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SUMMARY

The World Health Organization (WHO) estimates that there are =40 million
amputees in developing countries and that only =5% of them have access to
prosthetic devices. In low income countries, there are only a few big cities
capable of providing reasonable healthcare services and transportation from
rural areas is usually complicated, expensive, and may take several days. In
most of the cases, there is a general lack of trained personnel and materials
making, prosthetic workshops limited, difficult to reach, or even non-existent.
3D printing is @ manufacturing method that enables fabrication of structures
with unusual geometries without the need for any particular manual skill,
elaborate tooling, or labour-intensive procedures. Many 3D printing techniques
have become easily accessible and have opened a window for creating low-cost
functional parts in a simpler way than conventional procedures. The main
purpose of the research described in this thesis is to increase the accessibility of
prosthetic hands among people living in low-income settings. To achieve this,
the goal of the research is twofold: one, to design a transradial hand prosthesis
that can be 3D printed with very few and simple post assembly steps and suffice
basic user requirements; and two, to develop a 3D modelling process based on
2D photographs for the design of transradial (below the elbow) sockets that can
be 3D printed.

This thesis began exploring possibilities of non-assembly fabrication
using 3D printing techniques. Chapter 2 contains a literature review describing a
number of mechanisms fabricated in a non-assembly manner by 3D printing.
Chapter 3 reviews the results of fatigue testing in 3D printed polymers in order
to determine the 3D printing material and 3D printing settings that ensure best
fatigue performance. Chapter 4 continues with a number of design
considerations that were formulated for the fabrication of non-assembly
mechanisms with 3D printing. We followed these guidelines to design a
functional multi-articulated hand prosthesis that was then manufactured by
material extrusion 3D printing. This design procedure concluded in a hand
prosthesis concept that reduces manufacturing requirements to a single 3D
printer and its building material. Chapter 5 contains a functional evaluation of
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the 3D printed prosthetic hand including mechanical and user testing. To
further explore the capabilities of non-assembly 3D printing, in Chapter 6 we
initiated a new design process aimed at producing articulated fingers (two
degrees of freedom per finger) under this manufacturing framework. For this
process, we adopted a bio-inspired design approach by studying the anatomical
structures of the human hand that can be translated into components of
prosthetic hands and have the potential of offering improved functionality. This
bio-inspired designed prosthetic hand achieved superior pinch force as
compared to our previous non-assembly BP prosthetic hand. Chapter 7
describes the method employed to obtain and process the 3D models of a
stump. The method is based on photos from a smartphone and a Statistical
Shape Model (SSM). The algorithm translates the photos into a 3D digital shape
and then introduces the digital outcome into the process of automatic
anthropometry. The outcome was later used for determining the parameters of
a parametric design of a transradial socket that can be 3D printed and fitted
onto the user’s residual limb. The error resulting from the automatic
measurement was still too large for an acceptable socket design. The thesis
ends in Chapter 8 with a pilot study of our new bio-inspired 3D printed hand
design in Colombia. We employed a manual measuring method using visual
cues of the stump and a measuring tape to obtain the dimensions required for
the design of the socket. Through the manual measuring method and
parametric socket and shaft designs, the components of the prosthetic device
were produced easily and locally on a material extrusion 3D printer. The field
testing in Colombia concluded that our design and manufacturing processes
based on 3D printing are fast and easy to implement and opens a gateway for
the production of prosthetic devices in developing countries.
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Chapter 1: Introduction
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1.1 Background

This PhD project was carried out in the context of a challenging but significant
research question: how to improve access to prosthetic devices for amputees in
developing countries? In other words, the project aspires to contribute to global
development by facilitating the rehabilitation of poor and disabled people in
countries where an absence of trained prosthetists exists and healthcare
infrastructures are either completely absent, or difficult to access and/or poorly
equipped. How? by designing prosthetic limbs that meet the users'
requirements, but are also easy to produce without the need for the specialist
manual skills possessed by prosthetists.

Let’s start by framing the context that inspired the development of this
project. In 2015 the World Health Organization (WHQ) estimated that there are
about 40 million amputees, both for upper and lower extremities, in developing
countries [1]. More recently, McDonald et al. estimated that in 2017 57.7
million people were living with limb amputation only by traumatic causes [2]. By
taking out the central-west European region and the North American region the
prevalence of limb amputation adds up to 42 million. There are several reasons
that explain this high figure. The greatest and maybe most dramatic one relates
to violent events in war zones and post-war zones [3]. For instance, the 1994
civil war/genocide in Rwanda left hundreds of thousands of amputees.
Similarly, a disproportionate number of people have had their limbs amputated
during the 1991-2002 civil war in Sierra Leone. Humanitarian crises related to
natural disasters also often result in a large number of people having this
devastating condition. For instance, the WHO estimates that up to 4000 people
had an amputation after the 2010 earthquake in Haiti [4]. Amputations are
often performed by surgeons as a last resort measure to save the life of a
patient, when all other treatment options are no longer viable to salvage
extremely damaged or infected tissues [5-7]. Thanks to the advanced level of
medical knowledge and technological development, amputations are relatively
rare in Western countries. However, in low-income countries, the situation is
unfortunately quite different: amputations are performed frequently and data
seems to suggest that this scenario will not change in the next decades [8].
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Apart from war-related amputations, traffic accidents or accidents in the
workplace, especially in remote rural and mining regions, often result in limbs
removal operations, as victims are not timely and adequately treated. In fact,
even when the limb could be easily salvaged with proper medical care, patients
get to the hospital when the wound has already reached an irreversible stage,
or the infection is too advanced [6]. Healthcare facilities are often simply too far
away, too crowded or too expensive for people living in rural, remote areas [9].

It is important to underline that amputation is linked to much more
than the loss of a limb. It implies a lifelong disability that seriously jeopardizes
the amputee’s physical, psychological and social well-being. Amputations are
traumatic, irreversible events that can be emotionally devastating for the
victims and consequently also for their family [10]. For instance, evidence
shows that in Nigeria, most amputees have no other option than living as
homeless or beggars in the street [11]. Another study conducted in India
demonstrates a clear link between amputation and the development of
psychiatric disorders, including depression, post-traumatic stress disorder and
even suicide [10]. The social stigmatization of amputees is very difficult to deal
with, as people missing a limb are often perceived and treated as being
somehow “incomplete individuals” or even as a burden for society, especially in
the context of a political, economic and/or environmental crisis.

So, how to treat an individual with a missing body part? (Figure 1). A
common and frequently used solution is to replace the specific body part with
something artificial that at least partly fulfils the lost biomechanical
functionality [12]. This is what defines the concept of a prosthesis. Upper limb
prostheses are therefore devices that try to replicate the function of the human
arm and hand. The human hand is so complex that still today, the anatomical
and physiological functions are far to be fully replaceable with a prosthesis. The
current upper limb prostheses are therefore substitutes that can execute only a
limited number of functions, either in a passive or an active way. A passive
prosthesis can be static, usually serving only for cosmetic purposes, or
adjustable, where the other sound hand or the environment can adapt the
grasping mechanism in different positions [13]. An active prosthesis uses force
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delivered internally to the grasping mechanisms either by external actuation,
mostly in the form of electronic actuators, or a body-powered cable. External
actuators use energy provided by any means other than the human body.
Batteries are the most used in this case. Body-powered (BP) prostheses use a
shoulder harness and are cable-driven by shoulder and/or arm movement [14]
(See Figure 2 [15]). According to a number of authors BP prostheses offer
advantages such as proprioceptive feedback, lower weight and easier
maintenance [14, 16-18] as compared to prostheses driven by external
actuators. BP prostheses are also generally simpler to produce and therefore
more affordable, which makes them more suitable for low-income settings and
usually a more acceptable solution for upper limb amputation [16].

Figure 1.1: Person with transradial amputation in Colombia.
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Figure 1.2: Diagram of how a Body-powered (BP) prosthesis works. Reprinted
under the terms of the https://creativecommons.org/licenses/by/4.0/ [15].

Prosthetic devices play a fundamental role in improving the life of amputees, as
they facilitate mobility and the capacity to perform everyday tasks
independently. Prostheses can help a person to overcome social stigmatization,
to regain self-confidence and to perform an active, decent “new” life [12]. In
other words, prostheses are important to foster emotional and physical
empowerment. Yet, prostheses are not easily accessible to all those who need
them. Data by the WHO suggests that only about 5 - 15% of amputees in
developing countries have access to these devices [1]. In fact, in low-income
countries, few facilities exist that have the necessary personnel and advanced
technology to design and construct robust, affordable and functioning
prostheses [6]. A quick comparison in Figure 3 between a prosthetic workshop
in Nepal and in the Netherlands depicts some of the differences. Furthermore,
these facilities are most often only located in a few major cities, and cannot be
easily reached by people living in remote rural areas. This is particularly the case
in war and post-war zones. Even when amputees manage to get a prosthesis,
they cannot afford to go back for follow-up checks, maintenance or repair [9,
19].
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Figure 1.3: Workbench in a prosthetic workshop in Nepal (top) vs prosthetic
workshop in the Netherlands (bottom). In the Netherlands state-of-the art tools
and prosthetic devices are available whereas in Nepal the workbench is
outdated and underequipped.

Most prostheses delivered to amputees in developing countries are provided by
governmental and non-governmental organizations or private entities, trying to
offer low-cost functional devices. However, these organizations face a wide
range of technical, economic and infrastructural challenges [19]. In fact, the
majority of the prostheses available in developing countries are second-hand
prostheses from Western countries transported and provided to the user
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through Non-governmental Organizations (NGOs) [19]. However, different
studies show that up to 50% of these second-hand prostheses need repair
work, or fail to perform adequately [20]. Beneficiaries complain about
mechanical issues and high repair costs [9]. Moreover, fit issues between
second-hand prostheses and users’ residual limbs also create severe problems,
including high level of discomfort, pain, and even wounds. In short, second-
hand prostheses are not a sustainable option. If sockets are not personalized;
they are eventually or immediately abandoned.

1.2 Scope of the project

Prostheses need to be easily accessible, affordable and custom-made. And it is
here that the idea of this project unfolds: The starting point is the assumption
that nowadays a great portion of the world’s population owns a smartphone
that can easily connect to an internet network. This is the case also in the
developing world, where phones and internet access are increasingly
widespread. The other core part of our project is 3D printing technology, which
offers the unique possibility of fabricating complex 3D-shapes adjustable to the
customers’ needs. Mick Ebeling’s recent “Not Impossible” project in Sudan is an
inspiring example in this sense as it proved that it is possible to design and
create simple but functional prostheses using basic 3D printing technology [21].
Other NGOs like e-NABLE [22] or “Doctors Without Borders” [23] have used 3D
printing in this way as well, just like a large group of enthusiastic developers and
research groups that have created a number of prosthetic hands with this
manufacturing technology [24]. Little information is however available
regarding whether basic user requirements are met for short- or long-term use
by prosthetic hands produced this way [24]. Moreover, additional post-printing
assembly actions are yet necessary to provide functional prostheses to users.
Those assembly steps usually need to be performed by skilled personnel and
may necessitate extra tools, thereby again reducing the overall accessibility.
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1.3 Goal of the research

The main purpose of the research described in this thesis is to increase the
accessibility of prosthetic hands among people living in low-income settings and
poverty conditions. To achieve this, the goal of the research is twofold: one, to
design a transradial hand prosthesis that can be 3D printed with very few and
simple post assembly steps and suffice basic user requirements; and two, to
develop a 3D modelling process based on 2D photographs for the design of
transradial (below the elbow) sockets that can be 3D printed.

The overall idea is to develop a free smartphone app that scans the
amputee’s arm remnant with a smartphone camera and, with supplementary
info of the contralateral limb, completely automates the complex prosthetic
design process to make it able for 3D printing. This means that patients do not
have to visit a clinic to have their stump measured: they just need a smartphone
with an integrated camera that creates the design drawings of a personalized
socket. Via the internet and the local mobile phone network, the design
drawings are then sent to a 3D printer located in a private person’s home, in a
specialized workshop, hospital or company. Here, a customized prosthesis can
be printed entirely in such a way that it contains just a few robust functional
parts that are easily assembled by any handy person. The finished prosthesis
can then be transported directly to the amputee using available local supply
chains. Through this process, patients, even in remote, isolated areas can
receive their custom-made artificial limb promptly, without much effort or
financial resources.

1.4 Target region and collaborations

This project was possible with the financial support of the Delft Global Initiative,
a TU Delft fellowship committed to use “science for the benefit of people, all
people, worldwide” [25]. In the beginning of this research project we decided to
select a relevant country in the developing world that contains a large
population of people in need of prosthetic hands. Colombia is one of the
countries that has endured civil conflict and violence in the last decades. This,
combined with the socioeconomic conditions of some areas of the country,
makes it an interesting target location for the development of this project. The
production and fitting of low-cost prostheses in real scenarios is very much
dependent on the coordination with individuals and organizations that are in
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direct contact with people in need of a prosthesis and that are able to provide
logistical information and support related to specific local contexts. The project
thus needs the collaboration of several partners. We partnered with the
Secretary of Health of the city of Ibague, Colombia, and the University of
Ibague. Ibague is a city in the mid-western region of Colombia, approximately
200 km west from Bogota, the capital of the country. With a population of
nearly 600.000 inhabitants the city has few general providers of
prosthetic/orthotic devices and no specialized prosthetic workshops for
treatment of upper limb amputations. The Secretary of Health helped to
analyse local supply chains and to contact potential beneficiaries of our project.
The University of Ibague provided logistic support and help to spot strategic
locations of the workshop for the actual fabrication of the prostheses. The work
described in this thesis is the start of an ambitious long-term project that entails
several technical and financial challenges, yet also shows the great potential to
advance scientific knowledge on manufacturing with 3D printing while greatly
improving the accessibility to prosthetic technology to unprivileged people in
developing countries.

1.5 Outline

This thesis is divided in two parts. Part 1 (Chapters 2-6) deals with the design
and manufacture of prosthetic hands optimized for settings in developing
countries with the aim to reduce manufacturing requirements to only one
inexpensive 3D printer and common tools. The prosthetic devices are designed
in such a way that after a 3D printing job, post assembly and other post
processing steps are avoided or reduced to a minimum. Chapter 2 contains a
state-of-the-art review of attempts to produce assembled mechanisms in a
single step by 3D printing technologies. As opposed to a laboratory setting, in
real life, prosthetic hands undergo many loading cycles. Chapter 3 contains a
state-of-the-art review on the fatigue behaviour of 3D printed polymers where
we establish whether the lifespan of 3D printed mechanisms could be predicted
from the published data for the materials used in our designs. We present an
overview of current data available and give directions for future research.
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Chapter 4 deals with the development of a novel prosthetic hand that can be
produced fully assembled in a single 3D printing job and establishes a set of
design guidelines that can be used to facilitate the production of non-assembly
mechanisms. Chapter 5 assesses the mechanical and functional characteristics
of the non-assembly prosthetic hand from Chapter 4 and compares it with
current solutions. As the non-assembly manufacturing paradigm was explored,
some limitations on the design possibilities were encountered. Chapter 6
describes the development and functional assessment of a new minimal
assembly 3D printed prosthetic hand design with improved features. To
improve the functional characteristics we opted for a bio-inspired design
approach combined with the advantages of 3D printing to create a prosthetic
hand that features fully articulated fingers with just a few post-assembly
requirements. The design principles used to create this bio-inspired hand and a
functional assessment are described. The chapter finishes with a description of
the manufacturing of the prosthetic hand and the functional prototype.

Part 2 of the thesis (Chapters 7 and 8) deals with the personalization of
transradial prosthetic sockets using 2D photographs. Chapter 7 describes a new
fitting method for prosthetic sockets based on automatic 3D anthropometry
using statistical shape models and a new parametric design that can be 3D
printed. The process uses pictures taken by a smartphone, creates a 3D model,
measures important parts of the 3D model and resizes the socket design
accordingly. Chapter 8 deals with the application of both the 3D printing and
the 3D modelling technologies to produce fully working prosthetic devices in
developing countries. We first combine both the fabrication by the 3D printing
technology and the socket personalization by a smartphone to create a new
framework of accessible and automatic design and manufacturing of upper limb
prosthetic devices. In collaboration with our local partners in Colombia we set a
small prosthetic workshop in the city of lbague and used this new fabrication
methodology to deliver prosthetic devices to Colombian people in need. We
registered the feedback provided by the users and carried out a functional
evaluation. Lastly, Chapter 9 contains a general discussion of the entire
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fabrication process and the experience of the users with our novel 3D printed
prosthetic hand.
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Abstract

Fabrication of complex and multi-articulated mechanisms is often seen as a
time consuming and demanding process. The development of functional multi-
articulated mechanisms that could be fabricated in a single step without the
need for post-manufacturing assembly is therefore very attractive. Additive
manufacturing (AM) has been pointed out as a feasible solution due to its
numerous advantages and high versatility in comparison to other
manufacturing techniques. Nevertheless, AM techniques also present different
shortcomings that limit the complexity of the mechanism for single step
fabrication. Here, we review the applications of AM techniques in fabrication of
non-assembly multi-articulated mechanisms and highlight the involved
challenges, thereby providing a perspective regarding the advantages and
limitations of current AM techniques for production of complex mechanical
devices. The paper starts off with basic joint elements in rigid-body and
compliant configurations and proceeds with presenting an overview of multiple
arrangements of joints and assemblies with embedded mechanical
components. For every case of non-assembly fabrication, the limitations of the
applicable AM processes are presented and further discussed. This work
concludes with a discussion of the major shortcomings found in current non-
assembly mechanisms fabricated by AM and recommending alternative
techniques and future developments on AM.

2.1 Introduction

Fabrication of complex and multi-articulated mechanisms is often seen as a
time consuming and demanding process. Conventional manufacturing
techniques are often limited to simple mechanisms, thus requiring complex
assembly procedures to construct multi-articulated mechanisms. For that
reason, the development of functional multi-articulated mechanisms that could
be fabricated in a single step without the need for post-manufacturing assembly
is very attractive. Mechanisms fabricated whose fabrication process does not
involve an assembly step are often referred to as non-assembly mechanisms, a
term introduced first early in the 21st century [1].
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Over the last two decades, many research groups have approached this
problem by adopting additive manufacturing (AM) techniques, which are also
referred to as 3D printing techniques, as the most feasible solution. This
manufacturing method creates 3D constructs through sequential addition of
material in a layer-by-layer [2] approach. The advantages of this method are
numerous, but most importantly, it enables the fabrication of structures with
complex geometries regardless of any specialized manufacturing skill or labor
demanding procedures. The versatility of AM techniques is the core motivation
for a thorough change in the current way of designing and constructing complex
mechanisms.

In fact, it has been pointed out that multi-articulated mechanisms
whose main specific function is that of mechanical motion could be built
directly with satisfactory precision using current AM technologies without
requiring any post-assembly [3]. Furthermore, several groups have already
achieved successful fabrication of non-assembly mechanisms with different AM
techniques. Joints were fabricated from polymer [1, 4, 5] and metallic [6-8]
materials, soft robots were produced with flexible materials and fluids [9, 10]
and fully assembled actuators were conceived with more elaborate AM-based
techniques [11]. Overall, the mechanisms were successfully created with good
kinematic characteristics and satisfactory performance.

Despite the existence of successful cases of non-assembly fabrication
with 3D-printing, some limitations could be also identified. A comprehensive
analysis on the design and manufacturing of such examples expose the
constraints of each AM technique, consequently narrowing the spectrum of
mechanism complexity.

An alternative approach for non-assembly fabrication lies in a
promising technology based on AM often termed as hybrid or multiprocess 3D-
printing. Parts can be produced not only in a non-assembly approach but also
with increased functionality by using AM in combination with complementary
processes (such as machining, manual embedding of parts, direct printing of
electronic components and more) [12]. Especially when referring to non-
assembly fabrication of mechanical parts, some of those complementary
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manufacturing procedures could hold an equivalent or even higher level of
complexity as compared to traditional manufacturing techniques because
automation has not been fully achieved and skilled human involvement is still
necessary [13], [14]. Adding to this the underlying limitations of AM,
understanding thoroughly each 3D-printing technique becomes a critical matter
in an attempt to exploit their potential and reduce their shortcomings in order
to recognize up to what point mechanism complexity is feasible for a single-step
fabrication.

The purpose of this manuscript is to review the applications of AM
techniques in the construction of non-assembly mechanical parts and to discuss
the challenges involved, thus providing perspective regarding the advantages
and limitations of current AM techniques in the production of complex
mechanisms. This paper focuses on the conception of multi-body mechanical
assemblies at the macro-scale. Single step fabrication of structural electronics
and microelectromechanical systems (MEMS) are, for example, not covered
here, as they are reviewed elsewhere [12], [15] and [16].

