed con-

sent was presented to the child’s carer, aiming to clarify all the study’s goals and all the

associated procedures.

1Amniotic band syndrome results from fibrous bands that appear during the gestation period and wrap
around some parts of the foetus, leading to deformation, malformation and disruption [84].
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Figure 5.1: Methodology flowchart.

The first procedure consisted of measuring the child’s upper limbs. It was composed

by two parts. The first part consisted of a form aiming to collect personal data and the

clinical background of the child. This form was inspired in the form used during the

measurements sessions of Patient Innovation, within the scope of “Dar a mão” program

[83]. Then, both limbs were measured according to the measurements guide from e-
NABLE [9] where some photos were taken [85], with millimetre paper placed under the

child’s limbs for reference.

The second procedure was body casting. Before doing the extremities moulding, the

child’s limbs were greased with baby oil. Then, the limbs were immersed in a solution of

alginate2. The used alginate was Orthoprint, by ©Zhermack, which takes one and a half

2Alginate is a biopolymer obtained from brown seaweed. Alginate has unique thickening properties and
is widely used in food, cosmetic and pharmaceutical industries [86]. Due to its gelling properties, alginate is
perfect to make negative moulds and is commonly by dentists to make dental moulds.
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minutes to solidify [87]. After this period, the limb was removed and cleaned, and the

mould was filled with a plaster solution.

When the plaster was set and dry, the alginate was removed, and the resulting replicas

were left to dry during a couple of days. After drying, the alginate remains were carefully

removed with the help of a toothpick. Then, the replicas were sanded in order to smooth

the surface and remove some plaster defects caused by air bubbles in the alginate. The

existing holes caused by alginate lumps were filled with a brush soaked in plaster solution

and the replicas were sanded once more to remove the plaster excess. Finally, some details

of the sound hand such as nails and hand’s creases were highlighted with a toothpick so

the anatomical features could be preserved.

More detailed information could be consulted in Appendix C, where the established

protocol is presented as well as the measurements’ form and parental consent. It is

important to refer that the presented documents were translated to Portuguese, so the

child’s parents could understand all the procedures and study goals.

5.2.2 3D scanning

A computer readable representation of the anatomical features of the child’s limbs was

obtained by 3D scanning the plaster replicas. Figure 5.2 shows the scanner that was used

in this study, the Ein Scan-SE by SHINNING 3D®, which has a single shot accuracy of

6 0.1 mm [88].

Figure 5.2: The EinScan-SE by SHINNING 3D®.

The sound hand was scanned in six different positions and the undeveloped hand was

scanned in three different positions. Each position was scanned using 30 turntable steps.

For some positions, a support was necessary, in order to scan all the replicas details.
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5.2.3 Design and printing

The design of the prosthetic device was made considering the DfAM principles, aiming

to achieve the best results when printing the different components that compose the

prosthesis.

The prosthesis’ design is composed by different components that can be segmented in

three parts: the fingers, the metacarpal region and the wrist. The entire design was made

considering the extrusion width and height, so the designed walls could be a multiple of

these values. The printing position was also a considered factor as well as the existence

of support structures, that were avoided whenever possible. Supports were needed for

designs with overhang angles less than 45º from horizontal [57].

The whole prosthesis was designed using Fusion 360 CAD software by ©Autodesk

(version 2.0.10940) [80]. The resulting .stl files from the scanning were imported to this

software and then modified in order to preserve the anatomical features of the child and

to customise the prosthesis as much as possible. The sound hand replica was the first to

be addressed.

After importing the .stl file, it was necessary to change its representation, from mesh

to body (Brep) so it could be modified. However, to reduce the computational burden

of dealing with a huge number of faces, its number was reduced up to the maximum

recommended of 10 000, before doing the conversion. The obtained body representa-

tion was then segmented in order to individualize each finger and detach them from

the metacarpal region. Figure 5.3 shows the process from the resulting mesh from the

scanning until the finger segmentation. Finally, all parts were scaled to 110%.

Figure 5.3: Modification process of the design file: (a) mesh representation with 104 797
faces; (b) mesh representation after reducing the number of faces to 10 000; (c) body
representation; (d) finger segmentation.

5.2.3.1 Fingers design

The index design was the first to be addressed because its design was used as a reference

for all the remaining fingers, except for the thumb. The developed design was inspired
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in F. Pinheiro’s study that used air chambers to ensure the finger could bend properly

[30]. In addition to these features, inner cylindric components were added to simulate

the existence of phalanges.

The resulting fingers from the segmentation still presented some remaining parts of

the metacarpal region. Therefore, it was necessary to remove them in order to obtain

a planar surface at the bottom of the finger. Despite the post processing that was done

before the 3D scanning, some defects were still present. Hence, the fingers’ surface was

computationally smoothed.

The replica of the child’s hand had extended fingers. Therefore, it was necessary give

them a natural curvature that would allow a proper bending. The flexion angles of distal

and proximal interphalangeal joints of each finger were defined based on the K. Lee and

M. Jung’s study. Their study aimed to determine the extension and flexion angles of

resting fingers in terms of forearm posture and shoulder flexion [89]. For the present

work, the values defined were chosen considering the neutral posture of the forearm and

a shoulder flexion of 0°. For proximal interphalangeal (PIP) joints, the considered value,

represented as α, was the mean value (M) minus the standard deviation (SD) value (M –
SD). For the distal interphalangeal (DIP) joints, the considered value, represented as β,

was the mean value plus the standard deviation value (M + SD). Figure 5.4 represents

the α and β angles. Table 5.1 displays the defined angle values used to curve the fingers.

Figure 5.4: Representation of the extension and flexion angles of the interphalangeal
joints: α is the angle of the PIP joint and β is the angle of the DIP joint.

Table 5.1: Interphalangeal joints’ extension and flexion angles for each finger.

Index Middle Ring Little
α 18° (26 - 8) 16° (27 - 11) 23° (32 - 9) 23° (34 - 11)
β 15° (10 + 5) 15° (10 + 5) 12° (8 + 4) 19° (12 + 7)
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The air chambers that enable the proper finger bending are a conical void structure.

The cone’s vertex has a 60° angle (θ) and its depth correspond to 90% of the transversal

section length (L) where the vertex is inserted. These chambers simulate the interpha-

langeal joints and their vertex are located at α
2 and β

2 . Figure 5.5 illustrates the PIP joint

design of the index finger.

Figure 5.5: Design of the PIP joint of the index finger: θ corresponds to the chamber’s
opening angle, L is the length of the transversal section where the chamber’s vertex is
inserted and α is the extension and flexion angle of the PIP joint.

The fingertip also has a chamber where a rigid ring, tied to the tendon cable, rests.

The ring is inserted in the chamber through an elliptic hole located in anterior region of

the fingertip. This chamber is connected to a 2.1 mm diameter hole that goes lengthwise

through the whole finger. The hole’s centre is located at approximately 0.2L from the

anterior region of the finger and follows the finger’s curvature.

5.2.3.2 Phalanges design

The proximal and middle phalanges are slightly curved cylinders that follow the finger’s

flexion. The shape of the distal phalanx is similar to a curved cone. However, the vertex

was replaced by a half of sphere with a radius of 0.25 mm. The extremities of the pha-

langes near the chamber are cut along the chambers shape. The distance between the top

of the fingers and the top of the distal phalanges was defined according the values from

A. Buryanov and V. Kotiuk’s study [90]. The considered value was the mean length of

the soft tissues plus the standard deviation. The length of the soft tissues in the designed

fingers corresponds to 63% of this value. Figure 5.6 illustrates the internal components

that compose the fingers.
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Figure 5.6: Inner mechanisms of the index finger: cut along the sagittal plane of the index
finger and shape of the designed phalanges (left).

The phalanges’ diameter was defined by crossing two studies: F. P. A. Buryanov

and V. Kotiuk’s study [90] as well as Schulter-Ellis and G. T. Lazar’s study [91], which

have performed analyses about the morphology of the human phalanges. By using ImageJ
software [92], an open-source image processing software, it was possible to measure the

projection of the midshaft width of each phalanx. These measures were made using

an antero-posterior X-ray of a human hand from A. Buryanov and V. Kotiuk’s study,

displayed in Figure D.1. Each phalanx was measured ten times using ImageJ, and the

considered value was the mean of these ten measurements (D). This value was compared

with the mean (X) and standard deviation values from the F. P. Schulter-Ellis and G. T.

Lazar’s study. Then, it was verified if D was within the range of [X ± SD]. The frontal

plane was used to assess all the fingers, except for the thumb, in which the sagittal plane

was used. Finally, the considered diameter for each phalanx design was equal to 0.63D.

Table 5.2 summarizes all the used values. The measurements made with ImageJ software

are available in Appendix D.

5.2.3.3 Fitting mechanism design

The fitting mechanism is the structure that allows the fingers to fit in the metacarpal

region. It is composed by three segments, each with 3 mm high. In distal-proximal order,

the first segment is an extension of the fingers’ base. The second and third segments

have a diamond shape and the second one is smaller. The bottom edges of the third

segment were rounded. Figure 5.7 shows the transversal sections of the three segments

that compose the fitting mechanism.
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Table 5.2: Phalanges’ design values (mm): all the values were within the range of [X ±
SD] [91].

Phalanges
Measured
Diameter

(D)
X [91] SD [91] [X ± SD] [91]

Considered
Phalanx

Diameter
(0.63D)

Thumb
Distal 5.64 5.09 0.76 [4.33; 5.85] 3.55

Proximal 7.31 6.97 0.92 [6.05; 7.89] 4.61

Index
Distal 6.22 5.64 0.77 [4.87; 6.41] 3.92

Middle 8.99 9.35 0.45 [8.90; 9.80] 5.66
Proximal 10.50 10.12 1.06 [9.06; 11.18] 6.62

Middle
Distal 5.91 6.06 0.66 [5.40; 6.72] 3.72

Middle 9.30 9.47 0.70 [8.77; 10.17] 5.86
Proximal 10.94 10.40 0.83 [9.57; 11.23] 6.89

Ring
Distal 5.25 5.57 0.92 [4.95; 6.19] 3.31

Middle 9.20 9.01 0.70 [8.31; 9.71] 5.80
Proximal 10.11 9.77 0.73 [9.04; 10.50] 6.37

Little
Distal 5.00 4.61 0.70 [3.91; 5.31] 3.15

Middle 7.68 7.60 0.66 [6.94; 8.26] 4.84
Proximal 8.61 8.93 0.88 [8.05; 9.81] 5.43

Figure 5.7: Fitting mechanism design with the different transversal sections of the seg-
ments that compose the fitting mechanism.

5.2.3.4 Metacarpal region design

The metacarpal region was designed using the Loft tool from the Fusion 360 software.

This tool connects different sketches located in different planes. This connection was

oriented by rails, aiming to give the metacarpal region the desired anthropomorphic
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shape. The majority of the rails were obtained by crossing the replica of the child’s hand

with different planes, and then redrawn according to the prosthesis’ desired features.

The first step was to outline the hand shape by projecting it in the frontal plane. On

the distal region, it was ensured that that there was a spacing of at least 0.9 mm between

each finger. The little finger was placed at a different level from the other fingers.

The proximal region was designed in order to better fit the child’s stump. Therefore,

the resulting file from the scanning of the stump was also modified and scaled to 110%.

Then, the stump location was designed and customised in order to better accommodate

the child’s affected limb. Figure 5.8 shows the modifications made on the left limb

extremity.

Figure 5.8: Left limb extremity modification process: (a) original replica of the mould of
the child’s left limb extremity; (b) removal of the excess of material and 110% scaling; (c)
stump location design (positive mould).

After the metacarpal region was shaped, their inner mechanisms were designed. The

stump-prosthesis interface and the fitting mechanism for the fingers were designed by

removing material from the metacarpal region structure. In the palmar region, the

diamond-shaped holes were added in order to ventilate the stump-prosthesis interface

and to allow the child’s skin to breathe.

Similarly to the fingers, the metacarpal region also contains an air chamber located

in the metacarpophalangeal joints’ zone to simulate their movement. This chamber has

a 30° opening and is centred 20 mm above the top of metacarpal region component.

Although the transversal section length varies along the metacarpal region, the chamber

has a constant depth, which is equal to 75% of the length of little finger’s transversal

section where the chamber’s vertex is centred.

The wires’ holes start in the anterior region of the metacarpal structure and end at

the posterior region of the wrist, outside the metacarpal region, forming a smooth curved

path for the tendon cables go through. The holes have a diameter of 2.1 mm and are

protected by a two-layer wall outside the metacarpal region. In the posterior region, their

centres are 5.1 mm apart and follow the curvature of the bottom of metacarpal region.
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In the wrist zone, two holes were added, one each side, in order to fit the thermo pins

that connect the gauntlet to the terminal device, as in Phoenix Hand v2 prosthesis [77].

Figure 5.9 illustrates the design of the metacarpal region.

Figure 5.9: Metacarpal region design: lighter grey structures represent the inner mech-
anisms, in this case, the positive mould of the metacarpophalangeal chamber and the
wire’s holes.

Finally, an additional component was designed so it could be used as a printing mod-

ifier. Thus, the flexion of the metacarpophalangeal joint could be simulated since the

modifier and the remaining metacarpal region were printed with different infill percent-

ages. This component has the same shape as the designed metacarpal region and was also

designed with the Loft tool. The used sketches were smaller and consisted of a -0.9 mm

offset when compared to the previous sketches designed for the metacarpal region. The

resulting body was then cut along a curve that simulates the thenar crease and along the

shape of the stump location. This component is presented in Figure 5.10.

5.2.3.5 Thumb design

The thumb was designed differently from the other fingers due to its different location and

anatomical features. Therefore, it was the last finger to be addressed and was designed

in the last stages of the metacarpal region.

The first step was to choose the thumb location, which was defined by analysing the

replica of the child’s healthy hand. Then, the thumb’s fitting mechanism was design

similarly to the fitting mechanism from the remaining fingers (see Subsection 5.2.3.3).

Unlike the other fingers, no curvature was added to the thumb as it was already

present in the scanned model. The thumb was designed with the same mechanisms as
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Figure 5.10: Design of the metacarpal region modifier: (a) anterior view of the metacarpal
region; (b) anterior view of the metacarpal region modifier. The red curve corresponds
to the design of the thenar crease and the blue curve to part of the shape of the stump
location.

the remaining fingers: a conic chamber located in the interphalangeal joint’s zone with

60° opening angle; an additional chamber in the fingertip with an elliptic hole and a 2.1

mm diameter hole that conducts the tendon cable. However, due to the thumb’s location,

this hole presents some differences regarding the remaining fingers. Figure 5.11 presents

the design of the thumb.

Figure 5.11: Thumb’s design: (a) latero-posterior view of the thumb’s design; (b) cut along
the sagittal plane of the thumb and shape of the designed phalanges (left).
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5.2.3.6 Wrist design

The design of the wrist was performed by adapting components from both the Phoenix
Hand v2 and the Raptor Reloaded [75] prostheses. These components were used to test the

functionality of the developed prosthesis while using different tensioning systems. Figure

5.12 shows the components from the Phoenix Hand v2 and Raptor Reloaded prostheses that

were used. The thermo pins and the gauntlet were the only components which suffered

modifications: the thermo pins were shortened according to the layer’s width and height

and the gauntlet had to be increased so it could fit the metacarpal region structure without

damaging it. These modifications are displayed in Figure 5.13.

Figure 5.12: Components from e-NABLE’s prostheses used in the designed prosthesis: (a)
components from the Phoenix Hand v2 prosthesis. These components were used in all
the functionality tests; (b) components of the tensioning system of the Raptor Reloaded
prosthesis; (c) components of the tensioning system (whippletree) of the Phoenix Hand v2
prosthesis.

Figure 5.13: Gauntlet modification process: (a) original gauntlet from the Phoenix Hand
v2 prosthesis; (b) modified gauntlet. It had to be increased so it could fit the metacarpal
region structure without damaging it.
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Before any modification, it was necessary to identify the scaling percentage that better

fitted the child. This value was identified according to the measurements performed

on the child’s healthy limb, namely the width and length of the sound hand (which

correspond to the values B and C, respectively, presented in Appendix C). By using the

Multi-hand Sizing Guide, available in e-NABLE’s platform, the scaling percentage was

obtained [85].

5.2.4 Tuning of the printing parameters

The developed prosthesis is composed of a combination of flexible and rigid materials.

The fingers and the metacarpal region were printed using Filaflex 82A, the wrist compo-

nents were printed using PLA and the rigid rings as well as the testing pieces designed

for pull tests were printed using polyethylene terephthalate glycol (PET-G).

Throughout the design of the fingers, several printing tests were made in order to

determine the printing parameters of Filaflex 82A that would lead to the best printing

quality and highest level of functionality. A good printing quality means that the models

are printed with the fewest defects such as layers layer shifting, bad adhesion between

layers, excess of extruded materials or void formation, among others. A high level of

functionality means the printed models are easily flexed and have a similar behaviour to

the human hand.

The 3D printer used during these tests was The Original Prusa i3 MK3S+ by ©Prusa

Research. The printing parameters were defined using the PrusaSlicer slicing software

(version 2.2.0) [62].

During these tests, two main sets of parameters were defined: a first set (A) selected

based on the technical data of the Filaflex 82A filament, and a second one (B) which

consists of an improvement of the first set. However, besides the performed tests between

these two sets of parameters, additional printing testings were performed, aiming to

maximise the printing quality and the functionality of the fingers. The tests between set

A and B were not significant for the present study as they led to several printing defects.

The main variables that were tested were: the number of printing walls, the infill,

the printing speed, the amount of extruded material and the retraction. Figure 5.14,

Figure 5.15 and Figure 5.16 present the printing parameters that were changed during

these tests. Each branch of these figures correspond to the setting tabs of the PrusaSlicer
software.

The printing position was also tested. Besides using nude Filaflex 82A, brown Filaflex
82A and white Filaflex 70A were also used during the tests. The search for the ideal

parameters was obtained through an iterative process. Considering the visual features

of the model resulting from a test with a certain set of printing parameters, the next test

was performed by adjusting the printing parameters of the previous test. The tests were

mainly performed over finger models. Appendix E presents the values of the printing

parameters from the most relevant tests that were made.
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The PLA and PET-G printing settings were the default values from PrusaSlicer soft-

ware. PLA components were printed using the Generic PLA parameters as filament set-

tings and 0.15mm QUALITY parameters as print settings. The PET-G components were

printed with Generic PET parameters as filament settings. However, the prosthesis’ rings

were printed using 0.05 ULTRADETAIL and the testing pieces of the pull tests were

printed with 0.15mm QUALITY as print settings.