2.2 Background on Additive Manufacturing (AM)
processes and Joints

2.2.1 AM processes

AM allows for fabrication of models from three-dimensional computer-aided
designs (CAD) by sequentially adding layers of material [2]. At present, AM
techniques are classified in seven groups according to the ASTM standards [17].
These groups differ from each other in the way the layers are created and the
way the layers are bonded to each other. Vat photopolymerization processes
use liquid photo-curable resins that react to ultraviolet radiation (UV) and
become solid after a chemical reaction. The most common technique is known
as stereolithography (SL) [18]. Powder Bed Fusion (PBF) process uses energy to
generate fusion of particulate material, a methodology to control the fusion of
particulate material over a predefined track in every layer, and lastly,
components destined to smooth and add new particulate layers [19]. PBF often
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requires no support structures, because unused polymeric powder serves as a
support basis for overhang structures. In contrast, support structures may be
still needed during metallic PBF fabrication to prevent excessive warping due to
high residual stresses [20]. Material extrusion process uses pressure (and high
temperature) to force the material through a nozzle in a semi-solid state. The
most widely known material extrusion technology is the fused deposition
modelling (FDMTM) [21]. Material jetting (MJ) process uses specialized nozzles
to deposit drops of liquid material over a building platform. The new layer is
then solidified commonly by UV light and moved downwards. In many cases,
more than one jetting head is used, enabling deposition of support material and
different part materials simultaneously. Support structures could be removed
using a chemical agent such as sodium hydroxide solution or with a water jet
[22]. Binder Jetting (BJ) process ejects binder droplets over a powder bed to
form spherical agglomerates and bond them to the previous layer [23]. Sheet
lamination processes use a laser to cut the shape of each cross-sectional layer
out of a paper material sheet. Each new layer is then bonded to the previous
layer via chemical compounds, clamping mechanisms, heat, or ultrasonic
welding [24]. Directed energy deposition (DED) process uses an energy source to
melt material, which is being deposited onto the building platform. After the
material is fixed and solidified, a new layer is deposited on top [25].

2.2.2 Mechanical joints

AM principles permit the construction of complex geometries in a single-step,
thereby removing the need for skilled technical personnel and labor-intensive
procedures. Streamlining of the manufacturing process may therefore be
possible through proper adjustment of the fabrication process of basic
elements, i.e. links and joints. Joints, as a means of constraining the number of
degrees of freedom (DoF), often play a central role in the function of
mechanisms and deserve special attention, because their successful production
often necessitate precisely-controlled geometric dimensions. Two separate
groups, traditional rigid-body joints and compliant joints, have been considered
here to review the joints fabricated with AM. Joints like the rolling toothed
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geometry shown in Figure 2.1 are examples of precise fabrication that could be
achieved with AM. Further background on joint concepts and a classification
based on working principles and DoF could be found in reference [26].

Figure 2.1: Rolling toothed joint fabricated by AM.

2.3 Rigid-body joints

Traditional link connections in @ mechanism are accomplished by placing rigid
bodies between two or more of its elements. These joints generally comprise
multiple bodies and are required to restrain specific DoF without deforming.
Successful joint performance is therefore highly dependent on the surface
quality of parts and the clearance between bodies. Strict geometrical
dimensions and a proper surface finish reduce backlash and friction, both major
concerns in the design and manufacturing of mechanisms. Hence, high accuracy
is critical for fabrication of rigid-body joints with AM. Moreover, the use of
support structures is an issue, because (1) removal procedures that generally
deteriorate the surface quality of parts are usually necessary and (2) purge
areas are sometimes required when trapped material is difficult to reach. For
high-end joint manufacturing, AM should provide high accuracy of features and
reduced layer thickness during fabrication, no or easy-to-remove support
material, and easy cleaning of residual material when needed. Studies
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introducing non-assembly fabrication of these rigid and multi-bodied joints are
grouped by the AM process employed and are presented next.

2.3.1 Vat photopolymerization

Single-step fabrication of joints using the vat photopolymerization process has
been reported with the SL technique using a SLA 190 machine with a Cibatool®
SL 5170 resin. The fabrication process was adjusted through a trial-and-error
approach by changing different manufacturing parameters such as clearance,
size, and support structures. The clearances were optimized by sequentially
fabricating joints with initial clearances of 1 mm which were reduced by 0.1 mm
in every subsequent step until the joint stopped to work properly. Afterwards,
the clearance was raised by 0.05 mm in new steps until a smooth motion was
again present in the joint. Optimal clearances were found to be 0.5 mm for
circular surfaces and 0.3 mm for planar surfaces. These clearances guaranteed
smooth joint mobility made possible through sufficient surface quality while
avoiding blockage that may be caused by support structures inserted between
the surfaces. Revolute, prismatic, spherical, and universal joints were fabricated
as shown in Figure 2.2a-d [1].

Figure 2.2: Joint concept designs for AM non-assembly fabrication. (a) Revolute
joint[1], (b) Prismatic joint[1] (c) Spherical joint[1], (d) Universal joint[1] and (e)
Cage-in-socket joint[4].

2.3.2 Powder Bed Fusion (PBF)

Polymer PBF
Non-assembly fabrication of joints using PBF was achieved first by Mavroidis et

al.[1] using the SLS technique. A Sinterstation 2000 machine (DTM Corporation,
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Austin, TX) was used for that purpose. Based on their previous experience with
SL technique and taking into consideration that the Sinterstation 2000 machine
had better accuracy, similar clearances were established (0.5 mm for spherical
surfaces and 0.3 mm for planar surfaces). Revolute and spherical joints were
successfully fabricated as shown in Figure 2.2a and 2.2c.

Modified spherical joints were also fabricated following a better
residual extraction principle [4]. After experimenting with different concept
designs, a cage-in-socket design (Figure 2.2e) was adopted. This design was
created specifically to present contact between the moving parts. This was
achieved by introducing gaps between the surface of the socket and the cage to
prevent the parts from joining during fabrication. To find suitable parameters
for this design, different features were tested including gap distance and size.
The different set of joints were built using the SLS technique (EOS FORMIGA P
100 machine). The minimum gap achieved before the parts were fused together
was 0.3 mm. Additionally, the authors reported that residuary material was
easier to reach and remove due to the cage-shaped design.

Metallic PBF

Metallic non-assembly mechanisms are highly desirable, because their high
mechanical properties expand the range of possible engineering applications.
Assemblies fabricated with AM from metallic materials could withstand higher
loads as compared to polymeric assemblies.

Since a large joint clearance could lead to vibration and instability, new
design concepts have been introduced to reduce the minimum clearance
achievable in pin joints. Three new alternatives are presented in Figure 2.3b-d.
Stress analyses were carried out to explore the mechanical behavior of
alternative joints. It was found that the drum-shape configuration shown in
Figure 2.3d exhibited the best mechanical performance [7]. Furthermore, based
on the perception of reduced joint functionality due to residuary stuck material
between clearances, the drum-shaped joint was claimed to allow easy support
cleaning [7]. Grounded on these findings, fully working drum-shaped pin joints
were fabricated by SLM technique in universal joint configurations. This pin
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design makes use of the wider space in the outer ends as purge areas, thus
allowing a reduction of the clearance in the center of the joint. Pins were built
using a Dimetal 280 machine with 316L stainless steel, achieving minimum
operating joint clearances of 0.2 mm [3], 0.3 mm [7] and 0.1 mm [8]. In
addition, different conclusions were drawn after completion of different
experiments regarding the processability of the SLM technique for non-
assembly mechanism fabrication [27, 28]. Processability issues like scanning
speed, extraction of residual and support materials, build direction, and critical
fabrication angle were considered. Scanning speeds are directly related to the
amount of energy employed to melt the metallic powder. In case of improper
use of energy, the transmission of heat could melt the powder inside the
clearances, thus sticking residuary material to the surfaces. The minimum joint
clearance achievable is therefore dependent on the particle size of the powder
and the quantity of the employed laser energy [3, 28]. As previously mentioned,
even though the SLM technique is a powder-based technology, support
structures may still be needed when facing overhang fabrication. These
structures are generally undesired, because the extraction procedure normally
deteriorates the surface [3]. Moreover, support structures are difficult to reach
when they are inserted inside the clearances, consequently compromising the
surface quality and the functionality of the mechanisms. Nevertheless, avoiding
the insertion of support structures inside the clearances is often possible
through proper choice of process parameters, i.e. fabrication direction,
scanning speed, particle size, etc., which enable suitable critical fabrication
angles [27, 28]. Universal joints (Figure 2.4a), a crank rocker mechanism (Figure
2.4b) [8], a rocker- slider mechanism (Figure 2.4c) [27] and an abacus [29] were
successfully built using modified fabrication directions and proper process
parameters. A correct selection of processing strategies successfully could be
used to avoid the insertion of support structures inside the clearances.
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Figure 2.3. Pin joint concept designs considered for non-assembly fabrication (a)
traditional pin (b) with chamfered ends (c) Double cone (d) Drum-shaped(7].

(a) (b) ()

Figure 2.4: Non-assembly joint samples fabricated in stainless steel material

using metallic PBF processes. (a) Universal joint, (b) crank rocker mechanism[8]
and (c) rocker-slider mechanism[27].

Alternative joint designs have been also built from aluminum and titanium
alloys using a DMLS machine (EOSINT M270 Xtended version) [6]. Concave and
convex shapes were adopted for the pin joints using well-defined curvatures as
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self-supporting structures. Optimal process parameters for the highest density
and best surface quality of parts fabricated with aluminum alloys had been
stablished in previous investigations [30, 31]. These parameters were used to
fabricate a simple gear train mechanism with concave-shaped pins and
concave-shaped hole joints from an aluminum alloy (Figure 2.5). Alternatively,
default machine parameters were used to fabricate a simple joint with a
convex-shaped pin and a concave-shaped hole joint from a titanium alloy
(Figure 2.5). Aluminum parts exhibited smooth mobility at a minimum joint
clearance of 0.1 mm, while titanium parts achieved the same at a minimum
joint clearance of 0.08 mm.

Figure 2.5: Non-assembly joint concepts for AM in aluminum and titanium
alloy[6].

2.3.3 Material Jetting (M])

As previously mentioned, drum-shaped designs for pin joints could reduce the
achievable clearance in non-assembly joints [7]. To validate this new concept,
several universal joints were fabricated with conventional pins and drum-
shaped pins with an MJ process. An Objet (2010) Eden 350V machine was used
with two different materials (Fullcure 720 and VeroWhite) for that purpose. The
constructs achieved 0.2 mm of minimum clearance for the conventional joint
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and 0.1 mm of minimum clearance for the drum-shaped joint [32]. In a study by
Cali et al. [4], modified spherical joints were also fabricated using MJ. Likewise,
a cage-in-socket design was adopted and different sets of joints were built using
an Objet Polyjet machine following the same methodology used for the polymer
PBF technique. The authors reported identical results as the experiments
involving the SLS technique, i.e. a minimum gap of 0.3 mm and the easier
cleaning of residuary material and support structures.

2.3.4 Material extrusion
A recent work by [33] assessed the performance of new joint designs based on
drum-shaped and cylindrical-shaped revolute joints. A new worm-shaped
design was fabricated with a Stratasys VantageTM machine using ABS material
and dissolvable supports. The worm-shaped joint showed significant dynamical
improvements compared to other non-assembly joint designs as it achieved a
minimum joint clearance of 0.05 mm. Even though no other rigorous research
was found regarding non-assembly fabrication of rigid-body joints via Material
Extrusion based technologies, online hobbyist community of entry-level FoM™
users have shown successful production of revolute joints reaching a minimum
clearance of 0.3 mm [34]. Although Material Extrusion based processes are
commonly perceived to be the less precise of main commercially available AM
techniques, recent developments have reached reasonable part accuracy levels
and also dual deposition of part and soluble support material. As shown by [33],
industrial-grade FoM™ 3D printers could equate other AM technologies in
terms of minimum achievable clearance when building non-assembly joints.
The high versatility and easy accessibility makes the Material Extrusion
technology a valuable choice for prototyping non-assembly constructs
especially in settings where high-end technology is out of reach. To explore the
full potential of new Material Extrusion technologies into the non-assembly
rigid-body joint framework, additional research is required.
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2.4 Compliant joints

Compliant joints allow the relative motion of elements through deformation of
elastic members. Manufactured as a continuous and flexible body, these joints
offer an interesting alternative for fabrication of non-assembly mechanisms
with AM techniques, because joint clearance between rigid links is non-existent.
Successful performance is therefore not affected by the lack of high precision
manufacturing. Instead, the building materials and geometric configurations are
the most important features determining the mechanical performance of such
joints. Since AM allows practically full geometric freedom, the key drawback lies
in the mechanical properties of the building materials. Although acceptable
elastic behavior of building materials is basically present with all AM
techniques, precise mechanical properties, like elastic modulus or yield
strength, are difficult to predict and should be also provided to enable AM of
complaint joints for high-end applications.

To accomplish different types of motion, several compliant shapes
have been fabricated with AM techniques. Flexural hinge-type joints were
created with SLS [35] and Material Extrusion [36, 37] technologies. A
translational joint [38] and a trispiral joint [39] were made with FDMTM, while
twist compliant mechanisms have been produced using SLA [40], and lattice
flexures have been fabricated from titanium using the electron beam melting
technique [41]. Further complexity has been achieved using a MJ-based Polyjet
(Stratasys) process by fabricating multi-material compliant joints. A helical-
shaped compliant joint [42] and a compliant force-inverter [43] were conceived
using multiple phases of rigid and soft materials, thus providing stiff structural
parts to hold the construct as a robust entity and localized flexible points. AM
techniques were also used to provide solutions for stability and parasitic
motion, both major concerns in the design of compliant joints. The addition of
multiple joints and links in parallel layers was successfully assessed and
supplementary guidelines for compliant joints designs were proposed for
correct performance of compliant mechanisms [44].
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2.5 Advanced non-assembly mechanisms

Arrangements of multiple joint and link elements compose the basic structure
of several robots and actuators. Such arrangements have also been fabricated
with AM technologies in a single step and are presented in this section as
advanced mechanisms.

Successful fabrication of an advanced mechanism consisting of
traditional rigid-body links and joints in a single step with AM technologies is
reported by Wei et al. [11]. The MJ Polyjet technique was employed in order to
build a pneumatic robot. An Objet Eden 350V machine was used with the
VeroClear 950 as main building material. Although parts were conceived
completely assembled in a single step, the clearance achieved between
movable parts affected deeply the transmission efficiency of the mechanism.
The final construct eventually showed instability, vibration, and inaccuracy after
performance tests.

Further development on compliant mechanisms allowed the formation
of alternative advanced mechanisms. Inspired by biological systems, soft
robotics have recently gained important attention and have been extensively
studied over the last decade [45]. Fabricated out of compliant materials, these
robots are safer for human interaction, can move in a large number of degrees-
of-freedom and have the potential to adapt their shape to the environment
[46]. Despite the advantages of soft robotics, manufacturing and design of
these devices is still challenging. Even though several manufacturing techniques
have been used [47], design concepts have a tendency towards more complex
geometric features [48], thereby demanding challenging fabrication
procedures. Moreover, embedded components are usually included into the
designs due to the actuation principles employed, thus contributing additional
complexity to the fabrication. Since many AM techniques are compatible with
soft material and due to the aforementioned capability of producing complex
geometries, AM has been proposed as a suitable process to create fully working
soft robotics. Although several soft robotic examples produced via AM
techniques could be found in the literature [49, 50], they still require manual
post-processing steps. Overall, research regarding single step fabrication of soft

37



robotics and actuators is very limited and scarce. Two examples are presented
next.

An actuator inspired by the tentacle muscle of octopus was fabricated
using an SL-based technique. The Digital Mask Projection Stereolithography
(DMP-SL) technique was employed, because it allowed photopolymerization of
a whole layer in a single step. The complex pleated structure shown in
Figure 2.6a was fabricated using the commercial Spot-e resin (Spot-A Materials,
Inc.). Each air inlet is connected directly to one chamber allowing pressure
differentials between two opposing cavities. The actuator bends when pleated
structures on one side expand and the opposing side contracts. Multiple 3d
trajectories were achieved at a reasonable speed (< 70ms) [10].

An alternative approach embraced the option of printing both fluids
and solids in parallel. By tricking a commercial MJ machine (Stratasys Objet260)
control system, certain fluids could be deposited along with photocurable
resins. A list of design rules was created after iteratively manufacturing
different geometries in different directions. Different hydraulic robots were
conceived encasing the fluid with soft photocurable material. A six-legged robot
was built enclosing fluid into bellows structures as shown in Figure 2.6b. The
bellows structures exert force by applying pressure differentials into the fluid
via an electric motor. Likewise, a fully housed gear pump and a soft gripper
were successfully fabricated in a single step following the abovementioned
design rules [9].

Even tough fully working soft robotics were conceived, current building
materials are very limited and provide poor mechanical properties. For both SL
and MJ techniques, the authors reported insufficient fatigue lifetime,
specifically tears appearing after continuous actuation [10]. Alternative options
for single-step fabrication of soft robotics includes direct deposition of soft
actuators, i.e. smart materials that activate and bend with different stimuli (e.g.
heat, magnetism, light, moisture, pH, electricity). Additional literature on non-
assembly AM soft actuators can could be found in [51].
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with pleated structure [10], (b) Scheme showing deposition of liquid and solid
materials in parallel to create the bellows structure in a six-legged robot [9].

2.6 Non-assembly advanced mechanisms with

embedded components

Embedding of different components (either manually or in combination with
other manufacturing procedures) during AM fabrication of parts has become a
technique extensively used in recent years. Here the applications of the
embedding techniques facilitating fabrication of non-assembly mechanical parts
are shown. A few examples of embedded electronics are addressed since a
more thorough review can be found in [12].

One of the many advantages of AM is the possibility to access the
internal geometry of manufactured parts and incorporate functional
components during their fabrication. Embedded components during a layer-
based fabrication could be traced back to the early 90s, where they were used
as fundamental parts of electromechanical devices. This embedding process
was more extensively used after the introduction of the technique referred to
as shape deposition manufacturing (SDM) [52]. These techniques not only
deposit material onto a layer but also use computer numerically controlled
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(CNC) machining to precisely define the surface of the part by removing
material. The CNC machining step could be used to define cavities in which
different components may be inserted. The deposition of layers could be
resumed on top of the inserts to fully encase the components. SDM has been
used for embedding pneumatic actuators, servo motors, and flexible inserts to
create insect-like robots [53, 54], fibers and electrical wires to create flexible
mechanisms [55], and sensors for measuring and monitoring purposes [56-60].
Although the outcome has been successful, the SDM process is still laborious,
slow, and limited to a small spectrum of materials [61].

Stereolithography (SL) has been also used to embed different
components during the fabrication of mechanisms. Initially used to embed
sensors [62], the SL technique has proved to be a suitable procedure to embed
other types of components. Procedure recommendations were established
after successfully embedding screwdrivers, electric motors, gears, nuts, and
screws in a robot [63]. Fabrication issues like laser shadowing, support
structures, and re-coating of the vat of building material have been reported
and addressed. Different strategies such as the inclusion of shape converters
were introduced and subsequently taken into consideration for successful
fabrication of a radio-controlled vehicle [5], a robotic hand [64], a fan and
encased joints [65]. Despite the fact that successful mechanisms were
produced, real-world applications are very limited due to the arduous work
implicit when trying to circumvent the aforementioned problems and the lack
of compatible materials with the SL technique. Different electronic components
have been also extensively embedded for the past decade using manual
operations and/or extra manufacturing processes (e.g. [66], [67]). A
comprehensive study on the SL technique and the different techniques for
embedding electronics can be found in [68].

The Material Jetting (MJ) process, and more specifically the Stratasys
Polyjet process, has been used to embed electronics [69] and more recently
SMA actuators [14, 70]. SMA fibers were embedded (Figure 2.7) to conceive
active compliant finger and knee. A multi-material Polyjet machine was used for
fabricating rigid parts with VeroWhite material and flexible parts with
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TangoBlack material. Guideline procedures for successful embedding and
anchoring of SMA fibers have been established [14]. Further work established
additional guidelines for embedding and fixing SMA fibers and springs into more
complex configurations. Using a clever cavity design a compliant construct with
embedded spring SMA actuators was produced. Likewise, the VeroWhite
material was used for the rigid parts and the TangoBlack was used for the
flexible parts [70].

NI
N

Figure 2.7: Embedding scheme of SMA fibers [14]. (1) The base is made with
AM, (2) The AM process is stopped and the fibers are inserted, (3) The AM
process is resumed on top to fully embed the fiber, (4) the mechanisms is
completed.

Material extrusion based technologies have been mostly used to embed
different electronic components such as sensors [71], functional circuits [72]
[73], transmission lines [74] and more. In addition, successful non-assembly
fabrication of a multi-articulated electromechanical device was achieved by
Aguilera et al [13]. A rotational motor was conceived by manually embedding
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magnets, electromagnets, bearings and an electronic speed controller into the
thermoplastic substrate delivered by the AM technology. The material extrusion
process was stopped in five stages, in where different components were
manually inserted, and subsequently resumed on top in order to fully encase all
parts [13].

2.7 Discussion

2.7.1 Rigid-body joints

The review of literature shows several examples of mechanisms fabricated
using AM without any need for manual post-assembly. Throughout this search,
the MlJ-based Polyjet technique was found to be the most widely used AM
process for the fabrication of non-assembly mechanisms. Both compliant and
traditional mechanisms were successfully conceived achieving reasonable levels
of (geometrical) complexity. The remarkable feature of some 3D printer (e.g.
Objet, Stratasys) for parallel deposition of part and support material has proven
to be significantly advantageous over other AM fabrication principles.
Nevertheless, complex internal structures are more challenging to fabricate,
because purge connections must be taken into consideration for support
removal of encased constructs. Clever deposition of fluid and support material
(in parallel with part material) circumvent this problem when fabricating
actuators for hydraulic applications. Parts could be fabricated surrounded by a
small layer of liquid, thus preventing the fusion of material part with the inner
walls of the casing and fragile support structures. As in MacCurdy et al. [9]
pump design, liquid and support material may be removed as normal
mechanism actuation is executed.

Although PBF process is also recognized to facilitate overhang
fabrication, extraction of the residual material is still challenging and could
strongly influence the performance of the fabricated joints. Trapped powder
inside joint clearances could lead to high friction and poor mechanical
performance. As with the Objet Polyjet technology, purge openings and
connections must be taken into consideration for encased mechanisms and
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tight clearances. Moreover, and in addition to the typical “staircase effect” of
every AM technique, final surface roughness of parts is still difficult to control
and mostly unsuitable for high-precision applications. Related research has
studied the effect of different fabrication parameters on the final surface
roughness of polymeric [75] and metallic [30] parts. Despite previous research,
high-end surface quality remains uniquely achievable through additional post
processing steps.

The addition of support structures in metallic PBF techniques is a
limiting factor, because arduous post processing removal steps are unavoidable
and their extraction contributes to a poor surface quality. Fortunately, evidence
of successful evasion of support structures has been shown and is possible by
providing proper critical fabrication angles. This could be achieved by adjusting
the fabrication parameters to their optimum values and choosing the
appropriate build direction.

Despite early introduction of the vat photopolymerization processes to
the development of non-assembly mechanisms, this type of processes was
rarely used in further investigations of traditional joint fabrication. As previously
shown, clearances achieved in jointed structures by this technique are inferior
and the addition of support structures may be problematic. However, different
alternatives to the SL technique, like the DMP-SL, and further developments on
photocurable materials are promising options for fast conception of robust soft
robotics and compliant mechanisms.

2.7.2 Compliant joints

Application of compliant mechanisms is highly advantageous in the context of
manufacturing, because joint clearance between rigid links is non-existent. Still,
when it comes to fabrication by AM techniques, material selection presents a
major limitation because many are unsuited for large deformation applications
and the effect of multiple printing parameters in the compliant behavior of
parts has not been studied thoroughly. Even though satisfactory kinematic
performances were achieved, little attention was paid to the kinetics of the
joints. For instance, the stiffness of joints was rarely explored. To reach an
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optimal mechanical performance, additional tools that could provide the
mechanical behavior of joints should be considered. As an example, a setup for
stiffness calculation of material extrusion based flexure hinges could be taken
into consideration [37, 76]. Given availability of a limited number of flexible
materials that could be processed with AM technique, the use of multi-material
deposition and new topology optimization algorithms could significantly
increase the mechanical behavior of compliant bodies [43].

Furthermore, the design freedom of complex geometries permits the
manipulation of the inertial and stiffness properties of 3D printed parts, thereby
allowing enhanced compliancy of joints. Careful design choices must be taken in
order to achieve consistent stiffness over active and inactive axis with the aim
of allowing flexural motion while preventing parasitic motion of compliant
parts. Detailed stiffness analysis on numerous compliant designs can be found
in [77]. Even though several compliant shapes have been proposed both in
polymeric and metallic parts so far, there exist more joint type possibilities that
could be fabricated with AM and could be potentially more suited for certain
mechanical applications.

2.7.3 Embedding of external components

Embedding of several components during AM fabrication has proven to
enhance mechanical properties and increase the features of the fabricated
parts. Parts could be produced with new features by adding sensors, actuators,
joints, links, and smart materials during the fabrication process. The embedding
processes have the potential to conceive advanced mechanisms without any
post-processing requirements. Nevertheless, the design processes need to take
into consideration the correct positioning and encasing of embedded parts.
Furthermore, careful monitoring of fabrication processes may be needed for
just-in-time pausing of the manufacturing process, manual insertion of the
embedded parts, and resuming the production process. Overall, the embedding
process requires skilled manual operations and time-consuming procedures to
achieve successful performances. The concomitant complexity during
fabrication therefore introduces difficulties and needs further assessment.
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2.7.4 Final remarks and future directions

We envision a new paradigm of manufacturing of mechanisms. Fully working
mechanisms could be fabricated in a single step without any requirement for
post-manufacturing assembly. By replacing the traditional manufacturing
process with AM, robust assemblies could be produced on-demand and in situ,
thereby eliminating several logistic problems. Customized devices could be
produced for any kind of engineering applications. For example, patient-specific
surgical instruments could be fabricated as a disposable medical devices while
prosthetics and orthotics may be produced in different settings without the
need for a well-equipped workshop or laboratory.

Current technologies, however, lack sufficient versatility for fabrication
of fully-assembled and multi-articulated complex mechanisms. Accurate joint
clearances with satisfactory surface roughness are still difficult to achieve,
encased complex features require purge channels or elaborated strategies for
support removal, available materials are still limited and lack sufficient
mechanical performance and embedding techniques require complex and
demanding processing steps. Yet, clever use of multi-material AM techniques
could combine rigid and soft materials to create both structural parts and
compliant joints. Multi-material AM requires compatibility of building
substances and their corresponding printing processes, thus limiting the range
of suitable materials that can be combined in a single printing job. However,
clear examples of dual deposition of polymers with rigid and soft characteristics
into mechanical parts have been demonstrated using MJ based technologies.
Due to the physics of material deposition into the building platform by
processes like MJ or Material Extrusion, multi-material AM is accomplished by
adding multiple nozzles, as found in commercially available equipment, loaded
with materials capable of compatible bonding [78]. Other than materials used
for the Polylet (Stratasys) technology, no material combinations suitable for
multi-material AM have achieved desired mechanical behavior for both
structural and compliant parts. Bonding of rigid and soft materials with
sufficient position accuracy is a main concern that should be addressed in order
to expand the range of compliant and rigid non-assembly constructs achieved
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by multi-material AM. Other processes, such as SL or SLS, require more
elaborated techniques and present a limited variety of compatible materials.
Therefore, they have never been used to fabricate either compliant or rigid-
body assemblies with multi-material AM. Essentially dissimilar materials like
polymers and metals could be processed in a single printing job by using hybrid
3D-printing in where different AM and conventional manufacturing techniques
can be combined [12]. Depending on the ultimate use, correct design of
compliant joints could smartly replace traditional joints, eliminating the tight
tolerance requirements. Certainly, further development on the field of design
for additive manufacturing could set the stage for increasing the complexity
achievable in non-assembly fabrication [79, 80].

New emerging research fields that may be potentially embraced by this
non-assembly fabrication framework contemplate direct deposition of smart
materials into structural parts [51], self-assembly of components using bonding
forces [81], shape-shifting of 2D structures into 3D structures, as in origami
where sheets of paper fold into 3D figures [82], and control of mechanical
properties in localized areas of monolithic structures via meta-material design
[83].

2.8 Conclusion

There is no doubt that the progress in AM has allowed for considerable design
freedom and is a promising opportunity for the development of non-assembly
fabrication. Still, AM is several steps away from replacing current assembly lines
of traditional manufacturing. Assemblies produced in a single step by AM
exhibit different shortcomings depending on the process employed. In general,
important shortcomings found in current non-assembly mechanisms produced
by AM are backlash, poor surface quality, weak mechanical properties (fatigue
life, strength, toughness, etc.), and stuck support or/and residual material.
Amongst all the limitations of manufacturing with AM, the need for overhang
structures, limited range of building materials, inadequate fabrication accuracy
stand out as the major drawbacks and are critical for further development of
high-complexity fabrication of assemblies in a single step.
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AM, nevertheless, has some unique characteristics that could
potentially shift the current manufacturing practices to non-assembly
paradigms. Given that AM processes parts could be used to fabricate shapes
that would be impossible to manufacture with other manufacturing techniques,
new design approaches could be used, leading to availability of parts that
achieve equal or even higher performance than traditionally-assembled
mechanisms. Alternative designs of monolithic compliant mechanisms that
could replace traditional rigid-body joints is just one such example. Further
development of the materials that could be processed with AM may also
improve the mechanical properties of parts and establish new damage-free
pathways to remove support structures. New emerging techniques for AM, like
meta-material design, could also be introduced to facilitate non-assembly
fabrication of high complexity parts and should be further implemented to
recognize their full potential.
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Abstract

As additive manufacturing of polymeric materials is becoming more prevalent
throughout industry and research communities, it is important to ensure that
3D printed parts are able to withstand mechanical and environmental stresses
that occur when in use, including the sub-critical cyclic loads that could result in
fatigue crack propagation and material failure. There has so far been only
limited research on the fatigue behavior of 3D printed polymers to determine
which printing or material parameters result in the most favorable fatigue
behavior. To better understand the effects of the printing technique, printing
materials, and printing parameters on the fatigue behavior of 3D printed
materials, we present here an overview of the data currently available in the
literature including fatigue testing protocols and a quantitative analysis of the
available fatigue data per type of the AM technology. The results of our
literature review clearly show that, due to the synergism between printing
parameters and the properties of the printed material, it is challenging to
determine the best combination of variables for fatigue resistance. There is
therefore a need for more experimental and computational fatigue studies to
understand how the above-mentioned material and printing parameters affect
the fatigue behavior.

3.1 Introduction

The use of additive manufacturing (AM), or 3D printing, has been increasing due
to the growing interest from both industry and research communities [1]. As
additive manufacturing technology improves, high quality prints can be
produced quickly and inexpensively. With a wider range of polymer materials
available, the development and fabrication of products are continuously
changing with technological advancement and consumer use [1]. Innovators
and inventors are now able to build prototypes or complex geometries
efficiently at minimal costs with the reduction of production time from weeks to
hours [2]. As a result of these improvements in AM, various industries such as
biomedical [3-10], aerospace [11], apparel [12, 13], dentistry [14], automotive

56



[15], electronics [2, 16], and oceanography [17] are researching this technique
to produce parts.

As additive manufacturing becomes more widely used, parts must
withstand both mechanical and environmental stresses that occur during use.
Understanding the required strengths for specific loading conditions is vital for
any load-bearing applications [18, 19]. Since a material may fail due to fatigue
conditions, it is also important to understand a material’s resistance to cyclic
loading and unloading [20]. Repetitive sub-critical loading of material may result
in fatigue damage, i.e. a progressive accumulation and permanent structural
change, which could lead to cracking or rupturing of the part after a certain
number of cycles. Polymers are susceptible to fatigue at applied stresses below
yield, which can cause microcracking and eventual failure [21]. Understanding
the fatigue behavior of AM parts is therefore essential for predicting and
preventing fatigue failure.

This paper will review current literature investigating the fatigue life of
3D printed polymers (Appendix A). The aim is to see if there are trends between
experiments that provide insight into which printing parameters and material
properties lead to the best fatigue life for 3D printed polymers.

3.2 Fatigue

As previously mentioned, fatigue is the development of structural damage as a
result of repetitive loads (i.e. cyclic loading) that are less than ultimate tensile
strength and possibly yield strength. Fatigue failure in polymers occurs in two
ways [22, 23]: (1) thermal failure due to softening and melting from hysteretic
heating, or (2) mechanical failure from crack initiation and propagation. As a
result of high damping, viscoelasticity, and low thermal conductivity, high
frequencies or strain rates cause hysteretic heating in thermal fatigue [24, 25].
The hysteretic energy is mainly dissipated as heat, which causes the specimen
temperature to increase and the stiffness to decrease. Stiffness loss causes an
increase in specimen deflection and deformation. From a macroscopic
viewpoint, the process of fatigue failure in polymers resembles that of metals
[26, 27]: it starts with initial microcracks on the surface or stress concentrator
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that grow into macroscopic cracks and cause the final failure. Depending on the
type of polymer, the crack may originate in different ways. In semi-crystalline
polymers, for example, the crack is likely to initiate in spherulites. Once the
crack growth enters the micro-structurally independent stage, the crack
continues until the final rupture of the material [28, 29]. According to reference
[30], thermal failure does not necessarily have a crack at failure, while
mechanical failure is a result of physical separation.

3.3 Fatigue Testing

3.3.1 Objectives of fatigue testing

There are several objectives when fatigue testing: material type testing,
structural type testing, and actual service type testing [31]. Material testing
investigates the material response to repeated stresses, various environments,
geometrical factors, or surface finishes. In structural testing, different materials
or structural designs are tested to analyze stress concentrations, fatigue life, or
fabrication processes. Finally, actual service type testing is used for reliability or
quality verification.

3.3.2 Types of fatigue testing

Fatigue testing machines are classified based on the applied stress method. For
axial loading, a uniform stress or strain is directly applied to the cross-section of
the specimen in tension or compression. The specimen is held at both ends and
loaded cyclically between minimum and maximum values. During repeated or
reciprocating bending, one end of the specimen is fixed while a stress or strain
is applied to the other end such that the specimen bends in the same plane. In
rotating bending, the specimen is revolved at a constant frequency while a load
is applied at two clamping points on the either side of the specimen. In every
rotational cycle, the stresses change from compressive to tensile and from
tensile to compressive, making sure that the specimen experiences the full cycle
of flexural stresses. For fracture mechanical testing, a notch is made in the
specimen to examine fracture initiation and propagation during cyclic loading.
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In torsion fatigue, each end of the specimen is either clamped or twisted to
specified values through a stress or strain. Other types of fatigue tests include
combined bending and torsion fatigue and biaxial and triaxial fatigue, which are
used in more complicated fatigue analyses [31, 32].

3.3.3 Stress amplitude in fatigue testing

The simplest stress sequence uses a constant stress amplitude where all load
cycles, or cycles, are identical (Figure 3.1). For each cycle, o is the alternating
stress, 0, is the mean stress, 0,4 IS the maximum stress, and o,,, is the
minimum stress. Load cycles can be expressed as o, # 0, with compressive loads
taken as negative. It follows that:

Omax = Om + 0 3.1

Omin = Om — 0 3.2)
in T

O_m — G‘mln 2 Umax (3.3)

For constant amplitude loading, the stress range, S, and stress ratio, R, are
expressed as:

S =20 = Opmax — Omin 3.4
Omin

R=— 3.5
amax ( )

Depending on stress level, constant amplitude loading can be classified into
several different testing categories [31]. Routine tests are chosen so the
specimen fails at a moderate number of cycles (i.e. 104-107). In short-life tests,
applied stress is chosen to surpass yield stress so statistically some specimens
fail at the application of the load, while in long-life tests, load is set to be just
above or below the fatigue limit so some specimens do not fail after an
assigned number of cycles. The aim of the long-life test is to examine the
distribution of fatigue strength at a pre-assigned cycle number, which is
beneficial for determining the fatigue limit.

59



Stress

1 cycle

Omax

O [y

Time
Figure 3.1: Nomenclature that describes testing parameters in constant
amplitude loading.

In contrast to constant amplitude loading, variable amplitude loading
(Figure 3.2) has complicated loading sequences that are more representative of
what structures and components experience [28, 31]. Variable loading is used
for cumulative damage analysis or the simulation of service life. Cumulative
damage testing is performed at several stress levels with a simplified loading
sequence, while service simulations have a more complicated loading pattern
[31].

3.3.4 Stressing sources

In fatigue testing, force-controlled or displacement-controlled methods can be
implemented, which is where a specific force or displacement is increased and
decreased at a specified and controlled rate, respectively. Loads are produced
by one of the following techniques: mechanical deflections, dead weights or
constant springs, centrifugal forces, electromagnetic forces, hydraulic forces, or
pneumatic forces. Load choice depends on factors such as frequency, control
systems, required forces, costs, and simplifications of working loads [31].
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Stress

Time
Figure 3.2: An example of a general variable amplitude loading.

3.3.5 Presentation of fatigue data

During fatigue testing, cyclic loads are applied with varied or constant stresses,
which can be either positive or negative. A series of fatigue tests are conducted
at several stress levels to create a stress-cycle plot or S-N curve, which is the
conventional method of presenting fatigue behavior of polymers. Since current
theories do not explain the mechanical behavior of polymers, empirical
methods have been applied to analyze polymer fatigue [33]. S-N curves plot the
stress endured against the number of cycles until failure. By lowering the stress
value during testing, a fatigue limit can be established with the S-N curve, which
is a value that does not result in failure and is sometimes referred to as fatigue
limit, endurance limit, or fatigue strength [28]. The fatigue limit is affected by
material surface conditions, such as roughness, damage, treatment, and
residual stresses [28].

3.4 Fatigue testing machines and specimens

3.4.1 Components
Each fatigue-testing machine consists of the same basic structural components:
(1) a load train that consists of a load-producing mechanism to generate the
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desired load or displacement and a load-transmitting mechanism to produce
the desired stress distribution; (2) controllers to set the upper and lower load
limits and maintain the load throughout the test; (3) a counting and shut-off
apparatus to stop the machine after failure or the pre-assigned number of
cycles; and (4) a framework to support all of the necessary parts and reduce
vibrations in the system [31, 32].

3.4.2 Specimens

Fatigue test specimens typically have three sections, including two grip ends
and the test section [32]. The grips of the specimen are designed to transfer
load from the test machine to the test section, and, depending on the test, may
not be identical. Transitions between the grips and test section are designed
with large radii so no stress concentrations build-up. The desired type of test
and the objectives affect the design of the fatigue test specimen. Several fatigue
test specimens are shown in Figure 3.3.

3.5 Fatigue testing of 3d printed polymers

3.5.1 Factors daffecting fatigue characterization

Fatigue testing in 3D printed specimens is challenging due to the anisotropic
properties and residual stresses that result from layer deposition [19]. Different
variables associated with each type of printing technique affect the mechanical
characterization of the specimens. The variables for extrusion-based printing
include: raster orientation, build orientation, layer height and bead width, and
air gap between filaments [19, 34-37]. The mechanical properties of powder
bed fusion-based specimens are affected by the laser power, scan length, layer
height, build orientation, recycled powder content, powder bed temperature,
and crystallization temperature [19, 38]. Parts printed with material jetting
techniques are affected by the presence of additives, unknown manufacturer
resin formulations, printed on an over-cured surface, and the physics and
chemistry of polymer fusion [19]. Due to the synergism between these
variables, fatigue is challenging to predict. All of these variables influence the
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microstructure of the part that, in turn, may significantly affect the mechanical
behavior and failure mechanism. There was no literature regarding the fatigue
testing of polymers fabricated using other categories of 3D printing techniques.

L™ T L Ty, |
B

A

oV o

C D

Figure 3.3: Four examples of fatigue testing specimens that include A) an axial
loading specimen, B) a rotating bending specimen, C) a reverse bending
specimen, and D) a fracture mechanical test specimen.

3.5.2 Standardization of fatigue testing
The American Society for Testing and Materials (ASTM) and the International
Standards Organization (ISO) are two institutes that address the standardization
of mechanical testing of AM specimens [19]. Currently, there is limited
standardization in terms of the fatigue testing of 3D printed polymers.

With no ISO equivalent, the ASTM D7774 standard addresses uniaxial
fatigue in tension or compression [39]. While it is recommended to test below a
frequency of 5 Hz to reduce heat generation, specimens can be cycled between
1-25 Hz. The fatigue limit is defined when the specimen fails or reaches 10’
cycles. Stress or strain is applied so the material does not experience plastic
behavior. In addition to the previous standard, ASTM D3479 investigates
tension fatigue for polymer matrix composites for specific loading and
environmental conditions [40].

Two standards, ASTM D7791 and ISO 13003, address flexural fatigue in
plastics [41, 42]. Both standards have sinusoidal loading, but are technically
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different. ASTM D7791 tests specimens using three- or four-point bending,
while 1SO 13003 is applicable to all testing methods. For ASTM D7791, cyclic
loading alternates between positive and negative values so that R is -1 and the
stress or strain remains within the elastic limit. The fatigue limit is characterized
in the same fashion as the previous standard. In I1SO 13003, fiber-reinforced
plastic composites undergo cyclic loading at a constant amplitude and
frequency at four different stress or strain levels. For displacement control, the
termination of the test is characterized as reaching the cycle limit or the
specimen stiffness is reduced by 20%.