Print
Settings Infill Fill density 

(%)

Perimeters
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Infill

Vertical 
shells

Layers and
Perimeters

Perimeters
(mm/s)
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Top solid 
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Figure 5.14: Tested printing settings of PrusaSlicer software.
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Figure 5.15: Tested filament settings of PrusaSlicer software.
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Figure 5.16: Tested printer settings of PrusaSlicer software.

5.2.4.1 Pull tests

During the design of the fingers, several models were developed and several printing tests

were performed. These tests aimed for the best printing quality and the highest level of

functionality, (i.e., the finger models that needed the smaller flexion forces). While the

printing quality was assessed subjectively by looking at the obtained object, the flexural

forces were measured using pull tests. Therefore, a protocol was developed in order to

measure the force needed to bend each finger model. This protocol is made available in

Appendix F.

The finger model under test was placed on a support fixed on an elevated structure

with screws, where a guitar string passing through the finger could be pulled vertically.

A dynamometer was used to measure the force applied on the fingers. This force was

applied by using metallic cylinders which were placed inside a tissue bad tied to the

bottom extremity of the dynamometer. Different forces were generated by combining

different cylinders of different masses, causing the finger to bend. Consequently, the

fingertip suffered an approximately vertical displacement that was measured with a dial

gauge. The contact point of the dial gauge was in contact with a horizontal tab fitted to

the top of the dynamometer. Hence, when the finger flexed, the dynamometer moved

equally. Therefore, it was possible to measure the vertical displacement of the finger by

measuring the vertical displacement of the dynamometer. The measurements stopped

when the flexion of each finger reached a predetermined displacement of 10 mm. Figure

5.17 schematizes the setup of the described procedure. The design of the fingers’ support

and horizontal tab are displayed in Appendix F.
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Figure 5.17: Pull tests setup.

5.2.5 Prosthesis assembly

The prosthesis was assembled after completing the component’s design, printing and

testing. Three similar prostheses were assembled:

1. The first prosthesis’ fingers and metacarpal region components were printed with

nude Filaflex 82A and the remaining components were printed with PLA with a

similar colour. Its tensioning system is from the Raptor Reloaded prosthesis.

2. The second prosthesis is similar to the first one and the only difference is the brown

colour of the filament. Its tensioning system is also from the Raptor Reloaded pros-

thesis.

3. The third prosthesis’ fingers were printed with white Filaflex 70A and the remaining

components with white PLA. The metacarpal region that composes this device has
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none of the mechanisms that mimic the metacarpophalangeal joints, namely the

air chamber and the modifier. The tensioning mechanism of this prosthesis is a

whippletree system as the Phoenix Hand v2.

Despite the differences between the three prostheses, their assembly process is very

similar.

5.2.5.1 First assembly mode

The first assembly mode corresponds to the assembly of the first and second prostheses,

whose tensioning mechanism was inspired in the Raptor Reloaded prosthesis.

Figure 5.18 presents the main tools and components needed to assembly the first and

second prostheses. The first step was the moulding of the gauntlet to the prosthesis’ shape

using hot water. Thereunto, the water was boiled in a pan. Then, the gauntlet was dipped

in the hot water for ten seconds up to one of the marks that is shown in Figure 5.19.

Afterwards, the gauntlet was moulded by pushing it against a flat surface like the sides

of a box. When one of the sides of the gauntlet was moulded, the process was repeated

for the other side. During this process it was important to take into account the opening

of the bottom of the metacarpal region so the gauntlet could fit.

Figure 5.18: Prosthesis’ components and needed tools for its assembly: 1. Matchsticks; 2.
Measuring tape; 3.Thread; 4. Needle; 5. Scissors; 6. Phillips head screwdriver; 7. Fine tip
tweezers; 8. Round nose plier; 9. Cutting plier; 10. Rings; 11. Fingers; 12. Metacarpal
region; 13. Thermo pins and caps; 14. Gauntlet; 15. Tensioner pins; 16. Tensioner block;
17. M3 screws; 18. Retention clip; 19. Guitar strings; 20. Adhesive foam; 21. Paper
moulds; 22. Grosgrain ribbons; 23. Velcro tape.
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Figure 5.19: Marks for moulding the gauntlet in hot water.

After moulding the gauntlet, the stump-prosthesis interface was covered with self-

adhesive foam. The foam was placed in three different main spots of the stump: on the

distal region, posterior region and laterally. The shape of the foam was first outlined

with a paper sheet. If the paper mould fitted the stump-prosthesis interface, then the

self-adhesive foam would be cut in that same shape and placed on the prosthesis. Figure

5.20 shows the stages of this process.

Figure 5.20: Stages of the placement of the self-adhesive foam: (a) transference of the
paper moulds to the adhesive foam; (b) cut of the adhesive foam; (c) placement of the ad-
hesive foam in the stump-prosthesis interface; (d) result of the placement of the different
pieces of adhesive foam.
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The next step was the assembly of the gauntlet to the metacarpal region. The two

thermo pins were inserted into the metacarpal region structure and then the gauntlet

was fitted in the outter side of these two pins. Finally, the two thermo pins caps were

introduced to fix the gauntlet. This process is shown in Figure 5.21.

Figure 5.21: Connection between the gauntlet and the metacarpal region structure: (a)
fitting of the thermo pins in the metacarpal region structure; (b) fitting of the gauntlet in
the thermo pins; (c) introduction of the wrist pin caps.

The tensioner system was the next component to be assembled, as it is exemplified

in Figure 5.22. Initially, the first tensioner pin was inserted in the tensioner block with

its hole facing up. Afterwards, it was screwed with M3 screws about half-way, using a

Phillips head screwdriver. The process was repeated for the remaining tensioner pins.

After all the tensioner pins were inserted and screwed to the tensioner block, the block

was slided into the gauntlet and fixed with the retention clip.

Figure 5.22: Assembly of the tensioner system: (a) insertion of the tensioner block in the
gauntlet after screwing the tensioner pins; (b) blocking of the tensioner block with the
retention clip.

The following stage was the assembly of the fingers. Before fitting them in the

metacarpal region structure, a 0.032 in (≈ 0.81 mm) nylon guitar string (correspond-

ing to a guitar’s second string) was passed through the wire’s holes of the fingers and
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then through the metacarpal region in distal-proximal direction. The string used for the

thumb had a quarter of the length (≈ 290 mm) of the original string. The string used for

the remaining fingers had a third of the length (≈ 380 mm) of the original string. When

the strings were inside the two structures, the fingers were fitted in the metacarpal region,

and the proximal extremities of the wires were tied to the tensioner pins. This process

is illustrated in Figure 5.23. During this process, a round nose plier was used to help to

pull the strings while tying the knots. When all the fingers were fitted and the strings

were tied to the tensioner pins, the PET-G rings were inserted into the distal extremity

of the strings and tied as close as possible to the finger. After tying the knots around the

rings, the rings were inserted in the chambers located in fingertips with the help of fine

tip tweezers. Finally, all the excess of string on both sides was cut off, as it can be seen in

Figure 5.24.

Figure 5.23: Assembly of the fingers: (a) insertion of the guitar string in the wire’s holes of
the fingers in distal-proximal direction; (b) insertion of the guitar string from the finger
into the metacarpal region; (c) fitting of the finger (thumb) in the metacarpal region; (d)
proximal extremity of the wire tied to the tensioner pin.
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Figure 5.24: Insertion of the PET-G rings: (a) rings tied to the strings near the finger; (b)
cut of the strings excess after tying and inserting all the rings into the fingertips chambers.

The last stage of the prosthesis’ assembly was the straps. The straps consist of two

Grosgrain ribbons and two pieces of adhesive Velcro tape. The dimensions of the ribbons

and tape are shown in Figure 5.25. After cutting the straps, their extremities were burned

with a matchstick, so that the straps did not shred. Before sewing the straps to the gaunt-

let, the Velcro tape was fixed, and the straps were ironed in order to increase adhesion.

During the ironing, the straps were protected by a towel, so the Velcro tape would not

melt. Figure 5.26 presents the process of burning the straps’ extremities and sewing.

Figure 5.25: Dimensions of the Grosgrain ribbons and Velcro tape.
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Figure 5.26: Assembly of the straps: (a) burning of the Grosgrain ribbons’ extremities; (b)
sewing of the straps to the gauntlet.

5.2.5.2 Second assembly mode

The second assembly mode was inspired in the Phoenix Hand v2 prosthesis, which uses

a whippletree system as tensioning mechanism. This mode of assembly was used on the

third prosthesis, which was designed with the aim of testing some of the concepts that

were developed in the course of this study, but did not work in the original developed

prosthesis. Despite the differences regarding the tensioning mechanism, some assembly

steps are equal for both modes. Figure 5.27 presents the needed materials and tools to

assembly this prosthesis.

Figure 5.27: Third prosthesis’ components and needed tools for its assembly: 1. Needle;
2. Thread; 3. Cutting plier; 4. Round nose plier; 5. Fine tip tweezers; 6. Phillips head
screwdriver; 7. Rings; 8. Fingers; 9. Metacarpal region; 10. Thermo pins and caps;
11. Gauntlet; 12. Whippletree, swivel pin and thumb tensioner pin; 13. Gripper box;
14. M2.5 screws; 15. Retention clip; 16. Guitar strings; 17. Velcro tape; 18. Grosgrain
ribbons; 19. Adhesive foam.
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The first step was the insertion of the wrist pins. The thermo pins of this prosthesis

present some differences when compared with the ones of the original prosthesis. These

pins had to be inserted from the inside of the stump-prosthesis interface and were de-

signed differently, since the metacarpal region structure was not flexible and their fitting

system had to be modified. Figure 5.28 presents the design of the metacarpal region of

this prosthesis as well as its pins and Figure 5.29 presents their assembly. After assem-

bling the thermo pins, the adhesive foam was placed and the gauntlet was connected to

metacarpal region structure.

Figure 5.28: Design of the metacarpal region and thermo pins of the third prosthesis: the
sectional cut shows the absence of the chamber that mimics metacarpophalangeal joints.

Figure 5.29: Fitting of the pins in the metacarpal region of the third prosthesis: (a) the
pins are fitted from the inside of the stump-prosthesis interface in the counterbored holes;
(b) thermo pins after being fitted in the metacarpal region.

The fingers’ assembly was also different, as they are connected with each other through

the whippletree system. The index is connected to the little finger and the middle finger

is connected to ring finger by the same guitar strings. The used strings had a half of the
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length (≈ 580 mm) of the original string. The thumb was not connected to any finger.

Therefore, the length of the string used to operate the thumb remained the same (≈ 290

mm) as well as their assembly process. For the remaining ones, the strings were inserted

in one of the fingers in distal-proximal order, passed through the metacarpal region and

through the whippletree. Then, the inverse path was made and the connection to the other

finger was made in proximal-distal order and then inserted in the other finger. The string

of the pair index-little fingers was passed through the external holes of the whippletree

component and the string of the pair middle-ring was passed through the internal holes.

After connecting each pair of fingers, the fingers were fitted in the metacarpal region

structure. Figure 5.30 illustrates the stages of the process of connecting the metacarpal

region to the fingers.

Figure 5.30: Connection of the fingers to the metacarpal region: (a) the strings connect
the fingers (except for the thumb) and are inserted in distal-proximal order, then pass
through the whippletree holes and are then inserted by doing the inverse path; (b) the
fingers are fitted in the metacarpal region after being connected; (c) the index connects
to the little finger and the string passes through the whippletree external hole, while the
middle connects to the ring finger and the string passes through the inner hole.

When all the fingers were fitted, the gripper box was slipped into the gauntlet and the

whippletree component was placed inside the gripper box along with the swivel pin, as

indicated in Figure 5.31. Then, the gripper box was slided as forward as it could go and

the swivel pin was fixed with two M2.5 screws. After fixing the swivel pin, the retention

clip was placed. Once it moves independently, the thumb was tied to tensioner pin and

the pin was fixed with other M2.5 screw. Then, the rings were inserted in the distal

extremities of the strings and tied to them. The rings were introduced in the fingertips’
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chambers and the excess of wire was cut off. Finally, the straps were assembled.

Figure 5.31: Assembly of the tensioning system of the third prosthesis: (a) fixing the
swivel pin with screws to the gripper box after placing the whippletree and the swivel
pin inside the gripper box; (b) tying of the thumb to the tensioner pin.

5.2.6 Prosthesis evaluation

The evaluation of the prostheses was made after the assembly of the three devices. The

three devices were evaluated in terms of functionality and cosmetic appearance. The

development costs, the total of printing time and their weights were also assessed.

In addition, the resulting prostheses were presented to the child and his family. In

order to measure their level of satisfaction, a survey with the System Usability Scale

(SUS) was used. This tool allows to measure the usability of a wide variety of products

or services. It is composed by ten questions with five response options that goes from

“Strongly agree” to “Strongly disagree”, which correspond to 5 and 1 scores, respectively.

These responses were then converted to a score calculated according to the equations 5.1,

5.2 and 5.1, in which xy is the score of the question y. The score’s scale ranges from 0 to

100 and a score above 68 is considered to be above average [93, 94].

a =
5∑
i=1

x2i−1 − 5 (5.1)

b = 25−
5∑
i=1

x2i (5.2)

SUSscore = (a+ b)× 2.5 (5.3)

Besides the standard questions that compose the SUS, ten additional questions were

also developed. These questions follow the logic of the SUS questions and are specific to
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the developed prostheses in this study. Since this second questionary is similar in terms of

positive and negative connotation to the SUS questions, this questionnaire was evaluated

using the same formulas. Appendix H presents the survey that was presented to child’s

family.
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Results and Discussion

Developing prosthetic devices that meet the basic user’s needs has been challenging. AM

have emerged as the solution of some of the main problems of the prosthetic field since

it leads to more affordable, lighter and customisable devices. This study aims to present

the development of a 3D-printed body powered for a four-year-old child that meets his

essential needs while being aesthetically pleasing. During this study, several attempts

were made to achieve a high level of functionality and anthropomorphism. This chapter

presents and discusses the results of the development process of this prosthesis, in which

the several prototypes and created concepts are analysed. Some suggestions for further

improvements are also presented.

6.1 Anatomical and Functional Features Assessment

The procedures used to assess the anatomical features of both the child’s limbs were

chosen in order to meet one of the main goals of this study: a high level of customisation.

Capturing the anatomical features is crucial to develop customised prosthetic devices

and may be the key to reduce the rejection rate of these devices, especially in younger

ages. However, there is a lack of procedures to customise these devices. Over time,

Plaster of Paris has been used for socket customisation. However, more recent methods

as 3D scanning allied to AM have been the key to develop customised prostheses with

a reduction of production costs, time and intermediary steps [17]. Thus, assessing these

features was essential for the course of this study. The chosen methods were simple

measurements and body casting. The usage of more than one method, due to their

redundancy, allowed to reduce to a minimum the need for additional data collection

sessions during the prosthesis’ development.

The family and the child were actively involved during the whole procedure. Some-

how, the parents are users too and sometimes they want the prosthesis more than the

child. The procedures took place at the child’s home, which helped him to be more confi-

dent. Before performing any procedure, the first step was to give the child’s confidence.

Therefore, some finger’s prototypes (already in study at the time) were presented to the
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child so he could understand what was happening.

All the questions from the initial data collection form were answered by the child’s

mother. Both the wrist and elbow joints of the child were functional and able to do the

flexion and rotation movements. Using scissors was the most difficult task for the child.

However, the child was able to perform all his daily living activities without the help of

a prosthesis, including using cutlery to eat. Regarding prosthesis use and prescription,

the child had just had contact with the Unlimbited Phoenix Hand model from e-NABLE
platform [95], provided by the Patient Innovation’s program [83]. The prosthesis was

delivered in February 2019, almost a year and half before this study’s measurement

session.

6.1.1 Measurements

Unlike the measurements and photos from the e-NABLE guide [9], which are used to size

the prosthesis model before printing, the main procedure to assess both limbs’ extremities

anatomy was body casting. Thus, the measurements and photos taken within the scope

of the defined protocol were performed solely as auxiliary data. Table 6.1 presents the

measurements made to both limbs of the child. Figure 6.1 presents the photos that were

taken during the first procedure.

Table 6.1: Results of the measures of both upper limbs of the child (cm).

Measurements
Identification

1st Measurement 2nd Measurement 3rd Measurement Mean

A 16.0 15.8 15.9 15.9
B 9.3 9.2 9.3 9.3
C 6.0 6.2 6.0 6.1
D 7.8 8.1 8.1 8.0
E 19.2 19.0 19.2 19.1
F 18.1 18.2 18.3 18.2
G 13.2 13.3 13.2 13.2
H 18.9 18.8 19.0 18.9
I 17.0 17.2 17.1 17.1
J 11.1 11.2 11.2 11.2
K 17.1 17.1 16.9 17.0

Unfortunately, at the time of the procedure, the child was only capable of reproducing

one of the three photos (Figure 6.1a). Thus, this episode ended up influencing the follow-

ing procedures as the child got frustrated with the situation. However, this procedure was

later performed by the child’s mother so the child could reproduce the photos without

any pressure from strangers. The results are displayed in Figure 6.1b-c.
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Figure 6.1: Results of the positions’ reproduction: the pictures displayed above are the
reproduction of the ones displayed below; (a) first position; (b) second position; (c) third
position.

6.1.2 Body casting

The casting of the sound hand and stump were used in order to have replicas that could

be scanned instead of exposing the child to a long-time consuming procedure that would

probably result in damaged data due to involuntary movements of the child [17]. More-

over, having a replica of the child limbs avoided further meetings with the child, since

additional measurements that were not taken in sequence of this protocol could have been

done without the child being present. However, more than one attempt was necessary to

obtain a replica of the sound hand.

The first alginate solution did not solidify. Hence, instead of having a vertical impres-

sion, the body casting had to be made with the sound hand placed horizontally. One day

after, the plaster was removed from the alginate. However, the replica of the sound hand

was broken. The high ambient temperatures at the time and the car trip were the likely

reasons for the plaster to break as previous experiments had worked well.

A second attempt was made and cold water was used to retard the alginate solidifi-

cation. Nevertheless, the child’s emotional state and the water’s temperature hindered

the sound’s hands impression as it was difficult to maintain the child quiet. This time,

more than one replica was made to avoid repeating the procedure. Although the alginate

and the plaster were kept in a fresh environment during the solidification process, the

replicas broke once more. This revealed that the fragile character of the fingers was the

reason for the replicas to break as they could not stand the alginate’s weight.
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Finally, a third and last attempt was made due to the persistence of the child’s mother.

The intention was to replicate the fingers only. Without pressure from strangers it was

possible to replicate the whole hand. However, during the sanding process, some fingers

broke. Nonetheless, it was possible to join them by using nail polish to seal up the surface

and then glue them together. After drying, the defects in the broken area were filled

with more plaster and sanded once more. Figure 6.2 presents the results from the three

attempts of the body casting procedure that were not successful, and Figure 6.3 presents

the replicas that were scanned. As can be appreciated from Figure 6.3, the final results

were very good despite the tumultuous process.