There are two standards, ASTM D6115 and ISO 15850, that address
crack propagation (fatigue delamination) in the interlaminar region of a fiber
composite [43, 44]. Since both standards are defined specifically for
composites, it is unclear if 3D printed materials would fulfill the supporting
assumptions. Finally, in order to perform statistical analyses of fatigue data, the
standard ASTM E739 can be used [45].

3.6 Analysis of fatigue experiments

This section reviews the literature associated with the fatigue testing of 3D
printed polymers, namely those printed using extrusion-based printing,
selective laser sintering, and material jetting (e.g., polyjet printing). The topics
of interest include the effects of printing parameters, material properties,
production methods, and geometric considerations on the fatigue life. Tables
3.1-3.3, following each section, summarize the experiments of each study and
the conclusions drawn about fatigue life.

3.6.1 Extrusion-based printing
Axial loading fatigue

Various printing parameters, such as raster orientation, printing orientation,
layer thickness, and feed rate, have been found to influence fatigue life of 3D
printed parts. In several studies conducted by Ziemian et al., the effects of
raster orientation were examined when printing with acrylonitrile butadiene
styrene (ABS) [46-48]. In the first study [46], rectangular prism specimens
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(190x12.7x2.6 mma) were printed with four raster orientations of 0°
(Figure 3.4A), 45° (Figure 3.4C), 90° (Figure 3.4B), and 45°/45° (Figure 3.4D). The
results indicated that the 45°/45° raster orientation has the best fatigue life. In
the subsequent studies [47, 48], ASTM D638 dog bone specimens were printed
with raster orientations of 0° (Figure 3.4A), 45° (Figure 3.4C), 90° (Figure 3.4B),
45°/45° (Figure 3.4D), 30°/60°, 15°/75°, and 0°/90° (for conventions used in
defining raster orientations, see Figure 3.4) [49]. In accordance with the first
study, the 45°/45° raster orientation exhibited the best performance
(Figure 3.6).

c D
Figure 3.4: Four different raster orientations of A) 0°, B) 90°, C) 45°, and D)
45°/45°,

Both [50] and [51] investigated the effects of raster orientation, but in polylactic
acid (PLA) specimens according to references [41] and [49], respectively. Three
raster orientations of 0° (Figure 3.4A), 45° (Figure 3.4C), and 90° (for
conventions used in defining raster orientations, see Figure 3.4) (Figure 3.4B)
were cyclically loaded at 2 Hz in [50] and 1 Hz in reference [51]. Both studies
had similar results, where the 45° orientation had the best fatigue life. In a
different study [52], the effects of printing orientation on fatigue life in ABS and
ABSplus specimens [53] were investigated. Nine specimens were printed in
varying directions, where each print orientation dictated the raster orientation
used by the printer (Figure 3.5). It was found that printing the specimen in the
Flat-x (Figure 3.5) direction had the best fatigue life. In Figure 3.6, the S-N
curves for the best results from [47, 50-52] are presented. From the curves, it
can be concluded that ABSplus had better fatigue resistance than ABS since, at
each stress level, the ABSplus material had a larger number of cycles.
Comparing ABS and PLA, it was inconclusive which material had the better
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fatigue life, since the PLA and ABS curves between studies provided conflicting
results. Finally, in a cumulative study, reference [54] explored which printing
parameter (layer thickness, extruder width, print orientation, feed rate) has the
most influence on the fatigue life. Rectangular prisms (150x20x3 mm) of ABS
were tested with 0.2 or 0.3 mm layer thickness, 0.35 or 0.45 mm extruder
width, Flat-x or Flat-y (Figure 3.5) print orientation, and 2000 or 4000 mm/min
feed rate. It was found that printing in the Flat-x direction and using a smaller
layer height resulted in the best fatigue life. For feed rate and extruder width,
while it appeared that smaller values resulted in better fatigue life, neither
parameter had a significant impact on fatigue life. Printing parameters were
found to have a substantial impact on the fatigue life in polymers.

Y 2

\]/x

Vert-y

Flat-45 Vert-45
/ 2 v -45

Flat X e rt-X Z-x

Y

[ —

Figure 3.5: An arbitrary geometry that shows the notation of the nine different
printing orientations on an XYZ stage.

Material properties and production methods, such as fabrication with injection
molding or 3D printing and surface treatments, were investigated to see how
fatigue life was affected. Both [55] and [56] studied and compared the fatigue
lives of injection molded and 3D printed specimens [49] of ABS and
polycarbonate urethane (75A, 85A, and 95A), respectively. In conflicting results,
[55] found that the 3D printed specimens had worse fatigue life, while [56]
found that 3D printed parts had a better fatigue life (Figure 3.7 and 3.8). From
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Figures 3.7 and 3.8, it can be seen that the ABS injected molded specimens had
the best fatigue life, but the injection molded polycarbonate specimens had a
slightly worse fatigue life when compared with their 3D printed counterparts. In
the case of polycarbonate urethane, the authors argued that the high
temperature and cooling process of the 3D printing process may have affected
the internal structures of the samples, thereby increasing its capacity to
experience strain crystallization. This would lead to less strain hardening effects
and could explain the small improvements in the fatigue behavior of 3D printed
specimens. Overall, it was unclear whether or not injection molding had better
fatigue resistance than 3D printing, since each study drew a different
conclusion. Aside from comparing injection molding and 3D printing, reference
[57] examined the differences in chemically post-treated and non-treated
specimens from the commercially available polymer Ultem 9085. Ultem 9085 is
manufactured by Stratasys, and is a high-performance thermoplastic composed
of a polyetherimide and polycarbonate copolymer blend (Stratasys Ltd.,
Minnesota, USA). The results indicated that surface treatment did not have an
effect on fatigue life.

Finally, the effects of topological design on the fatigue behavior of 3D
printed porous scaffolds have been investigated in a few studies. In one of
these studies [58], the effects of pore geometry and notch shape on the fatigue
life in polycarbonate urethane (95A) and polyurethane 68A (EPU40) dog bone
specimens was investigated, while another study [59] examined the effects of
scaffold geometry in PLA. The test results from [58] indicated that pore
geometry influenced fatigue life, with circular pore geometry and a circular
notch shape having the best performance. In accordance with [58, 59], [61] also
found that pore geometry affected fatigue life with a greater influence at high
cycles. As well, for a crosshatch pattern, line spacing had a negligible effect on
fatigue life.
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Figure 3.6: The S-N curves of the best raster and printing orientation
experiments that used dog bone specimens during uniaxial loading. The blue
square is the best raster orientation at 45°/45° for ABS specimens [49]. The red
star and yellow circle lines are the best printing orientation, flat-x, for ABS and
ABSplus, respectively [54]. The purple cross and green diamond lines are the
best raster orientation at 45° for PLA specimens, from [53] and [52],
respectively. Solid color points represent run-out data (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

Rotating bending fatigue

The influence of four different printing parameters, i.e. layer height (0.1, 0.2,
0.3 mm), fill density (25, 50, 75 %), nozzle diameter (0.3, 0.4, 0.5 mm), and
printing velocity (25, 30, 35 mm/min), were examined in [60] for two different

infill patterns, i.e. rectilinear and honeycomb, in cylindrical, PLA test specimens.
Fill density was found to have the most impact on fatigue life, while the effects
of the layer height and nozzle diameter were dependent on the infill pattern,
and velocity did not have a significant impact on fatigue. According to the
authors, certain values of the layer height and nozzle diameter lead to an
insufficient cohesion between layers, resulting in a reduced fatigue life. The
influence of density was not linear between the three values, with the jump
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from 50 to 75% density having a larger impact. The best combination of
parameters was 75% density, 0.5 mm nozzle diameter, 0.3 mm layer height, and
a honeycomb infill.
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Figure 3.7: The S-N curves of the results from [57] and [58] using dog bone
specimens made of ABS or polycarbonate urethane, respectively. The blue star
and red square curves are the ABS specimens fabricated with 3D printing and
injection molding (IM), respectively. The remaining curves are the results of the
polycarbonate urethane specimens made with 3D printing and injection
molding, which are shown enlarged in the following figure. Solid color points
and circled points represent run-out data (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).

Reference [61] examined the mechanical properties of how cylindrical ABS
specimens failed during fatigue testing. Each test specimen broke at the
smallest cross section with both static and fatigue fractures. As stress was
increased, the amount of static fatigue also increased. ABS had better a fatigue
life as compared with PLA in rotating bending fatigue (Figure 3.9), since at

69



higher stress levels, the ABS specimens were able to last for a larger number of

cycles.
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Figure 3.8: The S-N curves of the polycarbonate urethane 3D printed and
injection molded (IM) specimens for [58]. The specimens were printed in three
different types of polycarbonate urethane, 75 A, 85 A, and 95 A. The blue circle,
red cross, and yellow diamond are the curves of the 3D printed specimens
made with 75 A, 85 A, and 95 A, respectively. The purple cross, downward
green triangle, and upward blue triangle are the injection molded specimens
made of 75 A, 85 A, and 95 A, respectively. Solid color points and circled points
represent run-out data (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

Fracture mechanical fatigue

In reference [62], the effects of raster orientation on fatigue life in PLA compact
tension specimens were examined. The specimens were printed in three
different orientations with 0° (Figure 3.4A), 90° (Figure 3.4B), and 0°/90° (for
conventions used in defining raster orientations, see Figure 3.4). The study
concluded that raster orientation did not affect fatigue life, and that the fatigue
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behavior was dominated by crack propagation at high loads, and crack initiation
at low loads.
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Figure 3.9: The S-N curves for the best combination of printing parameters from
[62] for PLA hourglass and ABS hourglass specimens from [63]. The red star
curve represents the ABS specimen, while the blue square represents the PLA
specimen.

3.6.2 Selective laser sintering
Axial loading fatigue

Similar to extrusion-based printing, printing parameters, such as printing
orientation, affect parts built using selective laser sintering. In one study [63],
the effects of printing orientation on notched and un-notched Nylon-12 (PA12)
hourglass specimens [64] were investigated. The results indicated that
orientation does not affect the fatigue life, but that notched specimens had a
longer fatigue life. This is a result of the reduced thermal load that the notched
specimens experience, since a smaller volume is subjected to cyclic loading.
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Table 3.1: A summary of fatigue testing parameters and results from

the studies that used extrusion-based printing.

Testing Method Material Specimen Geometry Results Study
Tension-tension fatigue ABS Rectilinear Box The 45°/45" fiber orientation had the best fatigue life Ziemian et al. (2012)
Tension-tension fatigue ABS Dog Bone The 45°/45" fiber orientation had the best fatigue life Ziemian et al, (2015)
Tension-tension fatigue ABS Dog Bone The 45°/45" fiber orientation had the best fatigue life Ziemian et al, (2016)
Tension-tension fatigue PLA Dog Bone Flat printing orfentation at 45" had the best fatigue life Afrose et al. (2015)
Tension-compression fatigue PLA Dog Bone Flat printing orientation at 45" had the best fatigue endurance  Letcher and Waytashek
limit (2014)
Tension-relaxation fatigue  ABS Dog Bone Flat printing orientation in X had the best fatigue life Lee and Huang (2013)
Tension-tension fatigue ABS Rectilinear w& Print orientation, layer thickness, and feed rate influenced Corbett et al. (2014)
fatigue life the most
Tension-tension fatigue ABS Dog Bone 3D-printed parts had worse fatigue life than injection molding  Padzi et al. (2017)
Tension-relaxation fatigue  Polycarbonate Urethane  Dog Bone 3D-printed parts had better fatigue life than injection molding ~ Miller et al. (2017a)
Tension-tension fatigue Ultem 9085 Dog Bone Surface treatment did not affect fatigue life Fischer and Volker (2016)
Tension-relaxation fatigue  Polyurethane Rectilinear Box Circular pores had the best fatigue life Miller et al. (2017h)
Compression Fatigue PLA Rectilinear Box Circular pores had the best fatigue life Gong et al. (2017)
Rotating Bending Fatigue PLA Hourglass Fill density and layer height influenced fatigue life the most Gomez-Gras et al. (2018)
Rotating Bending Fatigue ABS Hourglass Cyeling at higher stresses led to worse fatigue life Zhang et al. (2017)
Fracture Mechanical Fatigue PLA Compact Tension ~ The 0°/90" fiber orientation had the best fatigue life Arbeiter et al. (2018)
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In addition to printing parameters, material properties, such as density, surface
roughness, and printing with injection molding or 3D printing, also influence
fatigue life. Studies conducted by [65] and [66] investigated the effects of
density on the fatigue life. According to reference [65], there is no relationship
between the fatigue life and density or surface roughness in the dog bone
Nylon-12 (PA12), since different samples provided contrasting behaviors. In
order to verify whether fabrication defects caused this, more testing was
needed. However, [66] concluded that lower density PA12 hourglass specimens
had a lower fatigue life (Figure 3.10). As seen from the curve, there was a
positive relationship between the density and fatigue life. Aside from density,
reference [67] studied the differences in the fatigue life between notched and
un-notched injection molded and 3D printed PA12 parts [64], where the 3D

printed parts were built in the Vert-x and Z-x directions (Figure 3.5).
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Figure 3.10. The results of [68], indicating that as part density increases so does

the number of cycles that the specimen is able to withstand.

The results found that notched injection molded and 3D printed parts had
similar fatigue lives (Figure 3.11). Moreover, there were no substantial
differences in the fatigue life of the specimens printed in the Vert-x and Z-x
directions when using SLS.
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Figure 3.11: The S-N curves of the results from [69] using notched and un-
notched hourglass specimens of PA12 fabricated using SLS or injection molding
(IM). The blue square and red star curves are the SLS un-notched specimens
fabricated in the Vert-x or Z-x directions, respectively. The yellow circle and
purple cross are the SLS notched specimens fabricated in the Vert-x or Z-x
directions, respectively. The green diamond and blue triangle are the un-
notched and notched injection molded specimens. Solid color points and circled
points represent run-out data (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).

In [68], the effects of geometry on the fatigue life was investigated by varying
the section thickness (2, 4, and 6mm) in dog bone PA12 specimens under
tension-tension and tension-compression uniaxial loading. In both cases, the
fatigue life increased with the section thickness, but these results were not
statistically significant for tension-tension loading. This may be due to
temperature increasing more in smaller section thicknesses than in larger
thicknesses.
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Rotating bending fatigue

The effects of printing orientation was investigated in references [69] and [70]
for PA12 hourglass specimens [71]. In reference [69], the specimens were
printed in the direction of the X and Z-axes (Figure 3.5) and tested at two
frequencies of 30 and 50 Hz. The results indicated that printing in the Z
direction, though not significant, and testing at 50 Hz both reduced fatigue life
(Figure 3.12). In reference [70], specimens for rotating bending [71] and reverse
bending [72] were printed parallel to the Y and Z-axes (Figure 3.5). The results
of both types of tests and orientations showed no significant differences,

indicating isotropic behavior from the specimens (Figure 3.12). The curves seen
in Figure 3.12 include both printing orientations that were tested.
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Figure 3.12: The S-N curves of the best results from [71] and [72] that each
printed specimen made out of PA12. The blue square and red star are the
curves for hourglass specimens that were printed along the z-axis and x-axis,
respectively, and were tested at a frequency of 30 Hz. The yellow circle and
purple cross curves represent specimens tested with reverse bending fatigue
and rotating bending fatigue. Solid color points and circled points represent
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run-out data (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

Bending fatigue

In [73], two printing parameters, namely laser energy density and particle size,
were varied to see their influence on the fatigue life of rectilinear boxes
(35x5x1.4 mm?®) of polycaprolactone (PCL). The study found that a combination
of smaller particles and large laser energy densities leads to a higher degree of
sintering and improved fatigue life (Figure 3.13). The curve with the
combination of small particles and a large energy density started off at a higher
stress variation value, meaning that the specimen initially started off more rigid
than the other specimens (Figure 3.13). This implies that a higher degree of
sintering melted the particles together better, and, as a result, the fatigue life of
the specimens was improved.
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Figure 3.13: The results from [75] showing the stress variation vs. number of

cycles for three different combinations of particle size and laser energy density.

The smaller particles were between 125 and 150 um, and the larger particles

were between 150 and 212 um. The smaller laser energy density was 0.040
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J/mm?2, while the larger energy density was 0.072 J/mm2. The blue squares had
a combination of small particles and a large laser energy density, the red star
curve had smaller particles and a smaller laser energy density, while the yellow
circles had a combination of large particles with a large laser energy density.

The studies reported in [74] and [75], investigated how affinity between two
particle types affected fatigue life. In the first study [74], rectilinear boxes
(35x5x1.4 mm®) were fabricated with a mixture of Polyamide 6 (PA6) and PA12.
It was found that the 20/80 and 50/50 blends had the best fatigue life, but
overall there was poor affinity between the two particles (Figure 3.14). Since
the stress variation between the two particles was negative, it meant that the
stiffness of the specimen was decreasing, leading to a poor fatigue life
(Figure 3.14). Similarly, [75] fabricated rectilinear boxes of PA12 and BASF
polybutylene terephthalate (PBT). The blend of 90/10 had the best fatigue life
(Figure 3.14). The stress variation in the 90/10 blend stayed relatively constant,
meaning that the specimen was neither hardening or softening under cyclic

loading.
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Figure 3.14: The results of the best combinations of powders from [76] and [77],
showing stress variation vs. number of cycles. As a control, the curve with only
PA12 is represented by blue squares. The combination of PA12/PBT at 90/10 is
shown with the red stars. The yellow circle and purple cross curves are PA6/
PA12 blends of 80/20 and 50/50, respectively (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

Fracture mechanical fatigue

Several studies investigated how different material properties affected fracture
fatigue life by comparing 3D printed and injection-molded specimens, varying
materials, and changing environments. In [76], compact tension specimens [77]
made of PA12 were built with 3D printing and injection molding. The results
found that the SLS parts had longer fatigue lives, with less deformation. In [78],
compact tension specimens (50x48x10 mm3), made of neat PA12 (PA12) and
short glass fiber PA12 (PA12-f), were tested in a dry environment at 23 °C and -
50 °C. At 23 °C, both materials had similar fatigue lives, but PA12-f had greatly
improved fatigue life at -50°C. In [79], compact tension specimens
(50x48x10 mm3) were fabricated of PA12 and PA11, a bio-based polymer, and
tested in a dry environment at 23 °C, a dry environment at -50 °C, and a wet
environment at 23 °C. Independent of the temperature and environment, PA11
showed improved fatigue crack propagation. Testing in water significantly
reduced the fatigue life for both samples.
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Table 3.2: A summary of fatigue testing parameters and results from the

studies that used selective laser sintering.

Testing Method Material Specimen Geometry — Results Study

Tension-compression fatigue  PA12 Hourglass Orientation did not affect fatigue life, but notched specimens Hooreweder and Kruth
performed better than un-notched (2014)

Tension-tension fatigue PA12 Dog Bone Density and surface roughness did not affect fatigue life Amel et al. (2014)

Tension-compression fatigue

Tension-compression fatigue  PA12 Hourglass Lower density samples led to more crack initiation Hooreweder et al. (2010)

Tension-compression fatigue  PA12 Hourglass 3D-printed specimens had similar fatigue life to injection molded Hooreweder et al. (2013)
samples

Tension-tension fatigue PA12 Dog Bone Fatigue life increased with section thickness, and larger section Amel et al. (2016)

Tension-compression fatigue thicknesses depended on density

Rotating Bending Fatigue PA12 Hourglass Specimens had an endurance limit of 15 MPa Munguia and Dalgarno

(2014)
Rotating Bending Fatigue PA12 Hourglass Specimens showed isotropic material behavior Munguia and Dalgarno
(2015)

Bending Fatigue PCL Rectilinear Box Smaller particles with a higher degree of sintering had better fatigue ~ Salmoria et al. (2014)
life

Bending Fatigue PA6/PA12 Rectilinear Box There was poor affinity between PA6 and PA12 Salmoria et al. (2012)

Bending Fatigue PA12/PBT Rectilinear Box The 90%/10% blend of PA12/PBT had the best fatigue life Salmoria et al. (2018)

Fracture Mechanical Fatigue PA12 Compact Tension 3D-printed specimens had a longer fatigue life than injection molded  Blattmeier et al. (2012)

Fracture Mechanical Fatigue Neat PA12 and Rectilinear Box PA12-f had better fatigue life at lower temperatures Salazar et al. (2014a)

PA12-f
Fracture Mechanical Fatigue PA12 and PA11 Rectilinear Box Independent of environment and temperature, PA11 had better Salazar et al. (2014b)

fatigue life than PA12
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3.6.3 Material jetting

Axial loading fatique

In one study, [80], the effects of build orientation were investigated in parts
printed with a material jetting printer. Veroclear 720 dog bone specimens [41]
were fabricated parallel to the X and Y-axes (Figure 3.5), and cycled at 20 Hz.
Veroclear 720 is a translucent, rigid acrylic-based photopolymer produced by
Stratasys. The specimens that were fabricated parallel to the Y-axis (Figure 3.5)
had better fatigue resistance, but more experimentation was required to have
statistical validity.

Material properties, such as material interfaces and surface
treatments, were investigated to see how they affect the fatigue life. In two
studies reported in [81] and [82], dog bone specimens [83] were fabricated
using TangoBlackPlus and VeroWhitePlus. The first study [81], examined the
effects of no interface, a single interface, and a dual interface on the fatigue life.
TangoBlackPlus is an elastomeric acrylic-based photopolymer fabricated by
Stratasys. The results of the study indicated that interface specimens do not
have a shorter fatigue life as compared with the pure material itself. In a
continuation study [82], dual interface specimens were used to see how surface
finish affects the fatigue life. It was found that smoother, “glossy” finish
specimens had a longer fatigue life as compared to matte finish, though not
statistically significant.

3.7 Discussion

3.7.1 Extrusion-based printing

Throughout the literature for fatigue of extrusion-based printing, it appeared
that printing and material parameters all affect the fatigue life of specimens.
Focusing on printing parameters, it was found that the raster orientation had
the most influence on the fatigue life. All of the studies investigating raster
orientation concurred that printing at 0° or 90° resulted in the worst fatigue life
than printing at 45° or 45/45° (Figure 3.4A-D).
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Table 3.3: A summary of fatigue testing parameters and results from the
studies that used material jetting.

Testing Method

Material

Specimen Geometry

Results

Study

Tension-tension fatigue
Tension-relaxation fatigue
Tension-relaxation fatigue

Veroclear 720
TangoBlackPlus
TangoBlackPlus

Dog Bone
Dog Bone
Dog Bone

Build orientation affected fatigue life
Interface specimens had a higher fatigue life than no interface
“Glossy” finish specimens had a longer fatigue life than matte finish

Suresh et al. (2017)
Moore and Williams (2012)
Moore and Williams (2015)

—
0



One possibility as to why 45/45° had the best fatigue life is that in uniaxial
loading shear tends to occur at an angle of 45°, but during loading it is
constantly counteracted by the -45° configuration [47]. This development could
delay or prevent a crack from fully propagating through the material. Another
possibility is that as the specimens are cyclically loaded, the 45/45°
configuration start to rotate into a 0/90° orientation, resulting in the structure
being better aligned with the loading direction so strand strength becomes
more prevalent [47]. Aside from raster orientation, other parameters such as
the printing orientation, layer height, and infill all influence the fatigue life.
Printing orientation determines the stress-carrying direction, layer height
affects the cohesion between the layers, and infill affects the stiffness and
density of the part, all of which impact how the material behaves during fatigue
testing [60]. Due to the synergy between all of the parameters, it was
challenging to characterize the best settings for maximizing the fatigue life.
While the general consensus between studies was that printing with 45/45°
(Figure 3.4D) results in the best fatigue life, the best settings for the remainder
of the printing parameters remain inconclusive.

The material parameters did not seem to have as substantial of an
influence as the printing parameters due to the inconclusive nature of the
results. Examining whether or not injection molding or 3D printed parts had
better fatigue life yielded two conflicting results. This may be due to the
differing printing parameters chosen by each study, where changing printing
parameters could generate a different outcome. Looking at the chosen
materials throughout the literature seemed to be inconclusive as to whether
ABS or PLA had the best fatigue resistance. This can be seen in Figures 3.6, 3.7,
and 3.9, in which ABS specimens typically had the longest fatigue life, but there
were also instances where PLA has the best fatigue resistance. This fluctuation
in which material is better may be due to the different printing parameters each
test has used, which affect the mechanical behavior of the specimen.
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3.7.2 Selective laser sintering

As with extrusion-based printing, both printing parameters and material
properties impacted the fatigue life of SLS parts. Looking at the printing
parameters, several studies concluded that the printing orientation did not
affect the fatigue life, since there was as an isotropic material response. This
can been seen in Figures 3.11 and 3.12. This isotropic response may be due to
the localized heating and deformation that cause a uniform microstructure at
the eventual fracture site through in situ drawing and/or an annealing process
[70]. Another printing parameter that affects fatigue is the laser energy density,
which was tested in [73]. Laser energy density affects the mechanical
properties, such as porosity and microstructure, of parts built using SLS. As the
laser energy density is increased, the degree of sintering increases, which leads
to a denser morphology in parts.

Unlike extrusion-based printing, the material properties seemed to
have a larger impact on fatigue life of SLS polymers. Throughout the literature,
there seemed to be a consensus in SLS parts that an increase in the density
leads to better fatigue resistance. This can be seen in Figures 3.10 and 3.13. The
density of the SLS parts influences the mechanical properties, and at lower
densities, with more unfused powder particles, there is a higher chance of crack
initiation [66]. Looking at the differences in the injection molded and 3D printed
parts did not lead to a definitive conclusion of one method being better than
the other, as seen in Figure 3.11. The fatigue lives of both parts were found to
be similar, with neither one having significantly better fatigue resistance. The
affinity of two powders was essential to the success of the part. As can be seen
in Figure 3.14, when there is poor affinity between powders, the part begins to
lose stiffness and fail sooner. Finally, the majority of the studies used PA12 due
to its desirable mechanical properties. It is interesting to note that the
PA12/PBT blend of 90/10 had a higher fatigue strength than pure PA12 due to
the addition of 10% PBT, which leads to an increase in stiffness and resistance
to plastic deformation.

83



3.7.3 Material jetting

Due to the limited number of studies on material jetting, only material
properties were investigated. As previously mentioned, the studies found that
interface specimens did not have shorter fatigue lives as compared with no
interface specimens, and that although the ‘glossy’ surface had better fatigue
resistance, it was not statistically relevant. This might be due to the lower
roughness of the glossy surface as compared to the matt surface [84]. A lower
roughness decreases the potential sites of crack initiation [86].

3.7.4 General remarks

As is clear from the previous chapters, there is no clear answer as to which 3D
printing technique or set of printing parameters results in parts that are
optimized for maximum fatigue performance. Many of the relevant parameters
strongly depend on the 3D printing process and the polymer used. For every
polymer, a set of specimens fabricated with different processing parameters
should be tested for fatigue following experimental design techniques such as
Taguchi that allow for fractional factorial designs [84]. Other optimization
processes include the full factorial, gray relational, artificial neural network
(ANN), fuzzy logic, genetic algorithm (GA), and response surface methodology
(RSM) and have been used for different outputs like part strength, surface
quality, dimension accuracy, etc. [85]. Most of these techniques have not been
used for fatigue analyses but could also be considered. The slicing algorithm
used is another parameter that has not been investigated thoroughly and could
have a significant effect on the mechanical properties of the resulting parts.

3.8 Conclusion

In this literature review, the aim was to interpret all of the papers to see,
whether there are trends in the data that could lead to conclusions about which
printing parameters and material properties resulted in the best fatigue life. For
extrusion-based printing, it was found that printing with a 45/45° raster
orientation had the best fatigue life, while it was inconclusive as to if ABS or PLA
was the most fatigue resistant material. The synergy between all of the printing
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parameters such as printing orientation, raster orientation, layer height, and
infill made it challenging to determine the best parameters. In selective laser
sintering, the printing orientation did not have an impact on the fatigue life of
the specimens, with the specimens showing isotropic behavior. Higher densities
in the parts also led to better fatigue resistance. In both extrusion-based
printing and selective laser sintering, there was not enough information to
determine if 3D printing yielded better fatigue results as compared with
injection molding. Due to the lack of testing of parts made by material jetting,
no conclusions could be made. While some conclusions about the influence of
the printing parameters and material properties were made, there still is a need
for more fatigue testing of 3D printed polymers. Understanding the mechanical
properties of 3D printed polymers could aid in predicting and preventing fatigue
failure.
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Abstract

In developing countries prosthetic workshops are limited, difficult to reach, or
even non-existent. Especially fabrication of active, multi-articulated, and
personalized hand prosthetic devices is often seen as a time-consuming and
demanding process. An active prosthetic hand made through the fused
deposition modelling (FDMTM) technology and fully assembled right after the
end of the 3D printing process will increase accessibility of prosthetic devices by
reducing or bypassing the current manufacturing and post-processing steps. In
this study, an approach for producing active hand prosthesis that could be
fabricated fully assembled by oM™ technology is developed. By presenting a
successful case of non-assembly 3D-printing, this paper defines a list of design
considerations that should be followed in order to achieve fully functional non-
assembly devices. Ten design considerations for AM of non-assembly
mechanisms have been proposed and a design case has been successfully
addressed resulting in a fully functional prosthetic hand. The hand prosthesis
can be 3D printed with an inexpensive FDM™ machine and is capable of
performing different types of grasping. The activation force required to start a
pinch grasp, the energy required for closing and the overall mass are
significantly lower than body-powered commercial prosthetic hands. The
results suggest that this non-assembly design may be a good alternative for
amputees in developing countries.

4.1 Introduction

The World Health Organization (WHO) estimates that there are =40 million
amputees in developing countries and that only =5% of them have access to
prosthetic devices [1]. In low income countries, there are only a few big cities
capable of providing reasonable healthcare conditions and transportation from
rural areas is usually complicated, expensive, and may take several days.
Amputees who come from villages either do not have access to prostheses
whatsoever or they rarely go back for follow-up checks, maintenance, or repair
[2-4]. In most of the cases, there is a general lack of trained personnel and
materials making, prosthetic workshops limited, difficult to reach, or even non-
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existent [5, 6]. In particular, fabrication of active, multi-articulated, and
personalized hand prosthetic devices are often seen as a time-consuming and
demanding process due to the large quantity of uncommonly shaped parts and
long assembly times.

Non-assembly mechanisms are referred to as such mechanical systems
whose fabrication is achieved without the need for post-manufacturing
assembly [7]. Fabrication of non-assembly mechanisms is an attractive
approach, because post-manufacturing steps are reduced or excluded when
building multi-articulated mechanisms. Such a paradigm shift in manufacturing
of mechanisms has been made possible thanks to the advent of additive
manufacturing (AM) technologies, also referred to as 3D printing. AM creates
3D parts through sequential accumulation of material in a layer-by-layer
process [8]. This manufacturing method enables fabrication of structures with
unusual geometries without the need for any particular manual skill, elaborate
tooling, or labour-intensive procedures. The inherent design versatility
delivered by AM technologies is the core motivation for a significant change in
the current approach of designing working mechanisms.

With the rapid development of AM technologies, many 3D printing
techniques have become easily accessible and have opened a window for
creating low-cost functional parts with very uncommon geometries. The case of
the fused deposition modelling (FDMTM) technique is a clear example of how
AM technologies could reach the level required by producing accessible
equipment and developing 3D printing materials suitable for many engineering
applications. Several research groups and non-profit organizations have already
demonstrated how various limitations of conventional manufacturing could be
mitigated by FDM™ to fabricate inexpensive and functional prosthetic hands
[9]. A successful example is the Raptor Hand [10]. Many of the same
organizations have also granted free on-line access to the digital drawings as
open source files. However, extra post-assembly steps are still required to
deliver fully functional prosthetic devices to users. For instance, the Raptor
Hand consists of more than 20 parts that need to be assembled with hinge pins,
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screws, elastic cords and braided line. Trained personnel and extra parts are
necessary, thus reducing the overall accessibility of prostheses.

Non-assembly mechanisms have been successfully fabricated with different AM
techniques including traditional rigid-body joints made out of polymers [7, 11,
12] and metals [13-15], compliant joints [16-18], soft robots [19, 20], and
actuators [21]. However, no design processes based on oM™ technology that
could be followed to achieve fully functional non-assembly mechanisms have
been reported so far. An active prosthetic hand made through the FoM™
technology and fully assembled right after the end of the 3D printing process
will increase accessibility of prosthetic devices by reducing or bypassing the
current manufacturing and post-processing steps. The goal of this study
therefore was to develop an approach for producing an active hand prosthesis
that could be fabricated fully assembled by oM™ technology. By presenting a
successful case of non-assembly 3D-printing, we aim to define a list of design
considerations that should be followed in order to achieve fully functional non-
assembly devices.

4.2 Case study: a non-assembly 3D printed hand

prosthesis
The hand prosthesis should be specifically designed to be 3D-printed fully
assembled and to meet the basic functional requirements listed below.

Body-powered control

Body-powered (BP) hand prostheses offer easy and intuitive control. The simple
driving principle provides a straightforward way to use the prosthetic device to
users while allowing them to benefit from proprioceptive force feedback. Such
characteristics make BP prosthesis easy to implement in developing countries.
The new prosthesis should also have voluntary closing control due to the direct
relation between the pinch force and the driving force that is delivered to users
[22].

Adaptive grasp
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Grasping of a large variety of objects is simpler when fingers could adapt their
grasping pattern. This could be achieved by introducing adaptability between
the fingers inside the prosthetic hand [23]. Even when only a single driving force
is available (due to the body-powered control), the finger links should perform
motion differentials between themselves to achieve an adaptive grasp.

Cosmetics

A device that resembles a human hand is considered essential in some
developing countries, because it contributes to the patient’s acceptance in their
community [3]. Moreover, a highly cosmetic prosthesis is commonly more
accepted among users and according to Plettenburg [24] is part of the basic
requirements. Therefore, the hand prosthesis should have the basic dimensions
of an average human and resemble a real hand.

Low weight

Wearing comfort of prosthetic hands is directly related to the mass of the
device. Since the prosthetic device is perceived as an extra load, mass should be
taken to a minimum [25]. Considering the weight of a human hand (426 + 62 g
[26]), the prosthetic hand should weigh less than the average hand by one
standard deviation (364 g).

Water proof and dust proof

Highly reliable prosthetic hands work properly under several environmental
conditions. The hand should be manufactured from washable and corrosion
resistant materials especially for developing countries where high moisture and
dirt is commonly found.

4.2.1 Functioning principle

The main design concept of the hand prosthesis (Figure 4.1) consists of four
moving fingers driven by a single link and a static thumb. All fingers are
connected to the palm by a single hinge joint allowing full rotational motion.
The fingers are coupled together following a whippletree configuration. This
enables motion differentials between the fingers, thereby allowing adaptive
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grasp. All moving fingers are pulled by a force transmission system consisting of
a main driving link, the whippletree configuration, and the connecting links of
the fingers. The fingers are driven by a Bowden cable connected to the main
driving link and restricted to follow a linear motion along with the excursion of
the cable. Restoring forces are achieved by springs connected to the base of the

Fingers
/ \ o Joints &
Springs
Transmission

Whipple tree
system
links : [
Driving Force

Figure 4.1: A schematic drawing of the design concept used for the hand

fingers.

prosthesis.

4.2.2 Design considerations applied in the hand prosthetic design.

General design considerations

Large play. AM achieves different fabrication accuracies depending on the
technology and machine used. The minimum building feature varies amongst
AM techniques and should be taken into consideration to set proper tolerance
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values. Furthermore, there could be a considerable dimensional difference
between the CAD design and the built object. Due to such differences,
conservative values for clearances between the bodies should always be used.
Although FDM™ machines have achieved fabrication accuracies of features as
small as 0.1 mm, 3D-printing several bodies in a single step using such a small
gap to distinguish between bodies does not always result in a successful
outcome. There might also be small differences between different printing jobs
even when the same FDM™ machine and printing parameters are used. These
dimensional variances could cause fusion of printed parts. A minimum gap of
0.5 mm between the moving bodies guarantees non-fusion of plastic parts
during the printing process. All mechanical parts should therefore be 3D printed
with a minimum tolerance of 0.5 mm to ensure proper division of individual
parts.

3D-printed surfaces. When building overhangs with FDM™, addition of support
structures might be unavoidable. Non-soluble support structures need to be
extracted manually and are undesired because the process contributes to a
poor surface finish. Interacting surfaces requiring smooth motion should not be
connected to support structures because the chances of high roughness and
friction in the final parts are increased. In order to avoid this, such surfaces
must be printed perpendicular to the printing plane and without any structural
adhesion to the support structures.

Support removal. The removal of washable support structures requires open
purge connections where solvent liquids can flow through. These openings can
be as small as the minimum area required to provide constant flow of the
liqguid. On the other hand, as previously mentioned, non-washable structures
need to be manually removed, thus, requiring wider openings. Such support
structures must be easily reachable by hand or common tools. Given the
printing direction, enclosed connections of links within the whippletree
mechanism and the hinge joints of the fingers inevitably require support
structures. Such enclosed configurations should be designed with proper
openings to allow for easy access to the support structures. Bodies enclosing
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the support structures are recommended to be separated minimally by 1 mm
distance. This provides sufficient gap in where support structures could be
manipulated and where, following extraction, occasional residuary material
does not affect motion. Likewise, a minimum opening area of 4 mm” offering
1 mm distance between bodies provides a sufficient aperture for common pliers
and is also recommended.

Integrated parts. Different standard part functions could be included directly
into the design of 3D printed assemblies. Functions delivered by external
components of traditional assemblies such as bolts, springs, washers, etc. could
be provided through smart design of 3D printed parts. For example, working
hinge joints and springs could be built from printing materials and be also
integrated directly into the entire assembly. Here, transmission linkage from the
whippletree mechanisms to the base of each finger is accomplished by semi-
circle leaf springs. This compliant shape has two major advantages as compared
to other force transmission designs. First, the semi-circle shape ensures
constant moment arm transmission to the fingers for the complete range of
positions. Second, following activation of fingers motion, as the leaf springs
recovers from deformation, the resulting spring behaviour provides a clever
way to return the moving parts to their neutral position.

Design considerations for mechanical play

Reduction of play. Due to the layer-by-layer process of AM, surfaces fabricated
perpendicular to the printing plane present decreased dimensional accuracy
(smoothness) due to the well-known “staircase effect” [27]. For instance, cross-
sectional curved geometries are built with well-defined shapes when they are
oriented parallel to the printing plane. Accurate curved shapes, like the hinge
joints in the fingers, must be printed with their circular cross-section area
oriented parallel to the building plate. In this way, contacting surfaces inside the
hinge joints present smoother surfaces and, thus, reduced friction.

Re-accommodation of play. Due to building tolerances, undesired high play
might be expected. Moving parts are estimated to shift contact points
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continuously inside joints. However, to keep proper functionality, joints could
be designed in such a way that they are automatically aligned under the effect
of the driving force. Such configuration allows for fixation of joints when
required. All mechanical components that are part of the whippletree
configuration are connected with the presence of high play (Figure 4.2). In
passive conditions, all joints are allowed to move freely inside the boundaries of
the connection. Nevertheless, the curved structures designed in each
connection permit an instant alignment of joints in the presence of the driving
force. When the driving link (bottom link) is moved downwards by the
activation force, all connected links move downwards to the edge of the
curvature providing fixed connecting points (Figure 4.2).

Compliant parts. Considerable elastic deformation is achievable by many
printing materials without the risk of failure [28]. Based on this fact, moving
joints presenting small displacements could be fabricated in a compliant
configuration. Compliant joints do not present friction and most importantly
they could achieve motion out of a monolithic structure [29]. Compliant
configurations facilitate non-assembly manufacturing and are therefore
preferred when play inside joints is unacceptable and should be included when
possible. Force transmission from the whippletree mechanism to each
individual finger is achieved by compliant connections over the base of each
finger (Figure 4.3). Such connections present relatively low displacement and
help to provide spring behaviour due to the energy stored when deformed.

Design considerations for part strength

Cross-section of parts. Given the geometric freedom delivered by AM, all parts
withstanding forces should be shaped to present sufficient cross-section area to
evade the risk of material failure. All part connections should also present
increased contact surface area and eliminate point and line contacts as well as
sharp corners to exclude stress concentrations. All moving parts, from the
driving link to the semi-circle leaf springs, should be smoothly in contact by
rounded surfaces and be fully aligned to the line of action of the driving force to
prevent unnecessary bending moments (Figure 4.3). Likewise, the leaf spring
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connection with the base of the fingers should have a smooth transition in
order to prevent stress concentrations (Figure 4.3). All links should present
sufficient cross-section area, considering the equal division of the driving force
amongst the fingers, to prevent the failure of the material due to high tensile
stresses.