Figure 6.2: Body casting failures: (a) first body casting attempt with two broken fingers
and presence of air bubbles; (b) second body casting attempt where it was made more
than one replica. Both present air bubbles, broken fingers and poor quality; (c) third body
casting attempt made by the child’s mother with broken fingers.

Figure 6.3: Upper limb’s extremities of the child replicas made with plaster: (a) left ex-
tremity. The left limb has a transverse metacarpal total deficiency resulting from amniotic
band syndrome; (b) posterior (left) and anterior (right) views of the right sound hand.
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During the development of the protocol to assess the child’s anatomical features, pho-

togrammetry was also studied as a potential procedure to assess the anatomical features

of the child’s upper limbs. Photogrammetry is a technique used to reconstruct 3D objects

from bidimensional images based on different perspectives [96]. However, in order to

have a full reconstruction of the child’s limbs, it would be necessary that the child did not

move his limbs while the photos were being taken. This is impossible, even for an adult.

The solution was to use a transparent platform where the child could rest his upper limbs,

such as a glass or an acrylic board. Therefore, it would be possible to take pictures around

the limbs from different perspectives. Nevertheless, when testing this possibility with an

adult, the solution ended up failing as the photogrammetry software, 3DF Zephyr [97],

could not reconstruct the photographed object due to the reflex of the glass.

Furthermore, this procedure would have been too much for the child if it had been

added to the protocol. Although the chosen procedures were not harmful to the child, it is

extremely complicated to predict what will be a child’s behaviour during any procedure.

At first, the body casting was expected to be appealing for the child due to the colour and

consistence of the alginate’s solution, but it was still a stressful activity.

Despite the setbacks during the protocol, this protocol can be reproduced with other

patients with similar disorders for future work. For this study, the body casting and

the measurements would have been enough and there was no need to photograph the

child’s limbs. Nevertheless, a solution to perform all the procedures would be to perform

different procedures in different days. However, this solution may be dependent on the

child and family’s will.

6.2 3D Scanning

3D scanning was the chosen method to obtain a computer readable representation of the

plaster replicas of the child’s upper limbs extremities. Figure 6.4 shows the accuracy of

the representations resulting from the 3D scanning. This accuracy would not be probably

obtained if the scan was performed over the upper limbs of the child rather than on the

plaster replicas.

Although three attempts were needed until a replica of the whole sound hand was

obtained, the body casting is more advantageous than directly scanning the child’s limbs.

While the quality of the 3D scanning a body part can be compromised with the patients’

movement, the 3D scanning of an object does not have this problem.

In addition, the usage of alginate and plaster is suitable, given their biocompatibil-

ity and biodegradability. Alginate is biocompatible and biodegradable and has several

biomedical applications such as wound healing, drug delivery and tissue engineering

[98]. Plaster of Paris, also known as calcium sulphate, has been used for bone grafting

due to its properties, including biocompatibility and biodegradability [99]. Thus, body

casting followed by 3D scanning is a safer procedure that leads to better results than the

ones resulting from 3D scanning applied directly to the patient.
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Figure 6.4: Comparison between the plaster replicas (above) and .stl files resulting from
the 3D scanning procedure (below): (a) left upper limb’s extremity; (b) posterior view of
the right sound hand; (c) anterior view of the right sound hand.

6.3 Prosthesis Design

The prosthesis’ design was made considering the DfAM principles, aiming to achieve the

best printing results.

The “Design for orientation” principle was a major concern as the printing position

was always considered during the design process. Before designing any component, the

printing positions were defined beforehand, since different printing positions result in

different mechanical and aesthetical properties. Once defined the printing position, it was

possible to consider the other DfAM principles. The “Minimize complications” principle

was followed whenever possible and support structures were avoided by using overhang

angles higher than 45º from the horizontal.

The entire device has a contour design in which the thickness of the walls of the

components that compose the prosthesis are a multiple of the extrusion width and height.

The prosthesis’ design was divided in three stages: the fingers, the metacarpal region

and the wrist. Therefore, the prosthesis is composed by different components that connect

with each other. By being composed by different components, the prosthesis and the

printing process are simplified, following the “Segment and bond parts” principle. This

segmentation also allows to satisfy one of the user’s needs that are required for children:
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the easy replacement if anything breaks or if new components are needed due to child’s

growth. Moreover, the segmentation allows the simplification of the assembly process

since the prosthesis’ design follows the fifth DfAM principle by being composed by other

components that are not 3D printed.

In order to divide the prosthesis’s design in stages, the replica of the sound hand had

to be segmented in two parts: the fingers and the metacarpal region, so each part could

be modified individually. Before this segmentation, the .stl file had to be changed, from

mesh to body representation. However, Fusion 360 [80] cannot follow this command for

mesh files with a high number of faces. Thus, the number of faces was reduced from 419

190 to 10 000 faces. Figure 6.5 shows the mesh representations before (Figure 6.5a) and

after (Figure 6.5b) the reduction operation, in which no significant differences in terms

of anatomical features can be seen.

Figure 6.5: Number of faces reduction process: (a) before reduction operation; (b) after
reduction operation.

6.3.1 Fingers design

The fingers were the first components to be addressed since there were previous studies

about 3D-printed body powered prostheses with fingers made of Filaflex [30]. The design

of the index was the first to be studied as it would be used as a reference for the remaining

fingers, except for the thumb. Therefore, several prototypes were made in order to achieve

the best functionality possible.

6.3.1.1 First prototypes

Before assessing the anatomical features of the child, the design of the index finger was

already being studied. A 23-year-old female finger was casted and 3D scanned. Therefore,

the finger mechanisms could be studied even though there was no anatomical information

about the child. Moreover, besides allowing the development of several prototypes for
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the fingers, the casting and the 3D scanning of the plaster replica of the female finger

were used as a test for the methodology used in the anatomical features’ assessment.

The fingers designed by F. Pinheiro had air chambers that ensure that they bend

properly [30]. This mechanism was implemented in the designed fingers of this study but

underwent some modifications. F. Pinheiro suggested an opening angle for the chambers

of 60º for the index finger. However, F. Pinheiro’s prosthesis was not conveived for a

child. Furthermore, the depth of the chamber was a concrete value that was not suitable

for this study. Therefore, the first prototype was designed with air chambers with a 60º

opening angle and a depth of 90% of the transversal section length where the chamber’s

vertex is inserted. Besides the air chambers, these prototypes also have three cylinders

that simulate the phalanges. Figure 6.6 shows the female finger plaster replica, as well as

its 3D scanning resulting presentation and the last prototype made from the replica of

the female’s finger. Although these first prototypes were far from the final design, they

end up being very useful as a mean to gain the child’s trust during the assessment of his

anatomical features and to explain the purpose of the whole session.

Figure 6.6: First prototypes of the index finger designed based on an adult female finger:
(a) plaster replica of the index finger; (b) 3D scanning of the plaster replica result; (c)
exterior design of the last prototype; (d) inner mechanism of the last prototype (cut along
the sagittal plane, chambers with 90% depth and a opening angle of 60º).

6.3.1.2 Second prototypes

The aim of this study was to develop a 3D printed body-powered prosthesis for a four-

year-old child, unlike the prosthesis from the study of F. Pinheiro [30], which designed a

prosthesis for an adult. Consequently, his suggested values for the air chambers were not
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suitable for the present study.

Therefore, it was necessary to investigate which were the values that would give the

fingers the best functionality. The reference value for the opening angle of the chambers

was 60°, which was suggested by F. Pinheiro [30]. The remaining tested values were a

variation of ±5°. The reference value for the chambers’ depth was 90% of the transversal

section length where the chamber’s vertex was inserted, which was previously used in

the first prototype. However, this value was the highest depth value that was tested. The

other two tested depth values were 80% and 85%. Altogether nine models were designed,

which consisted of the resulting combinations of these values (55°, 60°, 65° and 80%, 85%,

90%). Figure 6.7 presents the external design of these models.

Figure 6.7: External design of the second prototypes: these prototypes all present the
same external appearance and differ only internally.

Figure 6.8 presents the inner mechanisms of the nine designed models, that only differ

internally in the chambers’ design.

Regarding the design of these prototypes, there are only a few differences when com-

pared with the previous one. Besides the original fingers being replicas from different

people, the design of the distal and proximal cylinders that mimic the phalanges and the

ring chamber are different as it is illustrated in Figure 6.9.
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Figure 6.8: Inner design of the second prototypes (cut along the sagittal plane): these
models are externally equal but the chambers that mimic the interphalangeal joints have
different opening angles and depth. These models were designed in order to evaluate
which were the values of opening angles and depth that would lead to a better perfor-
mance when flexed.
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Figure 6.9: Comparison between the inner mechanisms of the first (a) and second (b)
prototypes (cut along the sagittal plane, chambers with 90% depth and a opening angle
of 60º).

The second prototypes are composed by two cylinders, simulating the middle and

proximal phalanges, and a third cylinder, which corresponds to the distal phalanx, with a

diagonal cut at the top that is connected to the ring chamber. On the other hand, the first

prototype has two cylinders (the distal and proximal phalanges) with diagonal cuts that

follow the chambers design, and the distal cylinder is not connected to the ring chamber.

These differences are related with the printing methods. The first prototype was

developed to be printed in a dual extruder printer, a Li3Dei Dual printer, a modified

Wanhao duplicator 4s [100], in which the phalanges components would be printed with

PLA and the remaining finger with Filaflex. However, there were several issues with

this printer, most notably overlaps between PLA and Filaflex, and poor Filaflex quality.

Thus, the printer was replaced by The Original Prusa i3 MK3S+, a single extruder printer

by ©Prusa Research [62]. In order to work around the problem of printing the models

composed by two different materials in a single extruder printer, a start-stop system

was developed. The inner components printed with PLA were previously printed and

during the printing with Filaflex, the printing was paused and the PLA components

were inserted. Therefore, some of the PLA components could not be cut diagonally as

it would not be possible to insert these components without compromising the printing.

Nevertheless, the distal cylinder was the only component that could have a diagonal

cut without compromising the printing due to the ring chamber’s shape. This cut was

added in order to help the flexion of the finger. By adding this cut, it is ensured that

the force applied by the strings do not have only a vertical component that causes the

fingers compression, but also a horizontal component that creates a moment and causes
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the finger to bend. Figure 6.10 illustrates the location of the pausing layers of the start-

stop method used to print the second prototypes. However, this method had its own set

of issues. Thus, the fingers ended up being printed using only Filaflex with different infill

percentages to mimic different soft and hard components.

Figure 6.10: Location of the pausing layers of the start-stop method (cut along the sagittal
plane, chambers with 90% depth and a opening angle of 60º).

In order to assess the best combination of values, these fingers were submitted to pull

tests. However, even though air chambers were implemented in these fingers, due to their

straight form, it was necessary to apply very high forces to bend the finger. When these

forces, higher than 25 N, were applied by pulling the guitar string manually, none of the

fingers bended. Moreover, for the purpose of this study, the forces applied correspond

to the force necessary to bend only one finger, which would be unfeasible for a child.

Hence, these fingers could not be tested by using pull tests and would not work only with

the child’s wrist flexion. Further improvements needed to be made in the design so the

fingers could bend properly.

However, although it was not possible to evaluate these fingers through pull tests, it

was noticed that fingers with bigger chambers were easier to bend. These chambers would

correspond to higher values of the opening angles and depth. This difference is illustrated

in Figure 6.11 where the fingers with the smaller (55º, 80%) and bigger chambers (65º,

90%) are compared. These results were expected, as the fingers with bigger chambers

contain less material that opposes the bending motion, in opposition to the fingers with

smaller chambers.

72



6.3. PROSTHESIS DESIGN

Figure 6.11: Parallelism between flexing an index model with smaller chambers and
bigger chambers: (a) smaller chambers (55º, 80%); (b) bigger chambers (65º, 90%).

6.3.1.3 Third prototype

In view of the results that were previously obtained with the second set of prototypes,

one of the possible culprits for the high forces that were needed to bend the fingers was

their small size. Although bigger chambers had revealed better results, the size of the

fingers could be the reason why such high forces were needed to bend them. Therefore,

the previously designed model with an opening angle of 60° and 90% depth was scaled

to 140%. However, the size increasing revealed worse results when bending the finger

as it can be seen in Figure 6.12. Since the width of the walls is the same for the different

models, as the size of the model increases, the ratio between the amount of printing walls

and infill decreases. Thus, it is easier to bend a bigger model as the walls are denser

than the infill. Unfortunately, the bending of the finger is not done correctly. Figure 6.13

presents the slicing of the bigger model and the original one, in which it can be seen the

differences in area between the walls and infill for both models.
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Figure 6.12: Flexion of the third prototype: this index model was scaled to 140% in order
to evaluate if the size of the models had some influence in their performance. However,
it revealed worse results, especially in the middle phalanx area.

Figure 6.13: Slicing of the of the original second prototype and its replica scaled to 140%:
(a) original model; (b) scaled model. The amount of infill is higher in the scaled model,
which facilitates its flexion.
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6.3.1.4 Fourth prototype

Considering the results of the second and third prototypes, it was verified that bigger

chambers led to better results and that increasing the size of the fingers would not im-

prove the functionality of the fingers. Therefore, no sizing change was made, and the

nine combinations of testing values were reduced to three as only the higher depth (90%

of the transversal section length) was evaluated.

The three designed models had a similar structure and the only difference between

each other was their chambers with different opening angles (55°, 60°, 65°). Regarding

the previous prototypes, the main difference is the position of the wire hole and the

changes that were performed in the cylinders that mimic the phalanges. The wire hole

was moved to a more anterior location and the phalanges were not mimicked by only

one cylinder but by two cylinders connected with each other, so the wire hole could pass

through them. The new location of the wire’s hole favoured the flexion of the finger since

there is less material opposing the movement. Figure 6.14 compares the design of the

second and fourth prototypes.

Figure 6.14: Comparison between the second (a) and fourth (b) prototypes (chambers
with 90% depth and a opening angle of 60º): cut along the sagittal plane of the index
finger and shape of the designed phalanges. The structures that mimic the phalanges
were modified due to the displacement of the wire’s hole to a more anterior location.

Moreover, in the design of these three models, the components that simulate the

phalanges have diagonal cuts that follow the chambers’ shape as the fingers were printed

with Filaflex only. However, these modifications did not present significant changes in

the fingers’ functionality when flexed manually.
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6.3.1.5 Fifth prototype

One of the main goals of this study was to develop a highly customised prosthesis. Hence,

it was important to preserve as much as possible the anatomical features of the child’s

sound hand. However, when analysing the fingers designed by F. Pinheiro [30], the

main difference between them and the first prototypes developed in this study was the

curvature of the fingers. Besides giving a more natural look, this curvature helps in the

flexion of the finger as the part of the movement is already done, and gives the prosthetic

hand a functional position. Therefore, in order to improve the functionality of the fingers,

a soft curvature was added to the designed fingers.

The flexion angles of the distal and proximal interphalangeal joints of each finger were

defined according to a study that determined the extension and flexion angles of resting

fingers in terms of forearm posture and shoulder flexion [89]. During the development of

this prototype, it was considered the minimum value possible for the considered posture,

i.e., the mean value minus the standard deviation value (M – SD) for both interphalangeal

joints. For the index finger, these values correspond to 18° (26 – 8) for the proximal

interphalangeal joint and 5° (10 – 5) for the distal interphalangeal joint.

In this case, only one prototype was designed in order to avoid more waste of material.

The designed prototype had chambers with an opening angle of 60° and is presented

in Figure 6.15. The structures that simulate the phalanges are similar to the previously

designed in the fourth design. However, due to the finger’s curvature, only the proximal

structure is composed by one cylinder, as the string could not pass through the other two

cylinders without an extra structure.

Figure 6.15: Design of the fifth prototype (chambers with 90% depth and a opening angle
of 60º): (a) external design; (b) inner design, cut along the sagittal plane of the index
finger and shape of the designed phalanges (right).

76



6.3. PROSTHESIS DESIGN

This design revealed to have a better functionality. However, the performance of the

distal interphalangeal joint was not the desired one since the flexion of the finger was

mainly focused in the proximal interphalangeal joint.

6.3.1.6 Sixth prototype

Notwithstanding the upgrades of the fifth prototype, it was necessary to make some

improvements. Despite the finger’s curvature, the flexion angle of the distal interpha-

langeal joint was not significative. Therefore, the curvature of the finger was intensified

by increasing the flexion angle of the distal interphalangeal joint.

The first choice would be increasing the angle to the mean value suggested by K. Lee

and M. Jung’s study [89]. However, the difference would probably not be significant as

the difference would be only 5°, the equivalent of the standard deviation. Hence, the

chosen angle was the mean value plus the standard deviation (M + SD), which leads to a

greater difference. For the index finger, this angle corresponds to 15°.

Figure 6.16 shows the difference between the fifth and sixth prototypes. Besides the

flexion angle of the distal interphalangeal joint, there are no relevant design differences,

except for the phalanges structures which were adapted to the present design.

Figure 6.16: Comparison between the fifth (a) and sixth (b) prototypes (chambers with
90% depth and a opening angle of 60º): cut along the sagittal plane of the index finger
and shape of the designed phalanges.

The increasing of the flexion angle of the distal interphalangeal joint revealed satisfac-

tory results as flexing the finger became easier. However, there was still some resistance

while bending the finger. Once more, three similar fingers were designed with different

chambers’ opening angles, but the flexing resistance was similar for the three models.

This resistance could be related with the location of the wire’s hole.
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6.3.1.7 Seventh prototype

Considering the previous prototype, the main goal of this prototype was to relocate the

wire’s hole, especially the proximal extremity.

The proximal extremity of the wire’s hole was moved from 0.5L of the bottom surface

of the index finger from the anterior region of the finger to 0.2L. Therefore, there is less

material opposing the movement. By moving the wire’s hole to a more anterior location,

the components that simulate the phalanges became independent of the wire’s hole.

One of the possible causes for the high difficulty in bending the finger could be the

greater amount of walls resulting from the phalanges components. When these compo-

nents are connected to the wire’s hole as in the previous prototype, the ratio between

the amount of walls and infill increases and it is harder to flex the finger. Thus, this

segregation promotes the flexion of the finger.

Besides the wire’s hole relocation and the segregation between this hole and the pha-

langes components, the shape of the phalanges was also curved in order to help the finger

bending.