Density of parts. The building principles of some AM techniques allow control
of material density in printed parts while keeping pre-set outer shapes. Such
density control could be used to maximize part strength or reduce weight, time,
and cost. Parts withstanding high stress should be printed with 70-100% of
material infill whereas low stressed parts should be printed with lower densities
in order to reduce overall mass and material cost. In our design, all moving
parts from the driving link to the semi-circle leaf springs as well as the hinge
joint connecting all fingers to the palm present 100% material density. Cosmetic
parts presenting low forces like fingers and palm present 15% material density.

Part anisotropy. Nearly all AM technologies produce parts presenting
anisotropic mechanical behaviour. In most of the cases, 3D printed parts are
stronger along directions in the parallel with the printing plane (plane defined
by the building plate) [30-33]. Poor interlayer bonding leads to weak tensile and
torsional properties when the part is loaded along the perpendicular direction
of the printing plane [28]. Parts like the whippletree system or the semi-circle
leaf spring connections stand high tensile forces due to the actuation force.
Furthermore, additional bending stress is present in the leaf spring due to its
semi-circle configuration. The best mechanical performance, i.e. higher ultimate
stress and higher ultimate strain, is also achieved by printing layers along the
direction of the stress induced by the bending moments [34]. The
corresponding critical cross-sectional areas under stress should therefore be
built perpendicular to the printing plane. In other words, the prosthesis should
be printed sideways.
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Figure 4.2: (left) isometric view of the whippletree mechanism. All connections
are designed to be 3D printed with large play, (right) frontal view of the
whippletree mechanism.

Figure 4.3: Force transmission system to the finger, (blue) semi-circle leaf spring
connected from the base of the finger to the whippletree mechanism, (yellow)
the first level of the whippletree mechanism and connecting links, (red) the
second level of the whippletree mechanism and main driving link. The Bowden

cable is connected to the main driving link.
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4.3 The 10 guidelines of non-assembly design with 3D
printing
Based on the analysis presented in the previous section regarding the design

considerations, here we summarize the ten design guidelines for 3D printed

hand prosthesis. The applicability of these guidelines to the different parts of

prostheses is visualized using annotation in Figure 4.4.

8.
9.

General

Design in terms of large mechanical play.

Support moving parts perpendicular to their plane of interaction.
Planes which require smooth surfaces (e.g. planes of interaction)
should not be touched by the support material

Provide openings for removal of supports.

Integrate the functionality of standard parts (e.g. bolts, springs,
washer, etc.) into the design.

Play

Reduce play by positioning the parts with high tolerances in parallel
with the printing plane.

Remove play by pretension or actuation force.

Avoid play by replacing rigid contact by compliant interfaces.

Stress
Design the shape of various components according to the stress.
Choose the material density (when 3D printing) according to the stress.

10. Align the 3D-printing plane with the dominant load.
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Figure 4.4: Non-assembly prosthesis prototype after support removal. Each
number represents the corresponding design principle used to build the part.

4.4 Materials and methods

An Ultimaker 3 machine loaded with polylactic acid (PLA) material was used to
print the prosthetic hand. A layer thickness of 0.2 mm and a printing speed of
70 mm/s were used as 3D printing parameters. The part dimensions are overall
delimited by a building volume of 94.4 mm x 223.8 mm x 99.6 mm. Figure 4.5
shows the printing direction of the hand prosthesis.
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Figure 4.5: Printing direction of the hand prosthesis.

An experimental setup and protocol based on our previous work [35] was used
to assess the mechanical performance of the device. The test setup measured
(1) pinch force output given an activation input force and (2) the energy
efficiency of the prosthesis for a closing-opening cycle. The test setup consisted
of a load cell (Zemic: FLB3G-C3-50 kg-6B) to measure the input force, a custom-
built 11 mm thick case housing, a FUTEK LLB130 force load cell placed on the
thumb fingertip to measure pinch force, and a displacement sensor (Schaevitz:
LCIT 2000) to measure the actuation displacements.

The mechanical efficiency of the prosthesis is obtained by measuring the
energy employed to close the device and the energy delivered back to return
the fingers to the open position. The energy employed in each event could be
determined by integrating the forces along the displacements obtained. A
measure of the energy dissipated by the device could be obtained as the
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difference between the input energy and the returned energy. To measure the
variables of interest, the following protocol has been followed

1. Afull closing and opening cycle without pinching.

2. Closing and pinching the pinch load cell until an actuation force of 100
N was reached. The load cell is pressed against the thumb by the index
and middle fingers of the prosthesis.

Data availability. The datasets generated during and/or analysed during the
current study are available from the corresponding author on reasonable
request.

4.5 Results

The hand prosthesis printed from polylactic acid (PLA) is shown in Figure 4.4.
The prosthetic device could achieve adaptive grasping even though it was
driven by a single force signal. A counter force was delivered by the compliant
behaviour of the leaf springs to return the fingers to an open state during
passive conditions. A driving link was fabricated with the hand prosthesis in
order to manually activate the device and perform several grasping patterns
(Figure 4.6). Pinch force — activation force relationship is presented in
Figure 4.7. The prosthesis allows for body-powered control, its geometrical
shape resembles a real human hand, it has a mass of 130 g and its building
material makes it water and dust proof. Furthermore, the cost of the material
lies around 10 US dollars. The energy for closing the device was calculated to be
0.104 Nm and the energy dissipated during a full closing-opening cycle was
calculated as 0.048 Nm.

4.6 Discussion

A functional multi-articulated hand prosthesis was designed and manufactured
using 3D-printing. The design procedure has concluded in a concept that
reduces manufacturing requirements to a single 3D printer and its building
material. Extra material, supplies, or laborious post-manufacturing steps have
been eliminated. In addition to fulfilling the functional requirements listed here,
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the material cost of this prosthetic hand is low as compared to commercial
prosthetic devices as well as similar 3D-printed prosthetic hands [9].

Figure 4.6: Grasping patterns. Pinch grasping (Top left & right), power grasping
(Middle left & right), spherical grasping (Bottom left), and tripod grasping
(Bottom right).

The activation force required to start a pinch grasp on the 11 mm load cell (16-
18 N) and the energy required for closing (0.104 Nm) are significantly lower
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than other BP commercial prosthetic hands (Figure 4.7a,b) [35]. The force
transmission ratio is, however, lower and is clear from the slope between the
input and output forces. Pinch force was measured only by the gripping action
of the index and middle fingers. Equal distribution of the activation force
between every finger suggests similar pinching forces for the ring and little
fingers. By extrapolating the pinch force measurements, one could argue that
gripping forces during power grasp could be at least doubled if all fingers are
used at the same time. Despite relatively low pinch forces, the hand prosthesis
is capable of reaching reasonable pinching forces and different grasping
patterns in order to execute various daily activities [36]. According to ten-Kate
et al. [9], only one 3D printed hand prosthesis has been tested for gripping
forces, reporting similar fingertip force measurements (3.9 — 11.5 N) [37]. For
activities requiring more than 15 N grasping force, the corresponding input
force needed (>100 N) might be unacceptable for many users [38]. Design
alternatives such as increased transmission moment arms to the fingers,
unequal distribution of force favouring index and middle fingers, and merging
the ring and little finger into a single driving link could increase the force
delivered by the index and middle fingers into precision grasps.
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Figure 4.7: The mechanical assessment of the prosthesis. (a) Input force vs.
pinch force and (b) cable displacement vs. the input force of a closing-opening
cycle.
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The design considerations conceived here should be followed as guidelines to
circumvent many of the limitations commonly found when using AM to build
non-assembly mechanisms. This guideline was followed to build a prosthetic
hand with the most accessible AM technology, i.e. FDM™. Reference values
employed to fulfil the design considerations proposed are therefore based on
the characteristics of FDM™. Considering the AM machine used here (i.e.
Ultimaker 3) and its relatively low building accuracy, dimensions employed in
the case presented here are an appropriate starting point for building non-
assembly mechanisms with all AM techniques. Lower tolerance values and the
use of washable support structures could be set to solve mechanical problems
arising from high play between joints, if the corresponding AM technology and
equipment are available.

Although large mechanical play is often seen as a significant concern in
traditional mechanical design, it is usually necessary in FDM™-based
mechanical design and is addressed using the advantages of AM. AM
characteristic of geometrical freedom allows for design of mechanical linkages
that conveniently remove mechanical play when actuated or reconfigured.
Driving forces can reposition moving components into desired locations when
needed. Furthermore, extra components that could remove mechanical play by
manually reconfiguring their position inside the device are the other options.
Compliant components might be also considered when mechanical play is
unwanted and the range of motion is suitable for the deformation limits of 3D-
printing materials. Compliant configurations could be also included when a
spring behaviour is required as shown by the fabrication of the semi-circle leaf
springs. Here compliancy was achieved by manipulating the geometry of the
constructs even though the mechanical behaviour of 3D-printed parts of all
materials compatible with FDM™ are unknown to their full extent, especially
reflecting on their response to large deformations. 3D printing thin sheets of
PLA as curved shapes allowed relatively small deformations and sufficient spring
behaviour even for a material such as PLA that is usually considered brittle.

Despite successful fabrication of non-assembly mechanisms using PLA,
little attention was paid to the building materials during the design process

109



employed and presented here. This study was focused on exploiting the
advantages of AM when designing non-assembly mechanisms while maximizing
design versatility. We found that given one particular material (PLA), the
preferred mechanical response could be achieved by manipulating the
geometry of parts. In this way, compliant and rigid body parts are created out of
a single material. Undoubtedly, the intrinsic mechanical properties of every 3D-
printing material differ between each other, which in consequence open a
window for different design opportunities. For instance, when large
deformation is required, other FDM™ materials such as Nylon present better
resistance for large bending strain and should be considered as well.
Nevertheless, as mentioned before, 3D-printed parts are highly anisotropic and
their mechanical behaviour, including their compliant behaviour, strongly
depends on the 3D-printing direction. Based on previous research we have built
critical parts depositing the fibres parallel and longitudinally to the loading
direction in order to provide best mechanical performance. Still, a thorough
study regarding compliant design properties of all 3D-printing materials
compatible with FDM™ and 3D-printing parameters should be conducted in
order to provide better tools when choosing a more suited combination of
material and design concepts to solve a specific engineering problem.

Despite achieving different grasping patterns, a more in depth
quantitative study of this prosthetic design including mechanical performance
and capabilities, should be considered in order to provide a thorough
comparative analysis on the functionality of the alternatives found in literature.
Furthermore, activities requiring high grasping forces might be unrealizable for
most users. Further design steps should be geared towards increased force
transmission ratio. That being said, most of daily activities require low gripping
force [39]. The low material costs and the reduced post-processing assembly
steps suggest that this non-assembly design may be a good alternative for
amputees in developing countries.
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4.7 Conclusion

Ten design considerations for AM of non-assembly mechanisms have been
proposed and a design case has been successfully addressed resulting in a fully
functional prosthetic hand. The hand prosthesis was 3D printed with an
inexpensive FDM™ machine and is capable of performing different types of
grasping as a result of the adaptive grasp provided by its inner mechanism.
Furthermore, the prosthesis has been fabricated under a process that reduces
manufacturing requirements to a single 3D printer and its building material.
Extra material, supplies or laborious post-manufacturing steps have been
eliminated, hence introducing the first non-assembly hand prosthesis
manufactured by FDM™. Given the characteristics of FDM™, such non-
assembly process will increase the accessibility of prosthetic devices in
developing countries by producing cheap and customized parts regardless of
any specialized workshops and tools and highly skilled personnel. We
encourage the use of the design considerations recommended here as a
guideline for future design and manufacturing of fully assembled mechanisms.
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Abstract

In developing countries the access of amputees to prosthetic devices is very
limited. In a way to increase accessibility of prosthetic hands we have recently
developed a new approach for the design and 3D printing of non-assembly
active hand prostheses using inexpensive 3D printers working on the basis of
Material Extrusion technology. This paper describes the design of our novel 3D-
printed hand prosthesis and also shows a mechanical and functional evaluation
in view of its future use in developing countries. We have fabricated a hand
prosthesis using 3D printing technology and a non-assembly design approach
that reaches certain level of functionality. The mechanical resistance of critical
parts, the mechanical performance, and the functionality of a non-assembly 3D-
printed hand prosthesis were assessed. The mechanical configuration used in
the hand prosthesis is able to withstand typical actuation forces delivered by
prosthetic users. Moreover, the activation forces and the energy required for a
closing cycle are considerably lower as compared to other body-powered (BP)
prostheses. The non-assembly design achieved a comparable level of
functionality with respect to other body-powered alternatives. We consider this
prosthetic hand a valuable option for people with arm defects in developing
countries.

5.1 Background

The most frequent causes of upper limb amputations are traumas, malignancy,
vascular disease, congenital deformities and infection [1]. Recent estimations by
the World Health Organization (WHO) indicate that out of the nearly 40 million
people around the globe that require prosthetic and orthotic devices just 5-15%
have access to them [2]. In developing countries, reasonable healthcare services
are usually merely available in a small number of big cities, while transportation
from rural regions to the major healthcare hubs may be expensive and difficult.
Under such circumstances, the access of amputees to prosthetic devices is very
limited and maintenance and follow-up checks are very rare [3-5]. The lack of
treatment centres for amputees can be explained by a broad absence of trained
workforce and materials, leading to limited availability of prosthetic workshops
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[6, 7]. In particular, active, multi-articulated, and personalized prosthetic hands
are mostly inaccessible.

Due to the recent developments in additive manufacturing (AM)
technologies, also known as 3D printing, many research groups and non-profit
institutions have already produced affordable prosthetic devices (e.g. [8-10]) by
reducing the production costs to a few hundreds or even tens of Euros.
Furthermore, according to Phillips et al. [11] 3D printing technology is also more
suited for developing countries as compared to other manufacturing techniques
because of its relatively low start-up costs and minimal skill required. Little
information is however available regarding whether basic user requirements
are met for short- or long-term use by prosthetic hands produced this way [12].
Moreover, additional post-printing assembly actions are yet necessary to
provide functional prostheses to users. Those assembly steps usually need to be
performed by skilled personnel and may necessitate extra tools, thereby
reducing the overall accessibility of prostheses. The design versatility offered by
AM allows for production of mechanisms that do not require additional
assembly steps (non-assembly mechanisms), e.g. [13-16]. While a functional
prosthetic device still requires an activation system and proper fitting to the
residual limb, an active prosthetic hand that is printed in a fully assembled state
will increase the accessibility of such prosthetic devices through elimination of a
number of post-processing steps. In low resource-settings, the prosthetic hand
can be 3D-printed in the closest centers in large cities where reasonable
technical conditions can be found and 3D printers are available. The prosthetic
hand can be transported to the end-user using local distribution networks.

Based on a study on 3D-printed mechanisms and joints [17], we have
recently developed a new approach for the design and 3D printing of non-
assembly active hand prostheses [18] using inexpensive printers working on the
basis of fused deposition modeling (FDM™) (i.e., polymer extrusion) [19]. This
paper describes the design of our novel 3D-printed hand prostheses with a
focus on a mechanical and functional evaluation in view of its future use in
developing countries.
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5.2 The 3D printed hand prosthesis

Our 3D-printed hand prosthesis was designed to be the first 3D-printed fully
assembled prosthesis that meets the following basic (functional) requirements:
body-powered (BP) control, cosmetic appearance, light weight, and water/dirt
resistant (materials do not fail in contact with water and dirt) [20].

A detailed explanation of the 3D-printed prosthetic design (Figure 5.1)
can be found in [18], however a brief description is given in order to
contextualize the current study. The design is made up of four individual fingers
and a stationary thumb. All fingers are coupled to the palm through one hinged
joint permitting a one degree of freedom (DoF) rotating motion. The fingers are
joined through a whippletree arrangement. This permits relative movement
amongst the fingers equalizing the pinching force on each finger as they adjust
to the geometry of the object being grasped (adaptive grasping) [21]. All fingers
in motion are activated by a force transmission scheme which is made out of a
main driving link, the whippletree arrangement, and the links that connect the
four fingers. The hand is actuated by a Bowden cable attached to the main
driving link that is allowed to go on a linear motion following the movement of
the cable. Return forces that permit hand opening are generated by leaf springs
connected on one end to the base of the fingers and on the other end to the
whippletree mechanism. The leaf spring configuration is designed as a series of
curved thin 3D-printed plastic sheets that allow elastic bending and work at the
same time as pulling elements. When the fingers are activated, the pulling
forces drive the leaf springs to unbend and deform to a straight configuration.
As the leaf springs return and recover from the deformation, spring-like
behaviour is provided, combining actuation and a return spring in one non-
assembly 3D-printed element.

In order to achieve non-assembly fabrication of the concept, a number
of design guidelines [18] were used using the advantages of 3D printing for
design versatility while circumventing many of its shortcomings. The prosthetic
hand was 3D-printed from polylactic acid (PLA) using an Ultimaker 3 3D printer.
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Figure 5.1: Design of our 3D-printed prosthetic hand. The palm in the left
picture is translucent to show the inner mechanisms (from top to bottom: leaf
springs, whippletree mechanisms, and driving link) (Left). The 3D-printed
prosthetic hand without the palm (Right).

This machine is relatively an affordable alternative compared to other 3D
printing technologies allowing for the production of low-cost parts. A cover
encasing the whippletree mechanism and forming the palm of the prosthetic
hand was printed separately and was assembled using snap-fit joints. The entire
mechanisms were 3D-printed assembled as to avoid elaborated post assembly
steps. Only one simple additional snap-fit step is needed to cover the
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mechanism with the prosthetic palm which can be easily done by the user. The
hand was 3D-printed with the circular cross-section area of the hinges of the
fingers parallel to building plate of the 3D printer. In this way, the layers that
form the leaf springs, the whippletree mechanism and the driving link are
deposited along the perpendicular direction of their moving direction during
the hand prosthesis activation. To visualize the printing direction of the
prosthesis please refer to [18].

5.3 Methods

5.3.1 Leaf spring ultimate strength and fatigue life

In the prosthetic hand the moving part that has the lowest cross-sectional area
(most prone to failure) is the leaf spring. Furthermore, the leaf springs
experience a combination of tensile and bending loads as the prosthetic hand
activates. This loading condition is worrisome since it can be more critical to the
structural integrity of the part than any other in the prosthetic hand. Tensile
stress vs. strain experiments have been conducted previously on a number of
3D-printed PLA samples [22]. However, a combination of tensile and bending
loads has never been explored. It is therefore unclear whether the leaf spring
configuration is able to withstand the maximum input force delivered by a
regular prosthetic user via a Bowden cable. According to [23] the maximum
input force registered by a prosthetic user is 538 N. Due to the distribution of
the force given by the whippletree mechanism that divides the force equally
over the four fingers, with this maximum input force, each leaf spring should be
able to withstand a tensile load of 134.5 N (538 N/4). An experimental set-up
consisting of an ElectroPlus™ E10000 (Instron, USA) electrodynamic testing
machine and customized 3D-printed PLA samples designed to fit into the testing
clamps were used in order to measure the failure force of a leaf spring under
the corresponding loading and motion conditions. The 3D-printed samples were
designed to have the same dimensions as the leaf springs in the prosthetic
hand, with a bent initial shape (Figure 5.1 and Figure 5.2, left) and to fully
restrict the motion at both extremes once the leaf spring has been manually
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uncurled to a straight configuration (Figure 5.2, right), equivalent to their full
closing function (90 deg. flexion) in the prosthetic hand. In the straight
configuration, the sample was loaded with a strain rate of 0.01 mm/s until
failure. The experiment was repeated five times using samples fabricated with
the same 3D printing parameters as the prosthetic hand.

Similarly to the ultimate strength, the number of cycles that the leaf
spring can be used before it breaks is unknown. A similar experimental setup
using the same equipment and materials as the previous experiment was used.
The testing samples were modified to allow free rotation at one of the clamping
ends to simulate the activation of one finger. The clamped end of the sample
that is connected to the finger is able to move from the extended (0 deg.) to the
flexed position (90 deg.). Note that the leaf spring goes from the bent (curved)
configuration to the straight configuration during one cycle. Five samples were
cyclically loaded at 0.5 Hz until failure.

Figure 5.2: The experimental set-up for the leaf spring ultimate strength test.
The leaf spring is in its neutral configuration (left). 3D-printed sample under
tensile and bending loading conditions during experiment. Note that the leaf
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spring is bent to a straight configuration, corresponding with a 90 degrees
flexion of the finger (right).

5.3.2 Pinch force and mechanical work

To study the mechanical performance of the prosthetic hand, a previously
established test setup was employed [18, 24]. The test setup measured the
input force using a load cell (Zemic: FLB3G-C3-50 kg-6B), the pinch force of the
prosthetic hand using a 11 mm-thick cover encasing a FUTEK LLB130 load cell
positioned on the tip of thumb, and the actuation displacements of the driving
cable using a displacement sensor (Schaevitz: LCIT 2000). The variables of
interest are (1) pinch force output, delivered by the contact between the thumb
and the index and middle fingers, given a driving input force and displacement
and (2) the energy used to close and open the prosthesis for one cycle.