The combination of these features resulted in a high level of functionality. Given these

results, this prototype was selected as the final model. Figure 6.17 shows the design of

the seventh prototype, which was used as model for the remaining fingers. Thus, three

similar models with different opening angles were designed and were submitted to pull

tests in order to assess which values should be applied. The results of these tests are

displayed in Figure 6.18. The opening angle of the final model was 60° since this value

led to lower tensioning forces that resulted in a greater displacement, revealing that is

easier to bend this model.

Figure 6.17: Inner design of the seventh prototype (chambers with 90% depth and a
opening angle of 60º): cut along the sagittal plane of the index finger and shape of the
designed phalanges (right).
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Figure 6.18: Results of the pull tests used to select the opening angles of the chambers.

6.3.1.8 Other prototypes

Despite the good results of the seventh prototype, two more tests were run in order

to assess if additional modifications had a positive outcome in the functionality of the

fingers. All modifications were made over the seventh prototype.

The first test was the elimination of the phalanges’ components. Eliminating these

structures decreases the number of printing walls, which are harder to flex. However,

this modification did not improve the functionality as the finger did not bend correctly.

Figure 6.19 shows the design of this prototype and Figure 6.20 illustrates the incorrect

flexing of this prototype.

Figure 6.19: Design resulting from removing the phalanges structures (cut along the
sagittal plane, chambers with 90% depth and a opening angle of 60º).
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Figure 6.20: Flexing of the finger prototype with no phalanges: this index model was
designed without phalanges to evaluate if the reduction of printing walls would influence
their performance. However, it revealed worse results, especially in the middle phalanx
area.

The second modification was the thickening of the chambers’ external wall in order to

have no more than one layer separating the interior of the chamber from the exterior. Two

tests were made, one with a wall thickness of 0.6 mm and other with 0.3 mm. The original

thickness of the seventh prototype was 0.9 mm, which equals to the width of two printing

layers. Figure 6.21 compares the seventh prototype with these prototypes. However,

these modifications did not improve the fingers as they compromised the printing quality

as it can be seen in Figure 6.22.

Figure 6.21: Comparison of the inner design of the seventh prototypes and the models
with thicker chambers’ walls (cut along the sagittal plane of the index finger, chambers
with 60° and 90% depth): (a) seventh prototype with 0.9 mm wall thickness; (b) seventh
prototype with 0.6 mm wall thickness; (c) seventh prototype with 0.3 mm wall thickness.
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Figure 6.22: Printing results of the finger prototypes with thinner chambers’ external
walls: seventh prototypes with 0.6 mm (left) and with 0.3 mm wall thickness (right).

6.3.1.9 Phalanges design

In the first three prototypes that were designed, the diameter of the components that

simulate the phalanges had random values of diameter, that were chosen considering the

printing layers width. The proximal phalanx was the bigger one and the distal phalanx

the smaller one.

However, in order to apply the same method for all the different fingers, the pha-

langes’ diameter was defined by crossing the information of two different studies: F. P. A.

Buryanov and V. Kotiuk study [90] as well as Schulter-Ellis and G. T. Lazar study [91].

Both studies present similar samples, composed by individuals of both genders from 19

to 78 years old [90, 91].

Ten measurements to the projection of the midshaft width of each phalanx were made

in order to decrease the measurement error. The considered value was the mean of these

ten measurements. Then, this value was crossed with the values from the F. P. Schulter-

Ellis and G. T. Lazar’s study [91].

After these values were validated, the diameter of each phalanx was scaled to 63%.

This value results from the ratio between the length of the child and a 23 year-old female’s

index fingers. This method was considered valid as the female could fit in the studies’

samples and both genders are included. Moreover, since children grow at different rates,

there are no studies performed in children. Therefore, for the present purpose, which is

to define the size of the structures that mimic the child’s phalanges this could be a good

method, as the main goal is to provide a sense of touch similar to a human hand.
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6.3.1.10 Fitting mechanism

The aim of the fitting mechanism is to fix the fingers to the metacarpal region. The

assembly must be simple, so the fingers could be easily fixed or removed in case anything

broke or need replacement. However, the fingers must have a system that prevents the

separation of the fingers from the metacarpal region when the prosthesis is being actuated.

This mechanism was only designed after the distal region of the metacarpal region was

finished.

The first attempt consisted of an extension of the finger’s bottom extremity that was

inspired in the mechanism from F. Pinheiro study [30], in which a small protrusion

enables the fingers to be fixed, but prevents the finger to be easily removed during the

prosthesis’ actuation. Moreover, a square blind hole was added to the finger’s bottom

extremity in order to block the rotation movement of the finger. However, this mechanism

did not work since the dimensions of the protrusions would lead to a high distance

between the fingers. Thus, the hand’s anthropomorphism of the prosthesis would be

compromised. Figure 6.23 displays the first prototype of the finger’s fitting mechanism.

Figure 6.23: First prototype of the fitting mechanism with the different transversal sec-
tions of the segments that compose this fitting mechanism.

The second attempt was very similar to the final design, which is composed by three

different parts. In distal-proximal order, the first segment is an extension of the fingers’

base. The second segment have a diamond shape and the third segment is a cylindrical

body. The second segment is smaller and the bottom edges of the third segment were

rounded. Nevertheless, after testing this mechanism with a small cube simulating the

fitting hole of the metacarpal region, the finger did not fit due to the shape of the third

segment that was too big to pass through the second segment of the hole. Figure 6.24

shows the second prototype of the fitting mechanism and Figure 6.25 shows the cube that

82



6.3. PROSTHESIS DESIGN

simulated the fitting hole of the metacarpal region.

Figure 6.24: Second prototype of the fitting mechanism with the different transversal
sections of the segments that compose this fitting mechanism.

Figure 6.25: Test cube to simulate the second prototype of the fitting hole of the
metacarpal region: (a) test cube; (b) test cube with a cut along the sagittal plane of the
finger.

The third and last attempt (displayed in Figure 5.7) was an improvement of the second.

The only difference is the shape of the third segment. In this model, the third segment has

also a diamond shape, but with the bottom edges rounded. The same cube test was ran

and the finger was easily fixed. As desired, the removal offered some resistance, which is

needed during the actuation of the prosthesis but sufficiently simple if for any reason the

fingers need to be removed.
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6.3.1.11 Fingers design overview

The design of index finger suffered several modifications until it achieved the final design,

which was used as model for the remaining fingers. The thumb presents some differences,

and its design process was different from the others fingers due to its different morphology.

During the thumb’s design, some difficulties were felt due to its different location and

anatomical features. However, the chosen methodology and the respective values have

shown great results for all the five fingers.

Despite all the operations that were made, the fingers have shown a high level of

anthropomorphism and the anatomical features of the child’s fingers were preserved and

not compromised. Thus, notwithstanding all the prototypes that were made, the final

methodology could be easily applied to other children’s fingers in order to design highly

customised prostheses, increasing their long-term adhesion.

6.3.2 Metacarpal region design

In addition to the cosmetic appearance, one of the main goals of this study was to improve

the functionality of the existing 3D-printing body-powered upper limb prostheses. The

majority of these prostheses only perform power grasping [10] without adapting to the

shape of the object. Nevertheless, some 3D-printed prostheses have mechanisms that

enable the prosthetic hands to adapt to the object shape while grabbing it.

The Nazree’s Prosthetic Hand is one of these examples, whereby it was the main inspira-

tion to design the metacarpal region of the present prosthesis. Figure 6.26 shows the first

draft of the metacarpal region, which was also composed by three segments and would

be composed by an inner whippletree mechanism. The main goal was to have different

components made with different materials, PLA and Filaflex. Thus, this structure could

be printed using the start-stop method or segmented in different components that would

be assembled later. However, due to the high level of customisation that was desired, es-

pecially regarding to the size of printed hand, including all these mechanisms as well as

creating space so the child could place the stump would be difficult. Therefore, in order

to simplify the metacarpal region design, the first approach was to design a minimum

viable product (MVP), in which the whippletree would be external as in the Phoenix Hand
v2.

During the development of the metacarpal region, different prototypes were designed.

Moreover, in order to avoid material waste since it was a bigger component, some of the

tests were made by only printing a portion of the metacarpal region structure. Unlike the

fingers, this structure was built from scratch.
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Figure 6.26: First draft of the metacarpal region structure, inspired in the Nazree’s Pros-
thetic Hand: (a) inner mechanisms. Segments 1 to 3 would be articulated to simulate
the motion of the metacarpal region while gripping; (b) printing scheme. This structure
would be printed by using the start-stop method. The PLA parts, namely the segments 1
to 3, would be printed previously and then inserted in a Filaflex shell during its printing.

6.3.2.1 First prototype

The first prototype was the simplest and presented a poor level of anthropomorphism,

with some sharp edges. From the frontal plane perspective, there are some similarities

with the child’s hand shape. However, from a sagittal perspective, the volume of the

metacarpal region is higher than desired. This higher volume was caused by the stump-

prosthesis interface. The distal surface of the metacarpal region has an unevenness for

placing the little finger, so its distal phalanx could be at the level of the middle phalanx

of the ring finger as in a human hand. The fingers are separated from each other by 0.9

mm, the equivalent to the width of two printing layers. Moreover, this prototype also

contains a single 30° chamber that simulates the metacarpophalangeal joints. Designing

a single chamber allowed to simplify the prototype without compromising its motion as

during the performance of a power grasp, even if adapted to the object, in general, these

joints move equally. Additionally, a more rigid structure was designed with the aim to

help the flexion of the metacarpal region. This structure was used as an infill modifier.

Figure 6.27 presents the external and internal design of this prototype.
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Figure 6.27: Design of the first prototype of the metacarpal region: (a) external design;
(b) inner design, cut along the sagittal plane of the metacarpal region.

Although this prototype had been entirely designed, only a portion was printed in

order to test the chamber. However, the results were not good due to the shape of the

hand. When the printed model was flexed, the excess of material went outside instead of

going inside, as it can be seen in Figure 6.28. This happened because the most proximal

volume is higher than distally. Since it consists of a testing model, no supports were

removed, and the printing quality had no special relevance.

Figure 6.28: Flexion of the first prototype of the metacarpal region: in order to avoid
more material waste, only part of the prototype was printed.

86



6.3. PROSTHESIS DESIGN

6.3.2.2 Second and third prototype

The second and third prototypes are very similar to each other. However, they present

large differences from the first prototype, especially regarding the anthropomorphism

level.

Unlike the first prototype, these prototypes were designed with the aim to be a better

replica of the human hands, even though they were still MVPs. In order to avoid the

behaviour of the first prototype during the metacarpal region flexion, the distal palmar

crease was one of the features that was more important to reproduce. Figure 6.29 shows

the external design of the second and third prototypes, in which is possible to see the

reproduction of this crease as well as the knuckles. These features were obtained by using

the Loft tool from Fusion 360, which allows to easily customise the designed bodies’ shape,

through the use of rails. Like the first prototype, these models also have an unevenness

for placing the little finger, and the fingers are separated by 0.9 mm. This time, only a

portion of the metacarpal region was designed and no rigid structure to help the flexion

of the metacarpal region was added.

Figure 6.29: External design of the second and third prototypes: (a) latero-anterior view;
(b) latero-posterior view.

The second and third prototypes have different chamber angles, as indicated in Fig-

ure 6.30. After printing the second prototype, the flexion of the metacarpophalangeal

revealed the desired behaviour, which can be seen in Figure 6.31. However, the flexion of

the model needed a high level of strength. Therefore, the third prototype was designed

with 35° chamber and was printed with the set B of printing parameters, while the first

one was printed with the set A. These modifications led to better results as it was easier

to flex the metacarpal region. Figure 6.32 presents the results of the third prototype.
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Figure 6.30: Inner design of the second and third prototypes (cut along the sagittal plane):
(a) second prototype with a 30° chamber ; (b) third prototype 35° chamber.

Figure 6.31: Flexion of the second prototype of the metacarpal region: in order to avoid
more material waste, only part of the prototype was printed.
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Figure 6.32: Flexion of the third prototype of the metacarpal region: in order to avoid
more material waste, only part of the prototype was printed.

6.3.2.3 Fourth prototype

The fourth prototype consisted of an improvement of the second and third prototypes.

Unlike these ones, the fourth and the following prototypes were entirely printed.

This prototype was designed using the Loft tool. The rails of the previous prototypes

were improved in order to achieve a good level of anthropomorphism, with smooth curves

and creases. One of the main difficulties while using the Loft tool was to make sure that

the rails were connected to the sketches, which does not always happen. Besides the

child’s hand shape, the stump shape had also influence in the rails design as the stump

was also scaled to 110% and should fit into the metacarpal region’s volume. Although

this prosthesis aims to be highly customised, the stump location is not the exact replica of

the child’s left limb extremity as the child possesses some moving digital buds. Therefore,

in order to give the child more movement freedom, the stump location was designed

following the shape of the main curves of the child’s stump.

Twenty-two diamond-shaped holes were designed on the anterior region of the meta-

carpal region structure in order to ventilate the stump. Sweating while wearing a prosthe-

sis is practically inevitable and may lead to the creation of microenvironments which are

prone to skin problems. Moreover, sweating can affect the prosthesis fitting and increase

the chances for rejecting this device [28]. Although these holes may compromise the aes-

thetical appearance of the prosthesis, the ventilation of the stump allows to minimise the

discomfort. These holes have a diamond shape in order to avoid the necessity of printing

supports, which would be necessary for other shapes such as squares or circles.
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The wires’ holes start in the anterior region of the metacarpal region structure and end

at the posterior region, near the wrist, outside the metacarpal region, forming a curved

path for the tendon cables go through. This path was smoothed as much as possible to

prevent the formation of breaking points that would damage the wires and the prosthesis

while operating it. The holes have a diameter of 2.1 mm and are protected by a two-layer

wall outside the metacarpal region. Their centres in the posterior region are 5.1 mm apart

and follow the curvature of the bottom of metacarpal region.

One of the main difficulties of this prototype was to choose the thumb location and

design its fitting mechanism due to its location and position.

As the previous ones, this prototype has a 30° chamber to mimic the metacarpopha-

langeal joints. Besides the better results of the third prototype with a 35° chamber, this

prototype was designed with a smaller chamber to take less space. However, while the

previous prototypes were printed using the set A of printing parameters, this prototype

was printed with the set B with 5% infill and the results were very satisfactory. Addition-

ally, a second chamber was added to simulate the thumb’s metacarpophalangeal joint,

which follows the shape of the thenar crease. However, this chamber did not work as ex-

pected due to the small infill percentage and the shape of the chamber, which was smaller

than desired due to the small amount of free space. Figure 6.33 presents the design of the

internal and external design of the fourth prototype. Its printing results are displayed

in Figure 6.34, in which some printing defects are visible. Some of these defects resulted

from the absence of printing supports and others are simply printing errors.

Figure 6.33: Design of the fourth prototype of the metacarpal region: lighter grey struc-
tures represent some of the inner mechanisms, namely the positive mould of the metacar-
pophalangeal chambers; (a) latero-anterior view; (b) latero-posterior view.
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Figure 6.34: Printing results of the fourth prototype of the metacarpal region: (a) flexion
of the prototype (anterior view); (b) printing defects present in the anterior region of the
prototype; (c) printing defects present in the latero-posterior region.

6.3.2.4 Fifth prototype

The fifth prototype only differs from the previous one in two aspects. The first difference

is the size of the diamond-shape holes, which was increased. When printed, the diamond-

shaped holes of the fourth prototype had several printing defects, caused by the size

and proximity of these holes. Therefore, the distance between the holes as well as their

size were increased. Figure 6.35 compares the external design of the fourth and fifth

prototype.

91



CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.35: Comparison between the external design of the fourth (a) and fifth (b) proto-
types of the metacarpal region (anterior view).

The second difference is the absence of the chamber that mimics the metacarpopha-

langeal joint of the thumb. In view of the results of the fourth prototype, this chamber

was removed. Thus, an additional component was designed to mimic this joint, so it

could be used as a printing modifier. This component has the same shape of the designed

metacarpal region and was also designed with the Loft tool. The sketches are smaller and

consist of an -0.9 mm offset in comparison with the previously designed sketches for the

construction of the metacarpal region. The resulting body was then cut along a curve

that simulates the thenar crease and along the shape of the stump location. By using

a different infill percentage, the volume with less material density bends towards the

denser volume simulating the flexion of the thumb’s metacarpophalangeal joint. There-

fore, the whole metacarpal region was printed with 5% grid infill and the modifier with

10% rectilinear. The printed prototype is displayed in Figure 6.36 in which can be seen

the results of the flexion of the metacarpal region when bended. Although there was a

great improvement in the thumb’s functionality, by handling the printing model, it was

noticed that the volume occupied by the modifier was still too flexible. Besides these

results, several printing defects are still present. Moreover, it is possible to observe the

influence of the diamond- shaped holes in the printing quality.

In view of the printing results of the fourth prototype, the amount of supports, espe-

cially bellow the thumb’s location, was reinforced. However, some printing defects are

still visible in this area.
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Figure 6.36: Printing results of the fifth prototype of the metacarpal region: (a) flexion
of the prototype (anterior view); (b) printing defects present in the anterior region of the
prototype; (c) printing defects present in the latero-posterior region.

6.3.2.5 Sixth prototype

The sixth prototype is the mirrored version of the fifth prototype and the remaining

differences are only printing settings and the printing position. Given that the supports

added to the previous prototype were not enough to prevent printing defects below the

thumb’s fitting position, this prototype was printed upside down. By printing the model

in this position, the amount of needed supports is reduced and so the odds of having

printing defects. However, as it can be appreciated in Figure 6.37, the printing was

stopped due to layer shifting. This might be explained by the fact that by printing the

model upside down, the volume of the first layers is smaller. Therefore, with the material

elasticity, the model becomes more vulnerable to the printer movements causing layer

shifting.

Finally, the modifier infill percentage was increased to 15% to make this volume a

little more rigid, but flexible enough to mimic the soft tissues of the hands. Although this

93



CHAPTER 6. RESULTS AND DISCUSSION

model was not totally printed, by handling this volume, the results are very satisfactory.

Figure 6.37: Printing results of the sixth prototype of the metacarpal region: unfinished
printing due to layer shifting; (a) printing defects present in the anterior region of the
prototype; (b) printing defects present in the posterior region of the prototype; (c) bottom
view of the prototype.

6.3.2.6 Seventh prototype

The seventh prototype was the final prototype. The only difference from the sixth proto-

type was the printing position. Since printing the model upside down also led to printing

defects, which were considered to be worse than the defects caused by the supports in

terms of aesthetics and functionality, it was decided to print this model right way up. The

supports were changed once more and the results are displayed in Figure 6.47. Although

there are still some defects, these results were considered minor, especially for an MVP.

6.3.2.7 Metacarpal region design overview

Unlike the fingers, the metacarpal region was designed from scratch, inspired in the

features of the child’s sound hand. Although this structure was not entirely customised,

it was possible to achieve a high level of anthropomorphism using the Loft tool, even
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though it consists of an MVP. There are several aspects that need to be improved and

solved. However, there is a great belief that the final model might be equally attractive

to children and their families due to its human features that are clearly visible, such

as the knuckles or the palm creases. Therefore, after further improvements, such as

increasing its functionality and enhancing some aesthetical features such as the wires

conduction, this model could be applied to any child as a standard model. Some specific

creases and the size of each child’s hand should be enough to customise this structure,

which simplifies the process of building a prosthesis since these features are not difficult

to replicate. Moreover, having a standard structure is also beneficial for children with

bilateral absence of the upper limb’s extremities.

Besides of the inherent difficulties of using the Loft tool, one of the main difficulties

was to design the thumb fitting mechanism due to its different location and anatomical

features. Additionally, although it was not a major concern as the model consists of an

MVP, inserting the whippletree inside the metacarpal region would have been impossible.

The size of the hand and the presence of other important mechanisms, such as the cham-

ber that mimics the metacarpophalangeal joints, would make this impracticable. Thus,

this model ended up being a fusion of ideas from both Nazree’s Prosthetic Hand and the

Phoenix Hand v2 since it is not segmented but its mechanisms follow the nature of the

hand’s creases and the whippletree is located externally.

Regarding the printing of this model, the achieved results are very satisfactory even

though there are some printing defects. One of these defects is common to the three

last prototypes and is localized near the metacarpophalangeal joints area. This defect

is caused by the angle of the chamber, which corresponds to less than 45° from the

horizontal plane. Therefore, this structure needed supports. However, these supports

would not be possible to remove as they would have been internal. Thus, no supports

were used, even though this choice would lead to printing defects. Although this printing

defect did not compromise the functionality of this chamber, in the future, a new solution

to solve this problem must be studied. Nevertheless, the settings that were chosen are a

very faithful replication of the different tissues that compose the human hands.

6.3.3 Wrist design

The wrist design was the simpler stage in the whole process of developing this prosthesis

as all the components that were used are from other prostheses. Since the initial idea

was to use a whippletree mechanism, all the used components are from Phoenix Hand
v2, even though the tensioning system of the main prosthesis is from the Raptor Reloaded
prosthesis [75]. However, this fact had no further influence as the gauntlet, the thermo

pins, their caps and the retention clip are the same for both prostheses.

Before any modification, it was necessary to identify the scaling percentage that better

fitted the child. This value was identified according to the measurements performed on
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the child’s healthy limb. For this study, the obtained percentage was 100%, with a confi-

dence of 77% for the Phoenix Hand v2 and 82% for the Raptor Reloaded. Tables 6.2 and 6.3

show the confidence percentage for each scaling percentage of both prostheses. Although

lower scaling percentages have presented higher confidence values, these percentages

were discarded as they present negative and null values. For both prostheses, the first

positive value was 95%. However, since the prosthesis components were scaled to 110%

to follow the child’s growth, the components from the the Phoenix Hand v2 and Raptor
Reloaded were scaled to 100% (rather than 95%).

Table 6.2: Phoenix Hand v2 Sizing Guide: below 94%, the sizing percentages are dispos-
able values with no physical meaning.

Size (%) 93 94 95 100 105 110 115 120 125

Width of Hand -1 0 1 4 7 11 14 17 20
Length of Hand 33 34 35 42 49 56 62 69 76

Confidence (%) 84.0 83.0 82.0 77.0 72.0 67.0 62.0 57.0 52.0

Table 6.3: Raptor Reloaded Sizing Guide: below 94%, the sizing percentages are disposable
values with no physical meaning.

Size (%) 93 94 95 100 105 110 115 120 125

Width of Hand -1 0 1 4 7 11 14 17 20
Length of Hand 23 25 26 32 38 45 51 57 63

Confidence (%) 88.7 87.7 86.8 82.0 77.3 72.5 67.8 63.0 58.3

Finally, the thermo pins and the gauntlet were the only components that were modi-

fied. The dimensions of the thermo pins were reduced to a multiple of the layer’s width

and the gauntlet was increased to match the dimensions of the metacarpal region struc-

ture.

6.4 Tuning of the Printing Parameters

The developed prosthesiss is composed of a combination of flexible and rigid materials,

Filaflex 82A and PLA, respectively. However, some components developed throughout

this study were printed using PET-G, namely the rigid rings and the testing pieces made

for the pull tests. The reason why these components were made of PET-G instead of

Filaflex is because PET-G has higher tensile strength than PLA [101].

During the development of the prosthesis, especially throughout the fingers’ design,

several printing tests were made with the aim of determining the best printing parameters

for Filaflex. The definition of these parameters was made considering the printing quality

as well as the functionality of the fingers. Moreover, it is important to highlight that

some of these tests were performed using mainly nude Filaflex 82A. However, due to
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the unavailability of this material, some of the tests were performed using brown Filaflex
82A.

Regarding PLA and PET printing, the used parameters were the default ones from

PrusaSlicer software as the settings of these two filaments have been widely explored.

Moreover, it is important to highlight that the rigid rings and the testing pieces have

different print settings since the rings were very small and needed to be printed with

higher accuracy.

6.4.1 First printing approaches

The first intention of this study was to use a dual extruder printer. By using this type of

3D printer, it would have been possible to print a single piece composed by two different

materials. The Filaflex would have been used to mimic the soft tissues, and the PLA to

mimic bone tissue and for some inner mechanisms. For example, the first prototypes of

the fingers were designed to be printed with Filaflex and PLA. Indeed, several printing

tests were made using a Li3Dei Dual printer, a modified Wanhao duplicator 4s printer.

However, most of these tests revealed a bad printing quality, as it can be appreciated in

Figure 6.38. The main pointed reasons for these results were the room temperature and

the extruder clogging. Nevertheless, it was not possible to solve these problems despite

all efforts to identify their cause. Moreover, given it was a modified printer, it was more

difficult to find the possible sources of the printing problems. Thus, it was decided to

substitute this printer.

Figure 6.38: Results of the first printing approaches: several printing tests were made
using a Li3Dei Dual printer, a modified Wanhao duplicator 4s printer. Due to a series of
printing problems and resulting defects, this printer had to be replaced.
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The second printer that was used was The Original Prusa i3 MK3S+. Several tests were

made in order to find the best printing quality while printing Filaflex. These tests were

only performed while printing this material, as printing with flexible material presents

some additional challenges when compared, for example, with PLA, which has been

widely used in the AM field. These tests consisted of consecutive iterations upon a previ-

ously determined set of parameters, which was defined within the scope of other studies

that were undertaken at the Department of Mechanical and Industrial Engineering of

NOVA School of Science and Technology. The printing models used in these experiments

were the fingertip of the child’s index, with different types of holes to insert the ring,

since this part of the fingers is the one who usually presented more defects in previous

printings. The last set was then used for further tests that were performed throughout

this study.

The Original Prusa i3 MK3S+ is not a dual extruder printer. Hence, it would be impos-

sible to print models composed of two different materials with this printer. Nonetheless, a

methodology named "start-stop" was developed to allow to print a model with two differ-

ent materials. This method consisted of printing part of the prosthesis’ components with

Filaflex, leaving a void space for inserting previously printed PLA components. When

printing with Filaflex, the printing was stopped at specific layers and the PLA components

were inserted. After inserting these components, the printing with Filaflex could continue.

Figure 6.39 shows the results of the first test that was made to verify the feasibility of this

method. Despite the success of this test, when applying this methodology to the fingers,

the results were not the expected. Figure 6.40 presents the results of using the start-stop

method for printing the fingers, in which can be seen several defects. Most of the printed

fingers using this method broke when bended at the stopping layer or the next layer did

not adhere to the previous one. In those who did not break, it is possible to see the marks

of the stopping layers, which compromise the printing quality. The fingers’ functionality

would also be compromised as they would probably break after some bending cycles.

As alternative, in order to obtain different volumes with different hardness, it was

decided to print the models only with Filaflex and use different infill percentages in

different structures. Thus, this alternative was tested with an index model in which the

phalanges were printed with 90% infill and the remaining finger model with 15%. The

results were very satisfactory as this difference of infill percentage was a very faithful

replica of the human fingers in terms of sense of touch.
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Figure 6.39: Testing of the start-stop method: (a) top view of the Filaflex cylinder; (b)
lateral view of the Filaflex cylinder.

Figure 6.40: Printing results of the finger models printed with the start-stop method: (a)
top view of broken fingers printed with this method when flexed; (b) lateral view of some
of these printed models in which the stopping layers marks are visible.
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6.4.2 Printing tests

Throughout the printing tests, two different sets of printing parameters were defined.

The set A was previously defined and the set B was the result of several improvements

that were performed in the set A. The set B was thought to be the ideal group of printing

parameters, since the index models that were printed with these settings revealed to have

a good printing quality and did not seem to be too difficult to bend. However, these tests

were made using brown Filaflex 82A, due to the unavailability of nude Filaflex 82A at the

time. Printing nude Filaflex 82A with those parameters revealed worse quality results.

There is a great belief that the filaments’ dyes may be the source of these differences, as

the filaments’ properties and brand are the same. Taking into account the child’s physical

characteristics, the prosthesis had to be printed using a lighter skin coloured filament.

Thus, several printing tests were performed by modifying the set A and B, aiming to

reach the ideal printing quality using nude Filaflex 82A, as detailed next. The printing

settings of theses tests are available in Appendix E.

6.4.2.1 Pull tests

In view of the different printing results obtained with the different coloured filaments,

some printing tests were made with the aim of improving the printing quality of the

models when printing nude Filaflex.

These tests were performed by printing the same finger model, namely the last proto-

type of the index finger. After each printing, a subjective analysis was made in order to

assess the quality of the printing, evaluating if there were any defects and how difficult it

was to bend the resulting printed finger. The search for the ideal printing parameters was

obtained through an iterative process. Considering the results of the previous printing,

a new printing test was performed until finding the ideal printing settings. However,

after a few tests, no conclusions could be drawn. Evaluating the fingers flexibility became

more and more difficult as some fingers were very similar and the human sensibility was

not enough to distinguish which was the best model. Thus, with the purpose of choosing

the model that would present the best printing quality and that would flex more easily,

some of the printing models were exposed to pull tests. The collected data referring to

these tests is presented in Appendix F.

Figure 6.41 presents the results of the pull tests that were performed by modifying

the set A of printing parameters. The first conclusion that can be drawn is that the more

material is present in the the model, the more difficult it is to to bend the finger, but the

printing quality is higher. For example, when comparing the model A with the A1, there

is no such difference in terms of printing quality. However, the same force, results in a

greater displacement in the finger A1, revealing that it is easier to bend this finger. This

difference is supported by the smaller amount of material of the second finger, since it

has 5% less infill than the A. Finally, the only difference between the A and A2 models
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is the number of perimeters (wall width). The model A2 only has one perimeter and it is

easier to bend.

Figure 6.41: Results of the pull tests of the fingers printed by modifying the set A of
printing parameters.

The results of the set B also corroborate the hypothesis that less material leads to

smaller tensioning forces to bend the fingers, but with poorer printing quality. The

major difference between the two sets of printing parameters is the retraction, which was

disabled during the tests of the set A. However, although the set B has the retraction

on, the amount of extrusion was reduced in comparison with the set A. In light of the

previous results, three more tests were made by modifying the set B. These tests consisted

of varying the extrusion multiplier (EM) value, which controls the amount of material
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that is extruded. Figure 6.42 presents the results of these tests, in ascending order of

EM values. By analysing these results, it is possible to conclude that as the EM value

increases, the force needed to bend the finger also increases and the printing quality

improves. When comparing these tests with the previous ones (Figure 6.41), it turns out

that most of the fingers printed with modifications made to the set B, for the same vertical

displacement, need minor tensioning forces. Nevertheless, besides the improvements that

were made, the printing quality is still very poor since there is very poor adhesion between

layers.

Figure 6.42: Results of the pull tests of the fingers printed by modifying the set B of
printing parameters and respective fingers in order of EM value.

Thus, three more tests were performed by modifying the set B of printing parameters

for testing the influence of the printing speed. Figure 6.43 presents the results of these
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three tests. For the B5 test, the printing speed was reduced to half of the speed of the

original printing parameters (set B). Although the quality has improved, there are still

some defective layers. For this reason, the speed was increased together with the EM

value. This modification resulted in a better adhesion but in high difficulty to bend the

finger. Thus, the infill was reduced to 5%. This modification did not change the printing

quality and led to smaller tensioning forces. These facts confirm once more that the

amount of material that is extruded influences the forces that are needed to flex to fingers

and the printing quality.

Figure 6.43: Results of the pull tests of the fingers printed by modifying the printing
speed of the set B and respective fingers.

Although more printing tests could have been done, the qualitative analysis per-

formed was severely lacking, since no conclusions had been reached. Thus, besides
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pointing which were the best printing parameters, the pull tests were also a mean of

quantifying the force that was needed to bend a single finger. Some of the printed fin-

gers presented several printing defects that made them invalid for the main goal of this

study, which consists of creating a more realistic and appealing upper limb prosthesis.

Therefore, only the previously described models were subjected to pull tests. Figure

6.44 presents the other models that were not elected to this evaluation. These fingers

were printed horizontally in order to verify if the printing position had some influence.

However, the printing quality and the layer orientation would probably compromise the

appealing character of the prosthesis and for this reason, these models were excluded.

Figure 6.44: Fingers printed horizontally: these fingers were not elected for the pull tests;
(a) lateral view (right side); (b) lateral view (left side); (c) posterior view; (d) latero-anterior
view.

Thus, in view with these results, the set B was the final choice for printing the whole

prosthesis. Although, these printing parameters did not have an ideal printing quality, it

was the group of printing settings that required less force to bend. Figure 6.45 compares

all the pull tests that were performed, in which is possible to verify that the finger that

was printed with the printing parameters of the set B, for the minor value of tensioning

force applied, presents the maximum displacement.
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Figure 6.45: Pull tests results of the set A and B experiments with nude Filaflex 82A.

In addition to these tests, two more were performed. However, instead of using

Filaflex 82A, Filaflex 70A was used. Although these fingers were not valid to use in the

final prosthesis, since the colours available for this filament did not match the child’s

skin, these tests allowed to evaluate the behaviour of these models when printed with this

filament. Considering the high values of the tensioning forces that are needed to bend the

fingers printed with Filaflex 82A, the study of more flexible filaments may be a first step

for further improvements. Figure 6.46 presents the results of these two tests. The first

one was printed with the set A of printing parameters and the second one with the set

B. Once more, it is possible to notice the difference between extruding a greater or lesser

amount of material. The finger that was printed with the set A almost needed double

the force of the one printed with the set B to have the same displacement. However, the

printing quality is worst in the last one. Nevertheless, the difference of force needed to

bend this finger when compared with the finger that was printed with the same settings

but with Filaflex 82A is notorious. Therefore, it might be interesting to study Filaflex 70A

for further improvements.
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Figure 6.46: Results of the pull tests of the fingers printed with Filaflex 70A and respective
fingers.

6.4.3 Printing overview

In general, the outcome of the printing tests is quite satisfactory. Although for the purpose

of this study, the ideal printing settings have not been found, a huge part of the printed

models present a good printing quality. However, due to the mechanic behaviour of the

resultant models, the ideal printing settings are still to be defined.

By analysing the resultant plots of the pull tests, all of them (including the tests

that were made to assess the best opening angle of the chambers that mimic the inter-

phalangeal joints) present a logarithmic trendline, which reveals the behaviour of the

material. This trendline means that the initial displacement is caused by a bigger amount
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of force, implying a higher initial energy. Then, after overcoming a certain threshold,

a minor amount of force leads to a bigger displacement. In fact, this behaviour is the

opposite of what would be desirable, since the ideal behaviour would be a higher facility

in flexing the finger initially, followed by the application of higher forces to complete the

flexion of the finger.

Although the pull tests were a great method to distinguish objectively which was the

best set of printing parameters, there are some key points that need to be discussed. When

performing this type of tests in order to assess the materials properties, generally, the

tested objects have a uniform geometry so only the material properties will have influence

on the objects’ behaviour. In this case, the finger’s geometry is not uniform and this fact

may have influenced the results. Additionally, the force application may also have some

influence and these facts could be a possible explanation for the logarithmic behaviour

that was obtained. Moreover, even though the pull tests aimed to distinguish which

was the best set of printing parameters, it is important to notice that there were other

factors that could not be controlled that may have compromised the printing results. The

environment temperature during the printing and the portion of filament (the beginning

or the end of the coil) that was used to print the model are some of these factors. Finally,

it is important to highlight that the mass of the dynamometer, tab and bag was not

accounted since no significant displacement was noticed with the application of their

weight.

6.5 Prosthesis Assembly

During the course of this study, three similar prostheses were assembled. The differences

between the first and second prosthesis are solely the colour of the filaments, as the

filaments have the same hardness and are from the same brand. Although only the first

prosthesis was needed to match the skin colour of the child, the second one was built to

find out if there was any difference in the prosthesis functionality. While performing the

printing tests, it was noticed that for the same set of printing parameters, the printing

quality was better and the printed components were more malleable when printed with

brown Filaflex 82A (when compared with to nude Filaflex 82A). Therefore, it was decided

to assemble these two prostheses. Although the first intention was to use a whippletree

mechanism as tensioning system for the main prosthesis, some assembly experiments

previously made using this mechanism did not work. Therefore, in order to simplify the

model, it was decided to use the tensioning system from the Raptor Reloaded prosthesis.

The third prosthesis was developed as a result of the behaviour of the other two pros-

thesis. After being assembled, when these prostheses were flexed, the thermo pins and

consequently the gauntlet disconnected from the metacarpal region. This phenomenon

occurred due to the difference between the hardness of the Filaflex that composes the

metacarpal region and the PLA that composes the gauntlet and the remaining wrist com-

ponents. When these prostheses are flexed, all the energy is absorbed in the interface
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between the metacarpal region and the gauntlet, causing the disassembly of the pros-

theses. Thus, to eliminate this difference of hardness, a third prosthesis was developed

to test some of the developed concepts. Unlike the other two prostheses, this one has a

metacarpal region printed in PLA without the chamber that simulates the metacarpopha-

langeal joints. Moreover, instead of two blind holes where the thermo pins fit in, this

prosthesis has two through holes in which modified thermo pins are introduced.