The measurements of the energy input to close the device and the
energy returned to move the fingers back to the straight configuration were
used to calculate the mechanical efficiency of the hand prosthesis. The energy
utilized in each opening-closing cycle could be calculated as the integration of
the cable loads along the measured driving cable displacements. A calculation
of energy dissipation can be acquired as the subtraction of the input energy
minus the returned energy. Figure 5.3 shows the test setup. In order to quantify
the concerning variables, the subsequent procedure was used. First, a cycle of
closing and opening with no pinch force measurements was repeated five
times. Second, closing and holding into a pinch grasp the load cell until an
activation force of 100 N was attained. The index and middle fingers pressed
the load cell against the thumb as they were moved towards the thumb by
activation of the prosthetic hand. Note that the ring finger and little finger
moved until they met the maximum closing angle (90 degrees), at which point
the whole system was in equilibrium.
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(left). The index and middle fingers push the load cell against the thumb. The
ring and little fingers meet the maximum closing angle (90 degrees) (right).

5.3.3 Functional testing
The prosthesis design was assessed using the Box and Blocks Test (BBT) [25] and
the Southampton Hand Assessment Procedure (SHAP) test [26], which are well-
established tests for evaluation prosthetic designs with prosthetic users [27,
28]. The BBT consists of 25 mm wooden square cubes and a container
separated in two areas by a wall in the middle. The subject must transfer as
many blocks as possible from one area into the other. The score is registered as
the number of blocks the subject is able to transfer within 1 minute. The SHAP
test consists of a first part in which the user has to move abstract items with
different shapes and weights, and a second part in which some activities of daily
living (ADL) have to be completed by the user. This test measures the ability of
the user to perform spherical, power, tip, tripod, lateral and extension grasping.
The times to perform all activities are measured and uploaded to the online
SHAP test center [29] in order to obtain the SHAP index of function (IOF).
Twenty able-body and right-handed students or employees of the Delft
University of Technology (8 males and 12 females; age: 22-32) were recruited.
Ten (4 males and 6 females; age: 27 +5) were assigned to perform both tests.
During the tests, our 3D-printed prosthesis was attached to a strapped cuff that
fits around the user’s forearm (TRS Inc.) in order to use it as a prosthesis
simulator. The fingers were driven by pulling a Bowden cable attached to a
figure-of-nine shoulder harness (Figure 5.4). The simulator was placed at the
dominant arm of the subject. The study was approved by the human research
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ethics committee of the Delft University of Technology. Written informed
consent to participate in the study was obtained for all subjects.

The subjects were allowed to perform two practice sessions of BBT to
get familiarized with the test setup before being scored. Afterwards, the BBT
was repeated four times followed by one implementation of the SHAP test
given the inherent long testing time (45-60 min for one test of the SHAP). The
first results suggested poor friction properties over the interacting surfaces
used for grasping (i.e., finger pads), as the objects tended to slip away during
testing. To assess the effects of such friction properties on the performance of
the prosthesis, the other ten subjects (4 males and 6 females; age: 27.5 +2.5)
were assigned to perform the BBT with our 3D-printed hand prosthesis
enhanced by sticking strips of gaffer tape over the surface of the finger pads to
increase the friction to a level that objects did not slip out of the fingers
anymore during the tests (Figure 5.5). The subjects were again allowed to
perform two practice sessions of BBT and then four sessions of BBT were
performed and recorded. The median score of the last trial of all subjects was
calculated and used as a functional metric of the BBT to compare with other BP
prostheses. The median of the last trial of all subjects is more consistent
because of the effects of a learning curve. Using the average of means for all
subjects would include trials where the subject is still not fully familiarized with
the device and thus evidencing not low functionality of the device but rather
inexperience of the subject when using it. The median is also less susceptible to
the occurrence of outliers than the average.

5.4 Results

5.4.1 The ultimate tensile strength of the leaf springs and fatigue
life

Figure 5.6 shows the mechanical behavior of the leaf spring design under
tension and bending loading. The ultimate load to failure of the five tests was
316 N + 22.7 (mean %SD) which is significantly larger than the required
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maximum of 134.5 N. The number of cycles to failure of the five leaf spring

|

samples was 2446 cycles + 499 (mean +SD).

Figure 5.4: Our 3D printed prosthetic hand attached to the simulator and a
figure-of-nine shoulder harness. The cable tension that is delivered by the
harness and activates the prosthetic hand is depicted (left).

ﬁf’i. g g e
Figure 5.5: Our 3D-printed prosthetic hand attached to the simulator and used

by the participating subjects (left) for the Box and Blocks test (top right) and the
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SHAP test (bottom right). Gaffer tape strips were put over the thumb, the index,
and middle fingers to increase grip (right).
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Figure 5.6: A Load vs. displacement response for five samples of the leaf spring
configuration.

5.4.2 Pinch force and mechanical work

The five closing-opening cycles are shown in Figure 5.7 (left). A full closing-
opening cycle and the relationship between the input force and output pinch
force over the index and middle fingers is shown in Figure 5.7 (right). The
energy used to close the prosthetic hand was computed as 0.104 + 6 x 10° Nm
and the energy dissipated for one cycle of closing and opening motion was
computed as 0.048 + 3 x 10° Nm.

5.4.3 Functional testing

The scores of the box and blocks test and the IOF of the SHAP test are shown in
Table 1 and Table 2. For the prosthetic device without further modifications the
median score of the last trial (4th) of the BBT among all subjects is 14 blocks and
the average IOF for the SHAP is 33.1. For the prosthetic device with enhanced
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friction properties the median score of the last trial (4th) of the BBT among all
subjects is 21 blocks (Figure 5.8).
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Figure 5.7: The results of the mechanical assessment of the prosthesis. Cable
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Table 5.1. Scores of the box and blocks tests and Index of function (IOF) from SHAP

test.
Subject 1 2 3 4 5 6 7 8 9 10
Mean # of blocks 7.8 11 17.5 11.5 12.8 8 12 15 13 12.3

(Std. deviation)
Median of the
last (4") trial
10F

Average

(t2.4)  (:28) (£2.6) (+49) [(£1.9) (t0.8) (#3.7) (:L.2) (£37) (x1.7)
14

31 13 37 40 31 14 36 48 40 41

33.1

Table 5.2. Scores of the box and blocks tests for the prosthetic hand with increased

friction properties over the finger pads.

Subject

1 2 3 4 5 6 7 8 9 10

Mean # of blacks
(Std. devigtion)
Median of the

last [4%7) trigl

268 183 17.8 15.8 13 14 215 20 23.5 223
(¥22) (£3.9)  (:13)  (4.8)  (#5.8)  (4.2)  (+2.4) (+22) (:13) [+3.4)

21
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5.5 Discussion

We have fabricated a prosthetic hand with reduced post-assembly
requirements using 3D printing technology. Apart from the removal of support
structures and a single snap-fit step the hand was successfully designed
following a non-assembly approach. The hand achieves adaptive grasping even
though is made out of only two parts. We argue that such a design and
fabrication approach can increase accessibility of hand prostheses since easy
accessible low cost equipment (an Ultimaker 3 3D printer) was used together
with low-cost material (PLA).

The leaf spring strength requirement has been met. The measurements
show a significantly larger load to failure (316 N + 22.7) than required (134.5 N).
The thin sheet of PLA material fabricated to serve as a spring component is able
to work under the static loading conditions proposed in this prosthetic design.
On the other hand, the fatigue life experiments show that the leaf spring is not
able to withstand cyclic loading for a prolonged period. The material used for
the leaf spring is therefore not suitable to ensure long-term durability and
reliability of the prosthetic hand. The use of other materials suitable for 3D
printing might provide better fatigue life properties for such compliant
configurations like the leaf spring. Further investigations aimed to study the
fatigue life of compliant mechanisms fabricated with 3D-printed polymers
should be conducted.

The design choices made for the mechanisms led to a prosthetic hand
that needs considerable lower energy (0.104 Nm % 6 x 107) to close as
compared to other BP prosthetic hands (1.1-2.3 Nm or J [24]). Additionally, the
activation force (16-18 N) needed for the onset of a pinch grasp on the 11 mm
pinch load cell is considerably lower as compared to other alternatives [24]
(Figure 5.7). This indicates that the user has to put less energy in order to close
our hand prosthesis. The force transmission (Pinch force/Input force) to the
fingertips is lower than other BP prosthetic hands as indicated by the slopes
shown in Figure 5.7 (right). The pinch force achieved by the index and middle
fingers given a force input of 100 N is low (6 N) in comparison to other BP
prostheses (10-60 N) [24].
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The results of the box and blocks test (median 14 blocks) and the SHAP
(average overall IOF of 33.1) indicate lower functionality of the device
compared to other BP alternatives (median 17-30 blocks [27] [30]; average
overall I0F of 65.75-66.05 [31] and 64-65 [32]). This could be explained partly
by the low pinch forces and the lack of friction between the fingertips (made of
PLA material) and the objects involved in the test. An increase of the friction
coefficient of the finger pads led to better performances of the box and blocks
test (median 21 blocks), reaching comparable scores to that of other BP hands.
This highlights the importance of friction of the fingertips for improving the
performance of 3D-printed prosthetic hands and indicates that new finger
designs providing high friction surfaces should be developed. These high friction
surfaces should be considered in other parts of the hand that are also involved
in daily grasping, these include the anterior side of: the rest of each finger, the
rest of the thumb and the palm. Moreover, a learning curve effect can be
considered as the scores of the BBT tend to be higher on the 4" trial (Figure
5.8). It is likely, yet unproven, that scores could improve if the subjects had
repeated the test more times since learning curve effects have been
demonstrated in BP prosthetic users at least up to the 9" trial in BBT [27].

Our design is one of the few entirely 3D printed and BP hands that has
been assessed by mechanical and user testing. Only one 3D printed hand
reports comparable force measurements over the fingertips (3.9-11.5 N) [33]
and only one study presents results of a SHAP test on a 3D printed hand [34],
not reporting, however, IOF scores. Just another study performs a BBT on a 3D
printed hand (Cyborg beast) (13 + 12.7 blocks) scoring similarly to our 3D
printed non-assembly hand [35], although our design performs better in
comparison when using friction enhancements over the finger pads.
Interestingly Zuniga et al. is one of the few that provide other clinical metrics
like range of motion or wrist strength [35, 36]. Apart from prosthesis for partial
hand amputation [37-39], little is known about the performance and reliability
of most 3D printed hand prostheses. Most studies of fully 3D printed hand
prostheses do not present any kind of evaluation on the short or long term use
[12] or use other different metrics making a direct comparison with the
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prosthetic hand presented here very limited. The data acquired during this
study can be used as a basis for future developments on 3D printed prosthetic
hands.

The prosthetic design assessed in this work shows functional
characteristics (Box and Blocks and SHAP scores) that are not yet matching the
traditional BP prosthetic devices. Nevertheless, the 3D-printed hand evaluated
in this study shows a comparable performance with just a small friction
enhancement on the finger pads. Yet, grasping and functionality can be
improved by increasing the pinch force. Moreover, it is worth noting that most
activities of daily living require low grip forces [40]. This suggests that with such
level of functionality and considering that this hand was mainly designed to
reduce manufacturing requisites to just one 3D printer and its fabrication
material, we can consider the design and manufacturing strategies used for this
prosthetic hand as valuable approaches that could aid in improving the access
to prosthetic devices in developing countries. To finally demonstrate the
usefulness of the prosthetic hand, further usability studies involving end-users
with upper limb absence should be conducted including close follow-up checks
and questionnaires.

5.6 Conclusion

We have fabricated a hand prosthesis using 3D printing technology and a non-
assembly design approach that reaches certain level of functionality. The
mechanical resistance of critical parts (leaf spring), the mechanical
performance, and the functionality of a non-assembly 3D-printed hand
prosthesis were assessed. The leaf spring configuration used in the hand
prosthesis is able to withstand typical actuation forces delivered by prosthetic
users. Moreover, the activation forces and the energy required for a closing
cycle are considerably lower as compared to other BP prostheses. Conversely,
the achievable pinch force and the functionality scores are in comparison
significantly lower. The results also suggest that increased friction over the
finger pads is highly beneficial for the prosthesis functionality. Direct
comparison with other existing 3D-printed hands was not possible given the
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lack of data in the literature. The results presented in this study can be used as
a starting point for future developments on 3D-printed prosthetic hands.

The non-assembly design achieved a comparable level of functionality
with respect to other BP alternatives. Taking into consideration that most
activities of daily living require low gripping forces and adding an increased
accessibility provided by the advantages of the non-assembly and 3D printing
approach, we consider this prosthetic hand a valuable option for people with
arm defects in developing countries.
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Abstract

Various upper-limb prostheses have been designed for 3D printing but only a
few of them are based on bio-inspired design principles and many anatomical
details are not typically incorporated even though 3D printing offers advantages
that facilitate the application of such design principles. We therefore aimed to
apply a bio-inspired approach to the design and fabrication of articulated
fingers for a new type of 3D printed hand prosthesis that is body-powered and
complies with basic user requirements. We first studied the biological structure
of human fingers and their movement control mechanisms in order to devise
the transmission and actuation system. A number of working principles were
established and various simplifications were made to fabricate the hand
prosthesis using a fused deposition modelling (FDM) 3D printer with dual
material extrusion. We then evaluated the mechanical performance of the
prosthetic device by measuring its ability to exert pinch forces and the energy
dissipated during each operational cycle. We fabricated our prototypes using
three polymeric materials including PLA, TPU, and Nylon. The total weight of
the prosthesis was 92 g with a total material cost of 12 US dollars. The energy
dissipated during each cycle was 0.380 N.m with a pinch force of =16 N
corresponding to an input force of 100N. The hand is actuated by a
conventional pulling cable used in BP prostheses. It is connected to a shoulder
strap at one end and to the coupling of the whiffle tree mechanism at the other
end. The whiffle tree mechanism distributes the force to the four tendons,
which bend all fingers simultaneously when pulled. The design described in this
manuscript demonstrates several bio-inspired design features and is capable of
performing different grasping patterns due to the adaptive grasping provided
by the articulated fingers. The pinch force obtained is superior to other fully 3D
printed body-powered hand prostheses, but still below that of conventional
body powered hand prostheses. We present a 3D printed bio-inspired
prosthetic hand that is body-powered and includes all of the following
characteristics: adaptive grasping, articulated fingers, and minimized post-
printing assembly. Additionally, the low cost and low weight make this
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prosthetic hand a worthy option mainly in locations where state-of-the-art
prosthetic workshops are absent.

6.1 Introduction
The demand for prosthetic limbs is rising as the number of amputations is
increasing worldwide. In the United States alone, it is estimated that 185.000
amputations are performed every year [1]. The demand for upper limb
prostheses is important since a relevant percentage of all limb loss cases are
related to the upper limb(s). In the United States a total of 41.000 cases of
trans-radial and trans-humeral amputations were estimated in 2005 [2]. The
after-effects of an upper limb loss can be devastating both for the mental and
physical well-being of the amputee. Designing and fabricating an upper limb
prosthesis is therefore essential in order to help amputees to recover
functionality and increase their quality of life [3].

The ultimate goal of prosthetic devices is to mimic the functionality of
a missing body part. Unfortunately, the complexity of anatomic structures in a
real hand is such that prosthetic designs have to be simplified to facilitate
fabrication with current technologies. In this context, designers tend to
disregard biological principles, instead opting for existing conventional design
methods that they are confident would work and provide partial functionality of
the missing body part. These conventional approaches guide the design process
of most of the prosthetic hands found in the literature. The designers will, in
most cases, use standard parts and mechanisms such as helical springs, screws,
cables, etc. Examples of such designs are reviewed in the work of Belter et al.
[4] including descriptions of a number of mechanical specifications. Many
working principles of a number of anatomical structures, like finger pads,
ligaments, tendons or skin that could improve the performance of current hand
prostheses, are usually not present in their designs [4, 5]. One simple example is
to include sliding joints similar to the ones found in the human finger instead of
conventional hinged joints.
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3D printing is a relatively new, rising technology that facilitates the
manufacturing of parts with irregular and uncommon geometric shapes [6]. The
form-freedom offered by 3D printing techniques has paved the way for the
application of new design approaches; for example the non-assembly design
approach [7, 8]. Current 3D-printed hands are based on a mechanical inspired
design, rather than a biological inspired design. Previous hand prostheses
produced by 3D printing are typically articulated by hinged joints, are
assembled with screws and driven and stabilized by cables or mechanical
linkages, e.g. [9-14]. Others have rather opted for 3D printed compliant
mechanisms such as joints and/or extensors of the fingers [8, 15-17], but still
using conventional driving mechanisms. Bio inspiration then serves as design
alternative founded on the idea that biological designs are different, and that in
this difference new and smart solutions can be found that we do not find in
conventional technical approaches. By studying something that is entirely
different, gateways to other worlds of solutions can be opened expanding
creativity. Bio-inspiration is not about simply copying these other worlds, but
about using this knowledge to find new combinations of solutions that could be
better as compared to solutions just drawn from pure technical backgrounds. A
few examples originating from this include biarticular actuators by Sharbafi et
al. [18], a rolling robot by Lin et al. [19], a micro air vehicle by Nguyen et al.
[20] and a surgical steerable needle by Scali et al. [21]. In the same way,
following a design approach inspired by human anatomy could improve the
performance of prosthetic hands.

The advantages of 3D printing could be used to fabricate advanced, yet
simple to print, prosthetic hands based on the biological design principles in
human hands. A bio-inspired design approach could be a more practical way of
incorporating new beneficial features into a prosthetic hand instead of
mimicking the biological structures with synthetic materials. In this study, we
therefore aimed to identify working principles in the human hand that can be
included in a new prosthetic hand using 3D printing technology. We then
applied a bio-inspired approach to the design and fabrication of articulated
fingers that allows for the execution of multiple grasping patterns.
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Our bio-inspired design approach started with the study of the biological
assembly of the human finger: the bones (links) and the structures that connect
them (joints). We then continued with an analysis of the anatomic elements for
force and motion control in order to devise the transmission and actuation
system (i.e., muscles, tendons, anatomical pulleys, and tendon sheaths).
Structures such as the nerves and veins are out of the scope of this study,
because their function is not directly related to the mechanical performance of
the finger. A human finger consists of four rigid bones, starting from proximal to
distal, the metacarpal (MC), proximal phalanx (PP), middle phalanx (MP), and
distal phalanx (DP). The interconnecting joints are the metacarpophalangeal
(MCP) joint, the proximal inter-phalangeal (PIP) joint, and the distal inter-
phalangeal (DIP) joint. Two different forms of joints can be distinguished in this
regard: hinged joints that permit flexion/extension and ellipsoid joints that also
allow for adduction/abduction (rotation around the dorsal-palmar direction).
This corresponds to 1 degree of freedom (DoF) at the PIP and DIP joints (hinged)
and 2 DoF at the MCP joint (ellipsoid), respectively. More distinctively, in the
hinged joints, there is a tongue along the convex surface and a groove along the
concave surface of the joint, this helps to prevent lateral translation (Ulnar-
Radial directions, see Figure 6.1) [22].

Ligaments connect the bones of the hand to one another. Their main
role is to stabilize the joints and constrain the range of motion of the bones. The
collateral ligaments are found on the lateral sides of the joints, see Figure 6.1;
the proper ligament is attached eccentrically with the shape of a cord and the
accessory ligament initiates from the center of rotation of the proximal side of
the joint and is fixed to the palmar plate in a fan shape. These two ligaments
restrict translation of the bones to the distal direction of the finger and also
movement to the Ulnar-Radial direction[22], see Figure 6.1.
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Figure 6.1: Anatomy of the finger. (Left) Dorsal aspect of the bones of the
human hand. The metacarpophalangeal (MCP) joint, the proximal inter-
phalangeal (PIP) joint, the distal inter-phalangeal (DIP) joint, the tongue and
groove configuration inside the joints and collateral ligaments are shown.
(Right) Ulnar aspect of the middle finger of the human hand. Also shown: The
tendons of the flexor digitorum profundus (FDP) and the flexor digitorum
superficialis (FDS), the central and lateral bands of the extensor digitorum
comunis (EDC) and collateral ligaments. For both images: 1) Metacarpal bone
(MC), 2) Proximal phalanx (PP), 3) Middle phalanx (MP) and 4) Distal phalanx
(DP) are identified; anatomical directions can be seen at the bottom right

corner (left) and upper left corner (right). Modified and reprinted from [23]
under a CC BY license.
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The muscles can be considered to be the actuators of the finger, while the
tendons are the structures that transmit the force of the muscles to the bones.
Two groups of muscles and tendons are primarily used for the flexion of the
fingers, namely the flexor digitorum profundus (FDP) and the flexor digitorum
superficialis (FDS), see Figure 6.1. The FDP is the main flexor. The FDS
contributes to exert larger forces when the FDP is not providing sufficient force.
The mechanical configuration of the finger is therefore underactuated (more
DoF than actuators) during the flexion of the human finger (3 DoF, 2 actuators).
The central band of the extensor digitorum comunis (EDC) has the principal role
of extending the MCP joint. The lateral bands of the EDC have two functions
depending on the position of the bands with respect to the center of rotation of
the joint: they can either aid to extend or flex the PIP and DIP joint. As the
phalanges move, the bands of the EDC move to the other side of the center of
rotation providing a moment to the opposite direction and favoring the flexion
of the joints [22]. Interestingly, the flexor and extensor tendons inside the hand
have different cross-sectional area shapes depending on the function and
location. For example, the tendons of the FDS have an oval shape over the
region of the MCP joint, they flatten close to the middle of the PP and then
splits into halves [24].