Additionally, this prosthesis is composed by fingers printed in Filaflex 70A and has a

whippletree mechanism from the Phoenix Hand v2 prosthesis as tensioning system. Since

this prosthesis has more flexible fingers and there is no hardness difference between the

metacarpal region and the wrist components, it was decided to use this mechanism to test

its viability. However, the connection between the fingers is different from the one used

in the Phoenix Hand v2 and is inspired in the Nazree’s Prosthetic Hand. While the Phoenix
Hand v2 connects the index to the middle finger and the ring finger to the little finger, the

Nazree’s Prosthetic Hand connects the index finger to the little finger and the middle finger

to the ring finger. This choice was made based on the human fingers’ movements, which

rarely move independently [102]. This phenomenon is called enslaving and consists of

the involuntary force production by the fingers that were not explicitly involved in a

force-production task [103]. The enslaving happens because each finger is actuated by

the activity of different muscles, which can act on different fingers. The neighbour fingers

are the more affected ones. However, the little finger has some influence on the middle

finger. After the thumb, the index is the more independent finger, followed by the little

finger. The ring and the middle fingers are the ones who suffer more the enslaving effects

[102, 104]. In view of this phenomenon, the middle and ring fingers were connected to

each other and the index was connected to the little finger.

Each one of these prostheses takes about four hours to assemble. Generally, they are

not difficult to assemble. However, the most difficult task was to tie the guitar strings to

the rings and tensioning pins, due to the strings’ nature. Regarding the gauntlet, it was

decided to mould it without the child’s presence so the appointment for the prosthesis’

presentation did not take too long.

6.6 Prosthesis Evaluation

Throughout this study, several efforts were made in order to develop a body-powered

hand prosthesis that would combine a more real and appealing cosmetic appearance

together with a high level of functionality. Figure 6.47 presents the main prosthesis that

was developed within the scope of this study.
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Figure 6.47: First developed prosthesis: this is the main prosthesis, that was printed with
nude filaments to match the skin colour of the child; (a) anterior view; (b) posterior view.

Regarding the cosmetic appearance, it is considered that this goal was met with suc-

cess. Although the final prosthesis developed during this study consists of a MVP, it

presents a high level of anthropomorphism. The presence of some protuberances that

simulate the hands creases and knuckles as well as the use of a flexible filament and differ-

ent infill percentages to mimic the hand’s bones contribute to this level of anthropomor-

phism, creating the idea of a real hand, especially when compared with other 3D-printed

prostheses. However, there are some aspects that need to be improved, namely the wrist

design. The fact that the tensioning system is external in any of the developed prostheses

may be a possible trigger for patients refuse these devices since it compromises their ap-

pearance. Nevertheless, one of the goals of this study was to customise the prosthesis in

terms of size. Thus, making the tensioning systems internal, as in the Nazree’s Prosthetic
Hand, would have been a challenge in prostheses for children, especially if the size is one

of the major concerns as in this study.

Due to the long course of this study, it was decided to scale all the prosthesis com-

ponents to 110% in order to keep up with the child’s growth. Figure 6.48 shows the

size difference between the child’s healthy hand and the developed prosthesis. In Figure

6.48a it seems that there is a huge difference between the child’s hand and the prosthesis.

However, in Figure 6.48b it is noticed that this difference is not that significant and it

is caused by the stump-prosthesis interface that should be more deep so the prosthesis
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could be at the same level of the child’s hand. This is a problem that affects most of

the wrist-powered prostheses, since they fit in the residual limb, resulting in a bigger

hand than desired [10]. In this case, using a lower scaling factor could have eliminated

this size difference. Nevertheless, since the children growth is not uniform, predicting

these values becomes impossible. Thus, the only solution would have been to repeat the

measures and adjust the scaling value.

Figure 6.48: Child wearing the prosthesis: even though the prosthesis is not functional,
the child was very receptive to the device; (a) size comparison between the prosthesis and
sound hand (anterior view); (b) size comparison between the prosthesis and sound hand
(lateral view).

Despite all the efforts that were made, unfortunately the final prototype is not func-

tional. Although during the developing and testing stages, some possible errors were

expected, nothing predicted the disconnection between the gauntlet and the metacarpal

region, which compromises the prosthesis’ functionality. However, it is thought that if

this problem did not exist, the prosthesis would still not be functional, since a lot of

strength is needed to flex the prosthesis. Although it was thought that the Filaflex elastic-

ity was enough to substitute the dental bands that compose most of the 3D-printed pros-

theses to make them flex and return to the initial position, the fingers and the metacarpal

region revealed a high resistance to bending. Besides exploring the application of the

tensioning forces in order to favour the flexing of the prosthesis, there is a great belief

that the materials that compose the prosthesis also influence the prosthesis functionality.

Thus, these materials, especially flexible materials, must be explored further in order to

make the most of their potential. There is a belief that these improvements must focus

first on the materials and then on the prosthesis’ mechanisms, since all the mechanisms

that were developed were thought to boost the prosthesis functionality. However, mecha-

nisms such as the strings’ path in the metacarpal region and the interface between this

structure and the gauntlet must be reviewed in order to improve the functionality of the

prosthesis.
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Despite all the aspects that need to be enhanced, even in terms of appearance or

functionality, it is important to refer that the development process was the result of

simultaneous, often conflicting, requirements of functionality, resistance, appearance,

force needed for flexing and printability. Most of the decisions that were made during

the development of the prosthesis were the result of constant trade-offs. For example,

a better printing quality would lead to a higher difficulty in flexing the fingers; hiding

all the mechanisms inside the metacarpal region would result in huge prosthesis when

comparing with child’s hand and creating smaller components would probably lead to

a lower resistance and durability. However, the resultant prosthesis, which consists of a

prototype is considered to be a huge step in the field of flexible 3D-printed prosthesis.

Figure 6.49 presents the second developed prosthesis and Figure 6.50 presents the

third prosthesis. The second prosthesis, when compared the first, presented a higher

printing quality, especially in the metacarpal region. When handled, the parts printed

with brown Filaflex 82A revealed to be softer. The third prosthesis was the only one that

presented some level of functionality, as it can be seen in Figure 6.51. When flexed, there

was a slight bending of the fingers. However, this flexion did not mimic the gripping

movement since there is no mechanism that mimics the flexion of the metacarpopha-

langeal joints. Moreover, a lot of strength was necessary to flex the prosthesis, which

is not manageable for a child. Furthermore, the thumb did not move at all when the

prosthesis was flexed. The shape of the wire’s hole might be one of the reasons for this

to happen. Regarding the printing quality, the only present defects in this prosthesis are

from the printing with Filaflex 70A. It is important to notice that the main objective of

this prosthesis was to test some of the developed concepts, especially the functionality

of the fingers and the tensioning mechanism. Since it is needed a lot of strength, when

the prosthesis is flexed the results of the whippletree are not evident. However, if the

movement of one finger is blocked, the finger that is connected has the freedom to con-

tinue to move and adapt to the object that is being gripped. Ultimately, each finger of

a connected pair moves equally, simulating the enslaving phenomenon. Therefore, this

mechanism is a good starting point for enhancing the functionality of further 3D-printed

body-powered prostheses.

Finally, if we compare the developed prostheses with other existent prostheses, several

improvements can be pointed, especially in aesthetical terms. Aesthetically, the devel-

oped prostheses, especially the first and second models, present a high anthropomorphic

level, which makes them more appealing. When compared with the prosthesis developed

by F. Pinheiro, the improvements are also evident. While the fingers made by F. Pin-

heiro were made from scratch, the fingers of the present study consist of an adaptation

of the replica of the fingers of the child’s sound hand [30]. Thus, besides being highly

customised prostheses, the developed prostheses become more appealing due to their

more natural appearance. Although there are several functionality aspects to improve

when compared with other prostheses, there is a great belief that some of the developed

concepts could lead to high level of customisation if improved.
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Figure 6.49: Second developed prosthesis: this prosthesis was developed in order to find
out if the filament colour had some influence in its printing quality and consequently, in
the prosthesis functionality; (a) anterior view; (b) posterior view.

Figure 6.50: Third developed prosthesis: this prosthesis was developed in order to evalu-
ate the hypothetical functionality of the third and second prostheses, by eliminating the
hardness difference between the metacarpal region and the gauntlet. It also presents a
different tensioning mechanism, a whippletree system; (a) anterior view; (b) posterior
view.
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Figure 6.51: Flexion of the third developed prosthesis: (a) lateral view; (b) anterior view.

6.6.1 Prosthesis characteristics

The cosmetic appearance and functionality are two of the main user’s need of a pros-

thesis. However, other aspects such as comfort and price are also important. Table 6.4

presents the materials cost of the three developed prostheses, their mass and printing

time. Appendix G presents the discriminate cost of each component that compose these

prostheses.

Table 6.4: Materials cost, mass and total printing time of each developed prosthesis.

1st Prosthesis (nude) 2nd Prosthesis (brown) 3rd Prosthesis (white)

Materials Cost (=C) 12.65 12.65 8.77
Mass (g) 105 101 103
Printing Time (h) 26h39 26h39 20h22

By analysing Table 6.4 it is evident how beneficial 3D-printed prostheses are due to

their light weight and low costs. According to J. ten Kate et al., most of upper limb

prostheses range from 5 to 500 $ [10]. The obtained costs are within these value and way

below the average. However, it is important to refer that only the costs of the materials

were considered. Nevertheless, this fact might be quite encouraging for further studies

and reveals the promising character of 3D-printed prostheses, especially when printing

with flexible materials. The major population benefiting from these values are children

(given the frequency which their prosthesis’ will need replacement) and people from

LMICs.

Regarding the weight of the prosthesis, according to J. ten Kate et al., there is record

of a single prosthesis that weighs less than 130g. Moreover, the human hand weighs 400
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± 90g [10], whereby, for a four-year-old child, the obtained value of the prosthesis’ mass

is considered to be very satisfactory. In fact, the weight of the developed prostheses was

one of the main aspects that was praised by the child’s mother. However, this fact would

only be proved if there was a constant use of the prosthesis during the daily activities of

the child.

Finally, the printing time is also near the common range as most 3D-printed prosthesis

take 15 to 20 hours to print. However, the printing time depends on the complexity of

the chosen model, the printing settings and on the 3D printer that is being used [10].

This justifies the higher printing time of the first and second prostheses when compared

with the third one. Both first and second prostheses have more components printed with

Filaflex, which requires slower printing speed than PLA.

6.6.2 System Usability Scale assessment

The SUS was the methodology chosen to measure the level of satisfaction of the child

and family after presenting the three prostheses. By presenting the three devices it was

possible to explain the several concepts that were developed during the whole study.

Since SUS is a standard tool, ten additional questions, which follows the SUS logic, were

developed in order to obtain a more specific evaluation. The results of these two surveys

are 97.5 and 100 (out of 100), respectively, which classifies the prosthesis as “Excellent”.

However, due to the lack of functionality of the developed prostheses, these results were

not expected.

Appendix H presents the answers to the SUS as well as the ones of the ten additional

questions. All the answers, except for one, are the extremes of the answer’s scale, which

leads to these high scores that do not reflect the fact that the prostheses are not totally

functional. These extreme answers reveal that, even though the prosthesis is not func-

tional, the progresses, especially in terms of aesthetical appearance, were notorious when

compared with other 3D-printed body-powered prostheses. In fact, the aesthetical ap-

pearance and the comfort of the prostheses, given by the adhesive foam, were some of

the main compliments that were made by the child’s mother. However, these extreme

answers may have been resultant of some questions that could have been misunderstood.

Nevertheless, the outcome of the child and family was very satisfactory. The child

was very receptive to the prosthetic devices. This first impression revealed that a more

real appearance might be a possible solution to decrease the rejection of this type of

prostheses and be a mean to increase the confidence of children with these type of lesions.

However, this fact cannot be proved, since to evaluate this situation, a long-term usability

evaluation would be needed. During the whole process, the child’s family revealed to

be extremely interested, which was very helpful, since the beginning. This fact may be

proved by the several attempts to make a plaster replica of the child’s limbs extremities.

Throughout the study, the child’s family was kept in touch so they could be aware of the

progresses that were being made.
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Conclusion

This chapter presents an overview of the present study, in which the final considerations

of the developed work are presented, namely the major achievements and suggestions for

future work.

7.1 Summary of the Study Achievements

Hands are an essential tool for human beings as they are used in most day-to-day activities.

Hence, the absence of this structure, either partial or complete, compromises the quality

of life of upper limb amputees. Prosthetic rehabilitation can help revert this scenario

since it promotes the reestablishment of the patients’ functionality and consequently

improves their quality of life. However, not all the patients can afford a prosthesis that

answers the most basic user’s needs such as comfort, an appealing cosmetic appearance

and functionality. Lately, AM has emerged as the solution for the main problems of the

prosthetic field since it enables the production of these devices at a low-cost. 3D-printed

prostheses have special interest for children since their growth implies to change the

device frequently. However, although this type of prostheses has been explored, they

seem to present a quite high rejection rate, especially by children, due to their toy-like

appearance. Moreover, these prostheses are often rigid devices, which also promotes their

rejection. Therefore, there is a need to invest in more flexible and realistic prostheses that

also ensure the other essential features such as comfort, low-cost and good functionality.

Although some prostheses with flexible materials have already been proposed, they

are mainly cosmetic. Functional prostheses built with this type of materials only use

flexible material in some specific parts. There is no complete body-powered solution that

uses flexible filaments as main materials. Thus, the main goal of this study was to design

a 3D-printed body-powered upper limb prosthesis with flexible materials and improved

cosmetic appearance. The hypothesis of this study was that a more realistic, functional,

comfortable and tailored hand prosthesis can be developed by using AM and flexible

materials, without compromising other features such as lightweightness, ease of repair

and low-cost.
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Besides these aspects, customisation was also a concern, especially regarding to the

size of printed hand when compared to the sound hand. Capturing the anatomical fea-

tures is crucial to develop customised prosthetic devices and may be the key to reduce

the rejection rate of these devices, especially in younger ages. Assessing these features

was essential for the course of this study. The methods used to assess these features were

simple measurements, photographs, body casting and 3D scanning of the cast. Thus, it

was possible to design a highly customised device. However, the measurements and the

casting would have been enough since the photos that were taken were not necessary

during the whole process of the prosthesis’ development.

During the assessment of the anatomical features, communication and transparency

with the child and his family were crucial for the good progress of the study. The fact that

the family insisted to repeat the body casting procedure after two attempts reveals a high

level of interest, which made them an active of part of the whole study. This evidences

the importance of both the child and family to have the capacity to deal with expectations.

Moreover, the fact that this was not the first experience with a prosthesis of this type also

helped the family to actively participate in the whole study.

The usage of DfAM principles for the prosthesis’ design, allowed to simplify the whole

process. Therefore, it was necessary to previously study the generated concepts in order to

get more out of the DfAM principles. During the progress of this study, several prototypes

were made in order to test the generated concepts. These prototypes were resultant of

simultaneous trade-offs, including printability, functionality, resistance, appearance and

force needed for flexing the models.

Although several printing tests using Filaflex have been made in order to achieve the

best printing quality that led to high level of functionality, the perfect printing settings

were not found. Throughout these tests, several issues with this filament were faced and

explored. The review of these issues may be a starting point for further improvements,

either in prosthetic field or other applications.

During these tests it was discovered that there is a linear relationship between the

printing quality and the forces needed to bend the flexible components. Moreover, it was

noticed that printing with nude Filaflex 82A and brown Filaflex 82A leads to different re-

sults. This fact might be related with the filament dyes, since the filament and brand were

the same. Thus, two different prosthesis were assembled to demonstrate this difference:

one in nude and another in brown.

The brown prosthesis was printed with higher quality and revealed to be softer than

the original nude prosthesis. Given that the perfect settings were not found, both the

prostheses revealed a low level of functionality. Besides the low functionality caused by

the high forces needed to flex these prostheses, the difference between the hardness of the

Filaflex that composes the metacarpal region and the PLA that composes the gauntlet and

the remaining wrist components also contributed to this result. When these prostheses

are flexed, all the energy is absorbed in the interface between the metacarpal region

and the gauntlet, causing the disassembly of the prostheses and leading to their low
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functionality.

Therefore, a third prosthesis was developed in order to eliminate this difference of

hardness and test some of the developed concepts, namely the usage of the whippletree

mechanism as tensioning system. Although it is difficult to flex this prosthesis, this

mechanism revealed to be a good option to use in this type of prostheses as it promotes

an adaptive grasping, increasing their level of functionality.

Finally, despite the low functionality of the designed prostheses, the final results were

very satisfactory, especially when compared with other existent prostheses such as the

Raptor Reloaded prosthesis:

• The developed prostheses consist of lighter prostheses, which makes the wearing

experience more pleasing. Additionally, the fact that they are composed by flexible

materials contributes to increase their comfort as the stump-prosthesis can mould

to the patient’s anatomy.

• These prostheses are aesthetically appealing solutions and consist of a huge cos-

metic improvement to the common 3D-printed body-powered prostheses. By en-

hancing their aesthetical appearance, the acceptance rate of this type of prostheses

has a high chance to increase. With more similar features to a real hand, children

will stop facing these devices as toys and their rejection might become lower. How-

ever, children are not the only ones who benefit from these improvements. Adults

may also become more interested in these devices as they have a natural look, in-

stead of a childish unreal appearance. Furthermore, the possibility of customisation

with the patients anatomical features has also a a huge impact, especially on adults.

• Like other 3D-printed prostheses, the developed devices are low-cost solutions,

which makes them perfect for children as they need to replace their prosthetic de-

vices frequently due to their fast growth. In addition, prostheses used by children

are more likely to be damaged, whereby cheaper solutions are ideal for children.

Furthermore, even if children do not accept well these kind of models, it still con-

sists of a less expensive way to explore children’s interest in prostheses. Finally,

these low-cost prostheses will also benefit people with lower purchasing power that

cannot afford more expensive devices, like people from LMICs.

• These prostheses are composed of several segments, which allows to answer one of

the user’s needs that are required for children: the easy replacement if any compo-

nent breaks or if new components are needed due to child’s growth. Additionally,

this segmentation allows the simplification of the assembly, increasing their user-

friendly character, as any patient can assembly their own prosthesis or replace any

component if needed.

• Moreover, establishing some kind of sensory feedback was also a key aspect. This

feedback is given by the flexibility of the material that composes the terminal device

117



CHAPTER 7. CONCLUSION

and by the inner mechanisms that mimic the human bones. The usage of flexible

filament simulates the compliance of the hand’s skin, allowing to achieve a stronger

grip and avoiding the objects to slip. This feature is quite impacting for patients

with acquired deficiencies who have a huge need to restore their sensory feedback.

Additionally, the different infill percentages that compose the printed parts give the

prosthesis a sense of touch similar to a human hand.

The development of the present 3D-printed body-powered hand prostheses has re-

vealed several contributes to the scientific community as it may be one of the first steps

for the evolution of prostheses made by AM with flexible materials. This study presents a

full methodology to design a customised 3D-printed body prosthesis. This device brings

benefits for any patient with an upper limb defect, whether they are children with a con-

genital disorder that need to have contact with prosthetic devices or traumatic amputees

that miss their limbs in the daily activities.

After all, it is important to have in mind that most of these prosthetic devices are

made through successive iterations and the present prostheses were no exception. Even

though a lot of 3D-printed prostheses have been designed around the world, there is still

a huge lack of standard guidelines for this type of prostheses. Further studies must focus

on evaluating the existent prostheses, improving them so they can be introduced to the

market as the main solution for upper limb amputees [10, 72].

7.2 Future Work

AM has been growing over time and the prosthetic field has been benefiting with this

progress. The present study describes a full methodology to develop a 3D-printed body-

powered upper limb prosthesis. However, there is still plenty room for improvement.

Further work should include:

• Improvement of the functionality of the designed prostheses: this might be done

by changing the interface between the wrist and the metacarpal region or decreasing

the the difference in hardness between these two structures. Reducing the forces

needed to flex the prosthesis is also a possible solution to improve the functionality

of these devices. This could be done by changing some of the internal designs such

as the shape of the wire’s holes, especially in the metacarpal region, or by testing

other opening angles to simulate the interphalangeal joints of each finger. There

is a great belief that exploring even more the behaviour of materials could be the

solution for some of the functionality problems. By studying the flexible materials,

the elastic behaviour could be improved and the guitar strings could be replaced.

Other possible solution to improve these prostheses functionality, could be the

design of an articulated device, similar to an e-NABLE prosthesis, that simulated

the human skeleton. Then, in order to achieve a more appealing appearance, a
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flexible glove could cover this device. However, it is possible that this solution

would become challenging, especially when printing the glove.

• Enhancement of the cosmetic appearance: although significant achievements have

been made concerning this topic, there are some features that need to be improved,

especially in the metacarpal region and wrist. The level of anthropomorphism of

these structures could be increased by reducing the size of the tensioning system,

making it internal or creating a new mechanism. Moreover, making the stump-

prosthesis interface deeper would also improve the aesthetics of the terminal device

since the difference between the size of sound hand and the prosthesis would not

be so evident.

• Evaluation of the prosthesis after increasing its functionality: one of the first

intentions of this study was to evaluate this prosthesis mechanically, after its devel-

opment. However, due to its low functionality, these tests were not performed. For

this evaluation, mechanical resistance and performance tests are suggested. The

mechanical resistance measures how much force is needed to withstand a certain

weight and what is the maximum payload of the prosthesis before it fails or break.

The mechanical performance tests evaluate the grasping capabilities of the prosthe-

sis by measuring its grasping force. This value may be compared with the flexion

force of each finger in order to assess what is the contribution of each finger during

the grasping activities [105]. The prosthesis may also be evaluated by some stake-

holders such the members of rehabilitation teams, elder patients, families, etc., in

order to assess possible further improvements. Functionality tests should also be

applied.

• Application of this methodology to other children: after improving the functional-

ity of this device, it would be important to test this methodology with other children

and their families. SUS could be a good tool to evaluate their level of satisfaction.

Moreover, by applying this methodology to other children, in a long term, it would

be possible to assess if the improvement of the aesthetics of these devices, by making

them more similar to a human hand, decreases the rejection rate.

Finally, it is important to highlight that the current study will be continued with the

aim of keeping improving the customisation of this type of prostheses, lowering their

costs so more people could have access to them.
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A

Thorough description of Additive

Manufacturing Methods

This Appendix presents a more detailed description of the seven methods of Additive

Manufacturing.

Power bed fusion consists in depositing thin layers of material powder on a working

plate in a walled operating volume. Then, a laser or electron beam is used to sinter or

melt the particles together, by heating them where it is desired, layer-by-layer. Heated

particles will be fixed and after the first layer is over, the procedure is repeated. The

powder that was not sintered is only removed after the whole process is finished, to help

to sustain consolidated parts. The unsintered power can be reused, but the particles

partially sintered should be eliminated to avoid compromising the next produced object.

Although they cannot be combined, this technique can use different materials. Power

bed fusion is a slow and expensive process that results in porous products that may need

posterior processing. This technique is often used for advanced applications such as

tissue engineering, aerospace and electronics [53, 58, 60].

Vat photopolymerization is very similar to power bed fusion, but it uses an ultraviolet

(UV) light to cure the powder particles, instead of laser or electron beams. This procedure

occurs in a vat with a controlled environment. Support structures may exist, but they

need to be mechanically eliminated afterwards. Heating or photo-curing may be used as

posterior treatment in order to achieve a better results. Vat photopolymerization offers

a better surface quality than powder bed fusion but is slower and the range of materials

available is limited. This technique allows to obtain bigger pieces and its equipment is

commonly cheaper [10, 53, 58, 60]

Material jetting prints physical objects by depositing individual droplets, layer-by-

layer where it is desired. During the procedure, the printed material, is cured by high

intensity UV light. However, thermally molten materials can also be used and then solid-

ify at room temperature. Usually, this printing machines have more than one extruder:

one for printing supports and the remaining ones to print the object itself, allowing the

combination of different materials. Final products also benefit from smooth surfaces [53,

60]
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APPENDIX A. THOROUGH DESCRIPTION OF ADDITIVE MANUFACTURING

METHODS

Sheet lamination uses a roll of adhesive sheet materials. Layers are continuously cut

from this roll in the desired shape by using a mechanical cutter or a laser and are then

assembled to form the object. The excess material after the cut is left for support and

removed in the end. Although a lot of waste is generated due to this partial subtracting

character, the remaining material can be recycled. This technique origins lower quality

surfaces and poorer dimensional accuracy when compared with other AM techniques.

Post-processing treatment, dependent on the materials, such high temperature may be

applied to achieve better properties. Sheet lamination is applied in fields like paper

manufacturing, foundry industries and electronics [53].

Binder jetting uses an organic or inorganic adhesive liquid to link powder materials.

Like powder bed fusion, this technique deposits powder materials in thin layers. Binder

jetting is usually used to build mock-ups as it enables the use of a combination of different

colours [53, 60].

Direct energy deposition uses an energy source, usually a laser beam, that is directed

onto a surface where powder particles are simultaneously being projected. This proce-

dure does not use a horizontal printing plate and therefore printing layers might not be

horizontal. This enables printing onto existing parts. The resulting objects are not porous

and have a controlled microstructure which leads to excellent mechanical properties.

However, direct energy deposition has low accuracy, low surface quality and produces

less complex designs. The manufacturing costs and time are low and it is mainly used in

the automotive and aerospace industry [53, 58].
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B

Additional details on the Concept

Development

This Appendix presents a more detailed description of the used methodology used in this

study, which was inspired in the Product Design and Development methodology [11].

Figure B.1 presents the long version of the flowchart that illustrates the development

process of the prosthesis.
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Figure B.1: Extended methodology flowchart.
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C

Documentation of the Anatomical

and Functional Features Assessment

This Appendix presents the documents used to assess the anatomical and functional

features of the child.

The first document consists of the protocol used to assess these features.

The second document is the form that was used within the scope of this protocol. The

last file is the informed consent that was presented to child’s carer.

All these documents were translated to Portuguese so the child’s family and carer

could be aware of all the procedures.
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 
 

Data Collection Protocol 

Study Description: 

This protocol was established within the scope of a Biomedical Engineering 

Master Thesis aiming to develop a body-powered hand prosthesis with flexible 

materials by Additive Manufacturing. This study is taking place on NOVA 

School of Science and Technology in partnership with Patient Innovation. 

The main goal of this study is to improve the cosmetic appearance of 3D-

printed body-powered prostheses through the replacement of the stiff material 

that composes e-NABLE prostheses. This material will be replaced by a 

combination of rigid and flexible materials in order to give these prostheses a 

more real-life appearance. 

For this purpose, it was necessary to determine the optimal combination of 

materials combination as well as to analyse some of the existent prostheses. The 

identification of the user’s needs is crucial to determine the prosthesis 

specifications and therefore create some concepts aiming to identify the best 

model to develop. Concerning concepts generation and selection, it is desired a 

high level of customization, especially regarding to the size of printed hand 

when compared to the sound hand. Establishing sensory feedback was also a 

concern. 

Finally, as a result of the created concepts, several prototypes for testing 

and concept validation will be designed, according to Product Design and 

Development methodology. 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 
 

Data Collection Goals: 

The present protocol describes the data collection methodology for this 

study. It is composed of two methods and presents an explanation for each 

method as well as the listing of all necessary materials.  

To simplify the progress of this study, it will be based on a single clinical 

case of a child with an upper limb disorder, selected from the Patient 

Innovation’s program “Dar a mão”. However, this protocol can be reproduced in 

other patients with similar disorders for further work.  

The main goal of this protocol is to collect biometric data in order to 

maximize the customization of this study’s resulting prosthesis. Hand casting 

and simple measurements will be providing different types of information, from 

single to three-dimensional data. Furthermore, the redundancy between these 

two methods will prevent the necessity of a second appointment with the 

patient to collect further data. 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

Part I – Measurements  
 

This protocol’s procedure is partly inspired on the measurement form used 

on Patients Innovation’s program “Dar a mão”. Besides the measurement’s 

information, some personal data will also be taken as well as several photos of 

both limbs in specific positions.  

Material: 

• Pen;  

• Printed form; 

• Measuring tape; 

• 40 cm ruler; 

• 1 € coin; 

• Camera; 

• Sheets of paper; 

• A3 graph paper. 

Procedure: 

1. Fill the form with personal information and limbs’ measurements. 

2. Ask the child to place the two limbs resting on the graph paper with 

the ruler placed between the two arms, parallel to them. 

3. Repeat the exemplified positions from Figure 1 and take a photo of 

each one. Each photo should: 

• Include the whole forearm, including the elbow; 

• Be taken directly from above the forearms and not from another 

angle; 

• Include a coin as an additional measurement reference. 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

Figure 1: Positions to repeat. 

 

 

 

 

  



 

 
 5 

Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

 

This final procedure aims to build a three-dimensional replica of the child’s 

limbs and avoid future meetings. Therefore, measurements that were not taken 

in sequence of this protocol can be done without the child’s presence. Moreover, 

the hand’s replica could be scanned instead of exposing the child to a long-time 

consuming procedure.  

The hand’s impression is made with alginate and then filled with Plaster of 

Paris. After the plaster is set, the alginate can be removed and the hand replica 

is finished.  

Material: 

• 2 buckets or other containers tall enough to cover the limb up 

about 10 cm above the limbs extremities; 

• 0,5 L measuring cup; 

• Alginate; 

• Water; 

• Plaster of Paris; 

• 2 Whisks; 

• Cup; 

• Vaseline or baby oil; 

• Balance; 

• Baby wipes; 

• Knife. 

Procedure: 

1. Grease the child’s healthy limb with baby oil. 

  

Part II – Hand Casting 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 
 

2. Mix one-part alginate (cup) with two-parts water using the whisk’s 

help until filling the bucket up to two thirds of its height. Don’t stop 

mixing until the mixture is ready to make the limb’s impression. 

3. Dip the child’s healthy limb with an open hand in the alginate and 

wait 3 minutes until it solidifies. It is important to keep the child as 

still as possible. If the child starts to feel uncomfortable, try to distract 

the child by chatting, singing a song or telling a short story. 

4. Remove the child’s limb and clean it with baby wipes. 

5. Repeat the process for the other limb.  

6. Dissolve the Plaster of Paris in water in the measuring cup with the 

whisk’s help. 

7. Fill the alginate with the plaster solution up to the top and let it rest. 

8. After a few hours, when the plaster is set and dry, remove the alginate 

from the two replicas using the knife.  

Note: The alginate and plaster solutions are prepared according to the 

instructions recommended by the materials producer.  



|Data Collection Form 

 

 1 

 

Personal Data   
 

Name   

 

Birthday:   Sex: Male  Female   

 

Height:  Weight:   

Clinical Background 
 

Condition’s Cause: 

 

Congenital disorder  Which one?  

 

Amputation  When?   

 

Affected Limb: Right  Left   

 

Previous Prostheses: 

 

Yes  Which one(s)?  Prescription Date:  

 

  Prescription Date:  

 

No   

 

Existing Joints: 

 

Wrist  Does the child present wrist flexion? Yes  No   

 

 Does the child present wrist rotation? Yes  No   

 

Elbow  Does the child present elbow flexion? Yes  No   

 

 Does the child present elbow rotation? Yes  No   

 

Injury’s Classification:  

 

Activities with higher level of difficulty:  

  



 

\ 

 2 

 

 

Figure 1: Measurements’ guide. 

Table 1: Measurements' record. 

Measurement 

identification 

1st 

Measurement 

2nd 

Measurement 

3rd 

Measurement 

A    

B    

C    

D    

E    

F    

G    

H    

I    

J    

K    

  Uncertainty:  

Limbs’ Measurements 



 

 

Parental Informed Consent 

Dear Child Carer, 

I, Ana Maria Gomes Oliveira, am finishing my Master Degree in 

Biomedical Engineering at NOVA School of Science and Technology and I 

would like to request your child’s collaboration in this study to support my 

Master Thesis titled “Development of a Body-powered Hand Prosthesis with 

Flexible Materials by Additive Manufacturing”. 

This study is taking place at NOVA School of Science and Technology in 

partnership with Patient Innovation and aims to develop a body-powered hand 

prosthesis with flexible materials by Additive Manufacturing, commonly known 

as 3D printing.  

The main goal of this study is to improve the cosmetic appearance of 3D-

printed body-powered prostheses through the replacement of the stiff material 

that composes e-NABLE prostheses. This material will be replaced by a 

combination of rigid and flexible materials in order to give these prostheses a 

more real-life appearance. 

For this purpose, it was necessary to determine the optimal combination 

of materials combination as well as to analyse some of the existent prostheses. 

The identification of the user’s needs is crucial to determine the prosthesis 

specifications and therefore create some concepts aiming to identify the best 

model to develop. Concerning concepts generation and selection, it was desired a 

high level of customization, especially regarding to the size of printed hand 

when compared to the sound hand. Establishing sensory feedback was also a 

concern. 



 

2 

 

Finally, as a result of the created concepts, several prototypes for testing 

and concept validation will be designed, according to Product Design and 

Development methodology. 

The data collection process will be composed of two methods: simple 

anatomic measurements and hand casting. These procedures will enable the 

acquisition of biometric data to maximize the customization of this study’s 

resulting prosthesis 

To simplify the progress of this study, it will be based on a single clinical 

case of a child with an upper limb disorder selected from Patient Innovation’s 

program “Dar a mão”. However, you are free to quit the study anytime if you so 

desire. Please be aware that your child’s collaboration is voluntary and that this 

is a non-profit study.  

All collected data will be confidentially protected and any of your child’s 

photos allowing your child’s identification will not be shared.  

If you have any doubts or concerns about the present study or protocol, 

do not hesitate to contact me at the following number ××× ××× ××× or e-mail: 

amg.oliveira@campus.fct.unl.pt. 

  



 

3 

 

I confirm that I have clearly explained and disclosed all the necessary 

procedures relative to the study referred in this document. I answered to all the 

asked questions and assured that was enough lead time for the Child Carer to 

reflect and make an informed decision. 

Date: __ /__ /____     _____________________________________________________ 

                                       (Ana Maria Gomes Oliveira) 

  



 

4 

 

Dear Child Carer, 

Please, read this document carefully.  Do not hesitate to ask for more 

information if you require further clarifications.  

Check that all information is correct. If everything is as you expect, then, 

sign this document.  

I declare I have understood the goals that were purposed and explained 

to me. I had the opportunity to present all my doubts and concerns related to 

this issue and for each one I received a clear answer. I had enough time to 

reflect my proposal so I declare that I authorize/do not authorize (delete as 

appropriate) the referred study as well as the directly related procedures that 

may be necessary to my own interest and supported by reasonable arguments.  

Date: __ /__ /____       ____________________________________________________ 

                                                        (Child Carer) 

 





D

Phalanges Measurements

The diameter of the phalanges was defined by crossing two studies: F. P. A. Buryanov and

V. Kotiuk [90] as well as Schulter-Ellis and G. T. Lazar [91], which performed analyses

about the morphologies of the human phalanges. In order to obtain the diameter of each

phalanx, the midshaft of each phalanx was measured ten times in Figure D.1 by using

ImageJ software [92]. The mean of these ten measurements (D), was then confronted

with the values from the F. P. Schulter-Ellis and G. T. Lazar’s study [91] to validate

the performed measurements. The measurements of all fingers (except for the thumb)

were performed using the frontal plane. The thumb was measured using the sagittal

plane. Finally, after validated, the considered diameter of each phalanx for the present

prosthesis was 0.63D. Table D.1 presents the ten measurements of each phalanx made

with ImageJ, as well as their mean and SD.
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APPENDIX D. PHALANGES MEASUREMENTS

Figure D.1: Antero-posterior X-ray of a human hand [90].
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Table D.1: Phalanges measurements (mm).

Phalanges Label
Fingers

Little Ring Middle Index Thumb

Proximal

1 8.64 9.96 11.10 10.48 7.45
2 8.80 9.82 10.73 10.79 7.10
3 8.64 9.98 11.04 10.48 7.19
4 8.32 10.31 10.73 10.41 7.31
5 8.97 10.16 10.79 10.55 7.66
6 8.49 10.00 11.10 10.48 7.16
7 8.32 10.47 11.10 10.55 7.25
8 8.80 10.00 10.73 10.48 7.30
9 8.33 10.16 10.99 10.41 7.10

10 8.81 10.30 11.04 10.41 7.60

Mean 8.61 10.11 10.96 10.50 7.31
SD 0.24 0.20 0.17 0.11 0.20

Middle

1 7.70 9.54 9.16 8.91 -
2 7.70 9.05 9.10 8.94 -
3 7.88 9.17 9.68 8.94 -
4 7.70 9.20 9.41 8.89 -
5 7.40 9.05 9.16 8.89 -
6 7.74 9.54 9.47 9.07 -
7 7.86 9.36 9.41 9.10 -
8 7.42 9.03 9.05 8.97 -
9 7.86 9.05 9.36 9.10 -

10 7.53 9.01 9.23 9.07 -

Mean 7.68 9.20 9.30 8.99 -
SD 0.18 0.21 0.20 0.09 -

Distal

1 4.93 5.28 5.84 6.31 5.59
2 4.84 5.21 5.67 6.18 5.52
3 5.25 5.36 5.90 6.15 5.59
4 5.32 5.39 6.25 6.34 5.73
5 4.77 5.43 5.43 6.13 5.82
6 5.04 5.21 6.25 6.31 5.47
7 5.09 4.93 6.18 6.18 5.67
8 5.10 5.36 5.93 6.15 5.65
9 4.77 5.18 5.74 6.29 5.59

10 4.91 5.16 5.90 6.15 5.80

Mean 5.00 5.25 5.91 6.22 5.64
SD 0.19 0.15 0.26 0.08 0.12
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E

Printing Parameters Tests

This appendix presents the printing parameters that were used during the main printing

tests that were performed during this study. The printing parameters that remained

the same are based on the the printing settings recommendations. Tables E.1 to E.3

present the printing settings that were changed during the printing tests. These tests

were performed with the aim to asses which was the best set of parameters that combined

a good printing quality with low forces needed to flex the prosthesis.
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APPENDIX E. PRINTING PARAMETERS TESTS
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APPENDIX E. PRINTING PARAMETERS TESTS
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F

Pull Tests

This Appendix presents the protocol defined to evaluate some of the developed prototypes

of the fingers. This protocol was developed with the aim of testing the functionality of

different designs as well as to assess the best printing parameters that would lead to a

higher level of functionality. This Appendix also presents the drawings of the finger

support and horizontal tab designed for the pull tests protocol as well as the values of the

several pull tests that were made. This values can be consulted in Tables F.1 to F.15. uc
correspond to combined standard uncertainity and cv to the variation coefficient.

157



 

 

 1 

Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

Pull Tests Protocol 

Study Description: 

This protocol was established within the scope of a Biomedical Engineering 

Master Thesis aiming to develop a body-powered hand prosthesis with flexible 

materials by Additive Manufacturing. This study is taking place on NOVA School 

of Science and Technology in partnership with Patient Innovation. 

The main goal of this study is to improve the cosmetic appearance of 3D-

printed body-powered prostheses through the replacement of the stiff material 

that composes e-NABLE prostheses. This material will be replaced by a 

combination of rigid and flexible materials in order to give these prostheses a 

more real-life appearance. 

For this purpose, it was necessary to determine the optimal materials 

combination as well as to analyse some of the existent prostheses. The 

identification of the user’s needs is crucial to determine the prosthesis 

specifications and therefore create some concepts aiming to identify the best model 

to develop. Concerning concepts generation and selection, it was desired a high 

level of customization, especially regarding to the size of printed hand when 

compared to the sound hand. Establishing sensory feedback was also a concern. 

Finally, as a result of the created concepts, several prototypes for testing 

and concept validation were designed, according to Product Design and 

Development methodology. 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

Data Collection Goals: 

The present protocol describes the methodology for the pull tests used to 

evaluate the printed fingers in terms of force needed to bend each finger model.  

The prosthesis development was divided into three main design stages. 

Fingers were the first components to be addressed as there were previous studies 

about them. During this stage, only the index was designed. After validating the 

index design, its design could be used in the other fingers. During this study, 

several different models were developed. However, only some of them were 

subjected to pull tests. 

These tests had the goal of selecting the opening angle of the chambers that 

mimic the interphalangeal joints and lead to lower bending forces. Besides 

selecting the opening angle, these tests were also used to select the best printing 

parameters. During the design of the fingers, several printing tests were also 

performed in order to find the best printing quality. However, despite all efforts, 

it was quite difficult to determine the best printing parameters, which combine a 

good printing quality and low bending forces.   

Thus, the main goal of this protocol is to determine which will be index 

model as the printing parameters which will be used, by measuring the necessary 

force to bend the fingers. Following this methodology allows to evaluate the 

fingers objectively, avoiding possible errors from a subjective assessment.  
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

Methodology principle:  

This protocol measures the force needed to bend each finger model. Metallic 

cylinders with different masses will be applied to the fingers, generating different 

forces and causing the finger to bend. Consequently, the fingertip suffers an 

approximately vertical displacement that is measured with a dial gauge. The 

measures stop when each finger bending reaches the desired displacement of 10 

mm.  

The dynamometer weight as well as the weight of the tissue bag used to 

place the weights will increase the applied force. Both the dynamometer and the 

tissue bag must be weighed, so the real applied force is known. This force is given 

by the following equation, where mbag, mdin and m are the masses of the tissue 

bag, dynamometer and metallic cylinders, respectively, and g, the gravitational 

constant: 

𝑊 = (𝑚𝑏𝑎𝑔 +𝑚𝑑𝑖𝑛 +𝑚) ∙ 𝑔 

However, it is expected that the W value and the value measured from the 

dynamometer do not present significant differences.  
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

Methodology 

 

The present protocol was developed considering the laboratory environment 

and conditions. Regarding the main goals of this protocol, the methodology does 

not need to be very strict or use expensive equipment.  

The only requirement needed to test the fingers was an elevated structure 

where the fingers could be fixed, and its wire could be pulled vertically.  For the 

present study, a support that can be fixed by screws to the available elevated 

structure was designed as well as an horizontal tab, so the contact point of the 

dial gauge was in contact with the tab fitted into the top of the dynamometer. 

The fingers are then fixed to a fitting hole. Figure 1 shows the 3D-printed designed 

support and the horizontal tab, also 3D-printed with PET.  

 

Figure 1: Designed structures for the present protocol: (a) finger's support; (b) horizontal tab. 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

 

Material: 

• Fingers support; 

• Acoustic guitar strings, E and B (40 cm for each finger); 

• 2 screws and respective nuts and washers; 

• Small nuts; 

• Dial gauge; 

• Dynamometer; 

• Light tissue bag; 

• Pliers; 

• Weights. 

Procedures: 

1. Weight the tissue’s bag and dynamometer and register their values. 

Repeat this step two more times and calculate the mean value of 

their weights. 

2. Fix the fingers’ support to the elevated structure using the screws 

and the respective nuts. For this study M8×50 screws were used.  

3. Pass the metal wire through the finger and lock it at the top by 

wrapping the wire’s tip around the small nut with the pliers’ help. 

4. Insert the finger at the finger’s support, making sure the wire passes 

through the support’s hole. 

5. Fix the horizontal tab at the top of the dynamometer. 

6. Fix the dynamometer at the other end of the wire. If necessary, use 

the pliers once more. 

7. Tie the tissue bag at the dynamometer’s far end.  

8. Fix the dial gauge at the elevated structure. Its pointer must be 

placed at its maximum displacement and simultaneously touching 

the horizontal tab. Make sure the dial gauge is calibrated.  



 

 

 6 

Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 

9. Place the weights inside the tissues bag, starting at 400g and then 

adding 400g at a time. For the present study, the available metallic 

cylinders had masses between 100 and 800g. Higher mass values were 

obtained by combining cylinders. If between two values the finger 

reaches the maximum bending capacity, measure the medium value 

between the last two values. 

10. Read the dynamometer’s value as well as the marked value in the 

dial gauge for each added weight and register the read values. Repeat 

this step twice more.  

11. When the finger reaches its maximum vertical displacement, stop 

adding weight.   

12. Remove the tested finger and repeat steps 2 to 11 for the next finger 

to test.  
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APPENDIX F. PULL TESTS

Table F.1: Pull tests results of the model with 55° chambers.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 2.54 2.60 2.63 2.59 0.03 0.02
8 4.15 4.13 4.16 4.15 0.01 0.00

12 6.33 6.25 6.30 6.29 0.02 0.01
16 8.15 8.21 8.27 8.21 0.03 0.01
18 9.15 9.13 9.18 9.15 0.01 0.00

Table F.2: Pull tests results of the model with 60° chambers.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 4.45 4.41 4.30 4.39 0.04 0.02
6 5.36 5.45 5.38 5.40 0.03 0.01
8 6.55 6.48 6.62 6.55 0.04 0.01

10 7.81 7.90 7.81 7.84 0.03 0.01
12 9.35 9.34 9.32 9.34 0.01 0.00

Table F.3: Pull tests results of the model with 65° chambers.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 4.90 4.93 4.90 4.31 0.01 0.00
6 5.58 5.56 5.50 5.55 0.02 0.01
8 6.47 6.55 6.57 6.53 0.03 0.01

10 7.78 7.74 7.81 7.78 0.02 0.00
12 9.34 9.33 9.30 9.32 0.01 0.00
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Table F.4: Pull tests results of the model printed with the set A parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 2.43 2.45 2.50 2.46 0.02 0.01
8 2.79 2.75 2.71 2.75 0.02 0.01

12 3.32 3.27 3.15 3.21 0.03 0.02
16 3.81 3.77 3.84 3.81 0.02 0.01
20 4.49 4.56 4.54 4.53 0.02 0.01
24 5.39 5.35 5.34 5.36 0.02 0.00

Table F.5: Pull tests results of the model printed with the set A1 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 2.97 2.97 2.89 2.94 0.03 0.02
8 3.27 3.16 3.20 3.21 0.03 0.02

12 3.77 3.78 3.88 3.81 0.04 0.02
16 4.81 4.78 4.68 4.76 0.04 0.01
20 6.70 6.63 6.64 6.66 0.02 0.01
24 8.25 8.31 8.22 8.26 0.03 0.01

Table F.6: Pull tests results of the model printed with the set A2 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 2.18 2.18 2.15 2.17 0.01 0.01
8 2.75 2.64 2.68 2.69 0.03 0.02

12 3.62 3.62 3.70 3.65 0.03 0.01
16 4.64 4.52 4.64 4.60 0.04 0.02
20 6.57 6.51 6.56 6.55 0.02 0.00
24 7.25 7.30 7.34 7.30 0.03 0.01
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APPENDIX F. PULL TESTS

Table F.7: Pull tests results of the model printed with the set B parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 4.45 4.41 4.30 4.39 0.04 0.02
6 5.36 5.45 5.38 5.40 0.03 0.01
8 6.55 6.48 6.62 6.55 0.04 0.01

10 7.81 7.90 7.81 7.84 0.03 0.01
12 9.35 9.34 9.32 9.34 0.01 0.00

Table F.8: Pull tests results of the model printed with the set B1 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 3.46 3.43 3.48 3.46 0.01 0.01
8 5.07 5.10 5.14 5.10 0.02 0.01

12 6.96 7.04 7.04 7.01 0.03 0.01
13 8.48 8.55 8.51 8.51 0.02 0.00
14 9.05 8.98 9.02 9.02 0.02 0.00

Table F.9: Pull tests results of the model printed with the set B2 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 1.50 1.50 1.53 1.51 0.01 0.01
8 2.14 2.17 2.12 2.14 0.01 0.01

12 2.82 2.85 2.95 2.86 0.02 0.01
16 4.15 4.24 4.24 4.21 0.03 0.01
20 5.24 5.17 5.27 5.23 0.03 0.01
24 6.39 6.44 6.50 6.44 0.03 0.01
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Table F.10: Pull tests results of the model printed with the set B3 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 2.25 2.18 2.24 2.22 0.02 0.02
8 3.07 3.03 3.02 3.04 0.02 0.01

12 3.68 3.73 3.73 3.71 0.02 0.01
16 4.57 4.55 4.60 4.57 0.01 0.01
20 5.59 5.57 5.65 5.60 0.02 0.01
24 7.33 7.31 7.37 7.34 0.02 0.00

Table F.11: Pull tests results of the model printed with the set B4 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 2.75 2.81 2.70 2.75 0.03 0.02
8 3.53 3.63 3.57 3.58 0.03 0.01

12 4.51 4.58 4.60 4.56 0.03 0.01
16 5.40 5.34 5.43 5.39 0.03 0.01
20 7.04 6.96 7.07 7.02 0.03 0.01
24 8.25 8.18 8.18 8.20 0.02 0.00

Table F.12: Pull tests results of the model printed with the set B5 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 1.99 1.91 1.91 1.94 0.03 0.02
8 2.61 2.56 2.50 2.56 0.03 0.02

12 3.25 3.27 3.32 3.31 0.03 0.01
16 4.20 4.17 4.20 4.19 0.01 0.00
20 5.17 5.26 5.20 5.21 0.03 0.01
24 5.92 5.89 5.90 5.90 0.01 0.00
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APPENDIX F. PULL TESTS

Table F.13: Pull tests results of the model printed with the set B6 parameters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 2.79 2.75 2.84 2.79 0.03 0.02
8 3.19 3.19 3.18 3.19 0.00 0.00

12 4.29 4.26 4.33 4.29 0.02 0.01
16 5.40 5.32 5.30 5.34 0.03 0.01
20 6.00 6.32 6.20 6.17 0.09 0.03
24 7.20 7.35 7.35 7.30 0.05 0.01

Table F.14: Pull tests results of the model printed with Filaflex 70A and the set A parame-
ters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

4 4.40 4.42 4.45 4.42 0.01 0.01
8 5.85 5.80 5.83 5.83 0.01 0.00

12 7.05 7.10 7.00 7.05 0.03 0.01
13 7.80 7.75 7.77 7.77 0.01 0.00
14 8.25 8.15 8.08 8.16 0.05 0.01

Table F.15: Pull tests results of the model printed with Filaflex 70A and the set B parame-
ters.

Force (N)
Measurements

Mean uc cv1st 2nd 3rd

3 4.50 4.35 4.46 4.44 0.04 0.02
4 5.60 5.62 5.70 5.64 0.03 0.01
6 6.50 6.30 6.44 6.41 0.06 0.02
7 7.35 7.45 7.60 7.47 0.07 0.02
8 8.55 8.85 8.68 8.69 0.09 0.02

170



G

Prostheses Costs

The present appendix presents the discriminated cost of the developed prostheses’ ma-

terial. The total values include the cost of all the components needed to construct the

prostheses, including the printing supports. The costs of all prototypes made during

the present study were not considered. Tables G.1 and G.2 present the costs of the first,

second and third prostheses, respectively.

Table G.1: Discriminated cost of the first and second prostheses

Components Quantity Unit Cost (=C)

Filaflex 97.10
g

0.69
PLA 30.74 1.53
PET-G 0.08 0.00

Velcro 0.22 m 0.51
Grosgrain ribbons 0.40 0.32

Guitar strings 2
u.a.

1.10
Screws 5 0.08
Adhesive foam 1 0.75

Total 12.65
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APPENDIX G. PROSTHESES COSTS

Table G.2: Discriminated third prosthesis.

Components Quantity Unit Cost (=C)

Filaflex 41.98
g

3.85
PLA 88.24 1.94
PET-G 0.08 0.00

Velcro 0.22 m 0.51
Grosgrain ribbons 0.4 0.32

Guitar strings 2
u.a.

1.10
Screws 3 0.3
Adhesive foam 1 0.75

Total 8.77
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System Usability Scale

The following document presents the surveys that were used to obtain the feedback of

the child and his family, as well as the corresponding results.
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 
 

System Usability Scale 

Study Description: 

This survey is being applied within the scope of a Biomedical Engineering 

Master Thesis aiming to develop a body-powered hand prosthesis with flexible 

materials by Additive Manufacturing. This study is taking place on NOVA 

School of Science and Technology in partnership with Patient Innovation. 

The main goal of this study was to improve the cosmetic appearance of 

3D-printed body-powered prostheses through the replacement of the stiff 

material that composes e-NABLE prostheses. This material was replaced by a 

combination of rigid and flexible materials in order to give these prostheses a 

more real-life appearance. 

For this purpose, it was necessary to determine the optimal materials 

combination as well as to analyse some of the existent prostheses. The 

identification of the user’s needs was crucial to determine the prosthesis 

specifications and therefore create some concepts  aiming to identify the best 

model to develop. Concerning concepts generation and selection, it was desired a 

high level of customization, especially regarding to the size of printed hand 

when compared to the sound hand. Establishing sensory feedback was also a 

concern. 

Finally, as a result of the created concepts, several prototypes for testing 

and concept validation were designed, according to Product Design and 

Development methodology. 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing 
 

Data Collection Goals: 

The prosthetic device developed during this study was based on a single 

clinical case, a child selected from the Patient Innovation program “Dar a mão” 

in order to simply the course of this research. However, this survey may could 

be applied to other patients with similar lesions in further studies with a similar 

methodology.  

The present survey has the main goal of evaluating the usability of the 

prosthesis developed during this study, whereby it is pretended to obtain the 

feedback of the child and his family. Additionally, the prosthesis functionality as 

well as their aesthetic appearance, the production costs, weight and the total 

printing time will also be evaluated. 

Thus, in order to assess the level of satisfaction of the child and family, it 

will be used a survey with an usability scale, the System Usability Scale (SUS). 

This is a standard tool that allows to measure the usability of a wide variety of 

products or even services.  It is composed by ten questions with five response 

options that goes from “Strongly agree” to “Strongly disagree”, which correspond 

to 5 and 1 scores, respectively. These responses are then converted to a score 

that will correspond to the evaluation of the child and family in terms of 

usability. 

 Finally, an additional survey with ten questions that follow the SUS logic 

will be presented. However, those questions were adapted to the features of the 

designed prosthesis, which can be used in further identical studies. 
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing   

System Usability Scale 

1 – Strongly disagree | 5 – Strongly agree 

1. I think that I would like to use this device frequently.     × 

 1 2 3 4 5 

2. I found the device unnecessarily complex. ×     

 1 2 3 4 5 

3. I thought the device was easy to use.     × 

 1 2 3 4 5 

4. I think that I would need the support of a technical 

person to be able to use this device. 
×     

 1 2 3 4 5 

5. I found the various functions in this device were 

well integrated. 
    × 

 1 2 3 4 5 

6. I thought there was too much inconsistency in this 

system. 
×     

 1 2 3 4 5 

7. I would imagine that most people would learn to use 

this system very quickly. 
   ×  

 1 2 3 4 5 

8. I found the system very cumbersome to use. ×     

 1 2 3 4 5 

9. I felt very confident using the system.     × 

 1 2 3 4 5 

10. I needed to learn a lot of things before I could get 

going with this system. 
×     
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Development of a Body-powered 

Hand Prosthesis with Flexible  

Materials by Additive Manufacturing  

Additional Questions 

1 – Strongly disagree | 5 – Strongly agree 

1. I found the aesthetic appearance of the prosthesis 

appealing to its daily use. 
    × 

 1 2 3 4 5 

2.  The prosthesis is quite similar to a toy. ×     

 1 2 3 4 5 

3.  The prosthesis is quite similar, in aesthetical terms, to 

a human hand. 
    × 

 1 2 3 4 5 

4.  I think that the prosthesis is easily breakable. ×     

 1 2 3 4 5 

5.  I think that the fitting of the prosthesis is very 

intuitive. 
    × 

 1 2 3 4 5 

6. I think that the fitting of the prosthesis is 

uncomfortable. 
×     

 1 2 3 4 5 

7.  I found the prosthesis’ operating mode complicated.    ×  

 1 2 3 4 5 

8.  I found the system very cumbersome to use. ×     

 1 2 3 4 5 

9.  I think that the prosthesis would be a good 

complement for the daily living activities. 
    × 

 1 2 3 4 5 

10. This prosthesis might consist of a restriction for the 

daily living activities. 
×     
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