The sheaths and pulleys form a kind of ‘tunnel’ that keeps the tendons
in place and constrains their excursion. They fulfil the role of keeping the force
delivered by the flexor muscles perpendicular to the center of rotation of the
joint [25]. Sheaths are located over the anterior side of the finger and prevent
the dislocation of the extensor tendon. On the palmar side, fibrous sheaths
enclose the finger along its full length. A sequence of flexible bands strengthens
the fibrous sheaths at intervals forming the pulleys [26].
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6.2 Design of the prosthetic hand

6.2.1 Simplifications for applications in body powered (BP) hand
prostheses

We continued our design by establishing a number of basic (i.e., functional)
requirements for the hand prosthesis based on the work by Plettenburg [27]:
body-powered (BP) control, cosmetic appearance, light weight, and water/dirt
resistance (materials resisting any contact with water and dirt). A number of
simplifications as compared to the human hand are therefore considered in
order to fulfil these criteria.

BP hand prostheses use a single driving input to activate the grasper.
Individual finger control or multi-degree of freedom thumb control are thus not
feasible; to comply with this requirement we decided for a static thumb and
four active fingers for the grasping action. The movement of the active fingers
can then be controlled by a single driving link. This means that there is one
movement available, which is the simultaneous closing of the four fingers.
Furthermore, natural underactuation during the flexion of the human finger (3
DoF, 2 actuators) must be simplified to a single actuator as well. Moreover, the
number of DoF per finger in the human hand is problematic from a mechanical
design standpoint, as every joint adds a force loss associated with friction. We
therefore decided to reduce the number of DoF per finger from three to two by
combining the distal and medial phalanges into a single link. As a result, each
finger can be driven by a single tendon-based transmission system guided by
two rigid pulleys connected at the end of each joint. In this way, the FDP and
FDS are merged into a single muscle-tendon system. At the same time, force
can be distributed to all fingers using a whiffle tree configuration similar to our
previous design [8]. The pulley system is simplified to only three annular pulleys
per finger (one per joint and one over the MC bone), since extra guiding
elements would increase the contact points of the driving tendon and thus the
friction associated with its activation. In contrast with the biological
counterpart, lubricant fluids are not considered. The complex structure of
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tissues that holds the joints in position is also reduced to spring-like elements
that constrain the motion to only one rotational DoF, i.e. flexion/extension.

6.2.2 Working principles

The shape of the links and joints is based on the shape of the human bone
phalanges. The joints are designed as circular hinged joints including a tongue
and groove contact at the centre of the lateral plane along the radial line of the
joint (Figure 6.2), thereby restricting the lateral motion. The MCP joint is larger
compared to the PIP joint. The moment arm that can be exerted with the
driving cable is therefore larger at the MCP joint. A reduction of the cross—
sectional area of the phalanges can be seen towards the centre, allowing for
additional space where parts of the driving mechanism can be placed. The
nominal size of the links is set to the average size of human bones of a sample
of 253 males in the USA, as described in the work of Vicinus [28]. The size of the
palm and thumb are also based on this work. The total weight of the prostheses
must be below 400 g, which is below the average weight of a human hand [29].
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Figure 6.2: The design of the links of the prosthetic finger.

The parts that return the phalanges to a straight position are flexible strips that
provide a spring-like behavior. These elements can be easily bent and stretched
within the elastic region of the material and are designed similar to the
biological configuration of the EDC tendons over the PIP joint, one central strip
running above the dorsal side of the bones and two lateral strips, one along the
ulnar direction and the other along the radial direction of the bones (Figure 6.3,

144



top). As the phalanges bend, the lateral flexible strips stretch, following a
trajectory that reduces the moment arm to the centre of rotation (Figure 6.3,
bottom left & right). Following the biological example, this creates less opposing
moment, which favors the grasping force as the fingers bend. The range of
closure is resisted for the 90 degrees bending at both joints. As the joints
exceeds the 90 degrees bending the lateral bands move beyond the centre of
rotation and start assisting the flexion. This is not the case in this design since
the fingers are never meant to bend more than 90 degrees. Note that these
flexible elements also have the role of stabilizing the joint for translation and
adduction/abduction. The joint stabilizes for hyperextension once the driving
system (tendons and whiffle tree mechanism) is assembled.

MCP joint

Figure 6.3: The design of the links and the connections. (Top) The design of the
MCP joint with strip elements (“EDC tendons”) in blue. (Bottom left) Note that
in the straight configuration, the line of action of the extension force (Fext) is
above the center of rotation (CoF) of the MCP joint. (Bottom right) The MCP
joint in a flexed configuration; note that the line of action of Fext is closer to the
CoF.
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The mathematical formula describing friction in belt drives (Eq. 1) describes the
case of cables moving around fixed circular surfaces. The ratio between the
pulling tension in the direction of the moving cable T, and the tension at the
other end of the surface T, depends on the coefficient of friction between the
cable and the surface s and the angle of contact ©. On this basis, a tendon-
based driving system that provides a smooth change between the inlet and
outlet directions of the pulleys of the phalangeal joints reduces the force loss
associated to friction. In other words, the angle © should be kept close to 0
degrees (Figure 6.4, right); this can be achieved by designing a driving “tendon”
that bends over predefined points located in the space between pulleys. In
these spaces the tendon can bend and follow the shape of the flexing finger
while the segments of the tendon in contact with the pulleys remain stiff
(difficult to deform), thus preventing sharp bending angles over the pulleys. The
dashed lines in Figure 6.4, right show a tendon with no predefined bending
points forming the angle ©’. Note that angle ©’ is larger than ©, indicating less
friction force involved. The tendon bending points can be defined by modifying
the geometry of the cross-sectional area of the tendon at certain segments
(points identified with A and B in Figure 6.4, left) similar to the flexor tendons in
the human hand. These segments have flatter cross-section while the nominal
value of the cross-sectional area is kept identical to the rest of the tendon, i.e.
the tendon is flatter but wider at those points. This provides low bending
resistance of the cable at those flat points but maintains the same tensile
strength at every point of the cable. To reduce the friction even further, the
contact surfaces between the cable and the pulleys are rounded to reduce
sharp interactions. The pulley therefore has a circular profile to the dorsal
direction of the finger (where the pulley is in contact with the tendon), reducing
the action of the normal forces on the contacting surfaces.

TZ = Tleﬂse (61)
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Figure 6.4: The design of the driving tendon. (Left) A and B represent the

corresponding cross-section area at the points indicated by the lines. B is
significantly flatter. However, both A and B have the same area. (Right) A close-
up view of the pulley at the MCP joint. The angle of contact © between the
cable and the circular surface (pulley) is shown. The dashed points in green
indicate the lines of action of T1 and T2 if the tendon had the same cross-
section area along its full length. The tendon would bend around the shape of
the pulley. Note that ©’ is larger than 6.

6.2.3 Design choices for 3D printing using the material extrusion
technology.

An Ultimaker 3 FDM printer utilising multi-material extrusion technology was
used to fabricate the design proposed in this study. This type of FDM process
permits the deposition of materials with different mechanical properties. In this
way, a material with a low elastic modulus can be 3D printed together with a
material with a high elastic modulus. For the manufacturing of each finger, the
phalanges (i.e., stiff “bony” parts) were 3D printed using Ultimaker® polylactic
acid (PLA) (Ultimaker B.V., Utrecht, The Netherlands), while the connecting
parts that keep the joints together (i.e., flexible “ligament” parts) were printed
using Ultimaker® TPU 95A thermoplastic polyurethane (TPU) (Ultimaker B.V.,
Utrecht, The Netherlands). The design was prepared in such a way that the TPU
parts were embedded into the PLA parts during the 3D printing process,
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thereby creating fully assembled structures. Similarly, the finger pads were also
fabricated in TPU together with the phalanges, embedding parts of the finger
pads to the distal part of the fingers and thumb. As a soft material, TPU is able
to deform elastically around an object’s shape when pressed against it,
increasing the friction over the finger pads and thereby enhancing grasping.

The parts fabricated in TPU are designed to stretch during maximum
flexion before yielding. This elastic deformation provides spring-like behavior
that returns the fingers to an extended position. A relatively low cross-section
area (1.2 mmz) is chosen to facilitate bending and tensional deformation. This is
an important decision, because the force needed to achieve the flexion of the
fingers should be relatively low in order to minimize user fatigue. Furthermore,
the lengths of the TPU parts are selected such that sufficient elongation is
provided for the full range of motion, while preventing extensions beyond the
yield point, i.e. an extension of less than 55% [30].

The tendons that comprise the transmission system are 3D printed in
Nylon in a second printing job. This material is both strong and ductile, allowing
relatively high bending angles without failure, and has a low coefficient of
friction [31]. The nominal cross-section area is set to 4 mm?’, ensuring sufficient
strength to prevent yielding below a tensile load of 110 N per finger (taking the
yield stress as 27.8 MPa [31]). The transmission system can then hold a total
activation force of 440 N without risk of failure. This is beyond the average
operational forces reported in [32]. Additionally, each tendon has a geometrical
profile that reduces the interaction with the pulleys to round contacts in order
to reduce the friction. The tendons are assembled manually by inserting them
through the tip of the finger pads and the pulleys. Once the insertion is
completed, the tendon is fixed by mechanical contact between the PP and the
head of the tendon. The whiffle tree mechanism is 3D printed in PLA and
assembled by manually inserting the four fixation points into the holes at the
end of each tendon.
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6.3 Evaluation methods

The mechanical performance of the hand prosthesis was evaluated using two
criteria: (1) the energy employed to execute a pinch grasp and the energy
dissipated when the prosthesis opens, and (2) pinch force output due to contact
between the thumb, index, and middle fingers. These variables explain how
easy it is to operate the prosthetic hand in terms of the user’s energy demand
and how functional the grasping function is in terms of the maximum
magnitude of the force that can be exerted to an object. For this reason, an
experimental setup based on previous work was used [8, 33]. It consists of two
load cells and a displacement sensor. A Zemic FLB3G-C3-50 kg-6B (Zemic Europe
B.V., Etten-Leur, The Netherlands) load cell was used to measure the input
(pulling) force and a FUTEK LLB130 (FUTEK Advanced Sensor Technology Inc,
Irvine (CA), USA) load cell housed by a 11 mm-thick cover was used to measure
the pinch force. The displacement sensor measures the movement of the cable
associated with the activation force of the prosthesis. The hand prosthesis was
mounted on the test bench by fixing the palm to the frame and connecting the
displacement sensor and the load cells. One load cell was fixed to the thumb’s
finger pad and the other load cell was connected together with the
displacement sensor to the whiffle tree mechanism’s driving link via a steel
cable. An input force was then exerted to the prosthesis by pulling from the
cable. No human subjects were involved to test the hand prosthesis.

The energy dissipated by the prosthesis is obtained by measuring the
energy used to close (E.) the device and the energy returned (E,) when the
fingers open to the initial state. The energy dissipated is then the difference E. -
E,. The energy utilized in each event could be calculated as the integration of
the cable forces along their related values of cable excursion. The procedure to
measure the variables of interest is described as follows. First a full closing and
opening cycle for a pinch grasp (until the index and middle fingers meet the
thumb); and second, closing and pinching the pinch load cell until an actuation
force of 100 N was reached. Each experiment was repeated five times. An
average and a standard deviation were calculated for each variable. Note that

149



the 100 N is applied to the whiffle tree mechanism, which equally divides the
force to each moving finger (25 N per finger).

6.4 Results

The 3D printed prosthetic hand was fabricated using three materials (i.e., PLA,
TPU, and Nylon). The total weight of the device is 92 g and its total material
price is = 12 US dollars. The neutral pose of the hand is with the fingers fully
extended. The hand is actuated by a conventional pulling cable used in BP
prostheses that is connected to the coupling of the whiffle tree mechanism. The
whiffle tree mechanism distributes the force to the four tendons which bend all
fingers simultaneously as pulled. The hand can perform power, pinch, and
tripod grasps as shown in Figure 6.5. The force vs. displacement curve and the
pinch force measurements are presented in Figure 6.6. The energy used to close
the prosthesis is 0.380 Nm = 0.053 (mean SD) and the energy dissipated is
0.324 Nm + 0.055 (mean +SD). The pinch force measured for a 100 N input force
is 16.84 N + 0.88 (mean +SD).

6.5 Discussion

The design described in this manuscript demonstrates several bio-inspired
design features and was successfully produced using 3D printing. The device is
capable of executing different grasping patterns due to the adaptive grasping
provided by the articulated fingers and the whiffle tree mechanism. The
assembly of the hand was minimized to two post-processing operations besides
the usual support removal after 3D printing: 1. the insertion of the Nylon
tendons and 2. the assembly of the force distribution system (i.e., the whiffle
tree mechanism). No extra parts or tools were required. The main body of the
hand, the phalanges and the connecting elements are 3D printed
simultaneously with PLA and TPU taking 20 hours of printing time. The four
driving tendon elements and the whiffle tree mechanism take 4 hours and 3.5
hours respectively. The 3D printer was used with the following settings: nozzle
diameter: 0.4 mm, layer height: 0.15 mm, and infill: 15 %. Assuming a peak
power consumption of 221W (from the technical datasheet of the
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manufacturer) the total energy usage can be estimated as 5.97 kWh for a total
running time of 27 hours. The average electricity price in the Netherlands is 23
cents of euro per kWh, which at the current exchange rate yields a total energy
cost of 1.5 US dollars for producing the hand.

Figure 6.5: The grasping patterns. (Top left & right) Pinch grasping, (middle left
& right) power grasping, (bottom left & right) and tripod grasping.
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Figure 6.6: The mechanical test. (Left) Cable displacement vs. the input force for
a closing-opening cycle. (Right) Input force vs. pinch force.

The manufacturing advantages of the 3D printing technology were conveniently
used to fabricate an assembled mechanical device. Multi-material printing has
proven to be particularly advantageous when building parts that are required to
present different mechanical properties at different areas. It is worth noting
that different combinations can be 3D printed, even if the materials are not
bonding properly onto one another during their deposition. In our design two
materials (PLA and TPU) can be 3D printed simultaneously, by embedding one
of the materials into the other, thereby creating mechanical interlocking. This
interlocking can withstand enough loads for the intended purpose because a
high stress is never applied to these structures during normal actuation of the
hand (less than 90 degrees bending per joint). These embedded parts are only
subjected to the load of the TPU strips stretching during the flexion of the
finger, which compared to the load at the PLA sliding joints is very low. On the
other hand, the mechanical properties of these interlocked structures are
mostly unknown. We encourage a study of the mechanical properties of the
embedded TPU parts in PLA given different geometrical and 3D printing
parameters because the mechanical behaviour could be optimized and used in
future designs and applications.

Surprisingly almost all research describing 3D printed BP hand designs
do not report pinch forces, e.g. [5, 10, 11, 13, 16, 17]. Just one other paper
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reports grasping force measurements of a 3D printed hand (0.5 — 1N for
precision grasping), but without their corresponding activation forces [34]. In
our design the pinch force achieved (16.84 N @ 100 N activation force) is
superior to other fully 3D printed BP prosthetic hand (*6 N @ 100 N activation
force) [8] (Chapter 5) but still below that of conventional BP hand prostheses
(20-58 N @ 100 N) [33, 35]. The bio-inspired hand had a larger lever arm at the
point of rotation of the PP as compared to the hand in Chapter 5. Also, the
configuration of the lateral strips of each finger aids the pinch force as the
gripping action is executed. The commercial BP hands that are usually produced
in a factory or a specialized workshop with conventional production processes
have a higher pinch force at the same activation force, but are accordingly more
expensive and usually heavier and/or have no articulated fingers [35]. Due to
lack of data regarding the mechanical evaluation of other 3D printed BP hands
in the literature, it is impossible to establish direct comparisons [5]. The
increase in the pinch force (>100%) compared to the current status of a 3D
printed prosthesis is, nevertheless, noteworthy. This suggests better grasping
and implies superior performance for the activities of daily life. The input force
needed to start a pinch grasp (~30 N) and the energy required (0.380 Nm) are
however higher than that of the other 3D printed hand (16-18 N, 0.104 Nm,
respectively) [8], but nonetheless lower than most of the conventional BP
prosthetic hands (~30-85 N, 0.720 Nm-2.292 Nm, respectively) [33, 35]. This
data indicates that this bio-inspired prosthetic hand is capable of reaching a
more suitable pinch force for activities of daily living at the expense of a higher
energy cost. Our prosthesis might then be difficult to use for a significant part of
the users although our prosthesis requires less activation force and shows
better pinch force/actuation force ratio than other conventional prostheses
already in the market [32, 33]. The increase of force required compared to the
current status of 3D printed hands is therefore problematic and requires further
development. A key challenge for the future is then to reduce the activation
force and improving the pinch force/actuation force ratio. More testing would
be required to evaluate user fatigue, as even though it requires less energy to
use than conventional prosthetics, it does require more energy than other 3D
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printed hands. The implications of this are also user-dependent; contractions up
to 15-20% of a muscle’s peak force can be largely fatigue-free [36], meaning the
user’s physical strength plays a large role in the rate of fatigue. To provide a
deeper understanding of the limitations of this design, a functional evaluation
involving prosthetic users would be highly desirable.

The amount of energy dissipated (0.324 Nm) suggests a damping-like
dynamic of the joint, i.e. most of the energy is dissipated rather than returned
(Figure 6.6, left). This can be explained partly by the friction still remaining in
the system and by the nonlinear and/or viscoelastic response of the TPU to
strain perturbation. In other words, the motion of the joints depends on the
strain rate experience by the TPU strips and thus by the activation velocity of
the fingers. As described earlier, the joint is stabilized by TPU strips and the
returning forces are provided by their elastic deformations. During the
experiment, the tension over the fingers was completely released almost
instantly after the pinch grasp was achieved. For different releasing and tension
speeds, the response could be significantly different. While the nonlinear
mechanical behavior of industrial TPU is well understood [37, 38], in 3D-printed
TPU it is mainly unknown. As manifested in several investigations, 3D printed
parts are highly anisotropic and important differences can be found between
the standard material and the one used for 3D printing [39]. Further
investigations on the influence of 3D printing parameters in the mechanical
behaviour of TPU can provide more understanding of its nonlinear behaviour
and give better tools to design improved joint connections that reduce the
energy dissipation for the current application. Ideally the TPU connecting parts
should behave like a spring without damping. Alternatively, other soft material
suitable for FDM 3D printing could be explored.

We identified new bio-inspired elements, based on anatomical parts of
the human finger, that were successfully incorporated into a prosthetic hand
design and manufactured entirely by 3D printing technology. The resulting
prosthetic hand is body-powered and has the following features:
anthropomorphic shape, light weight, adaptive grasping, articulated fingers,
and minimized post-printing assembly. The prosthetic hand is also an accessible
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option due to its low production cost and is therefore potentially suitable for
places where state-of-the-art prosthetic workshops are absent.

6.6 Conclusion

A BP prosthetic hand featuring bio-inspired articulated fingers was designed
and manufactured via multi-material FDM 3D printing from three materials.
The pinch force measurements demonstrate that the prosthetic hand achieves
higher forces as compared to other 3D printed prosthetic hands but do not
match other BP prosthetic devices. Nevertheless, other advantageous features
were included using the unique characteristics of 3D printing technology. This
prosthetic hand incorporates new bio-inspired features, is body-powered and
has the following characteristics: anthropomorphic shape, light weight,
adaptive grasping, articulated fingers, and minimized post-printing assembly.
Summing the relatively low price of the materials, these characteristics make
the prosthesis presented in this work a feasible alternative for current solutions
in low-income countries.
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Abstract

7.1 Introduction

The comfort and functionality of a hand prosthesis is highly dependent on its
interface with the residual limb (i.e., the prosthetic socket). The design of the
socket is crucial, because it is one of the main factors determining the
acceptability of the prosthetic device [1]. Prosthetic sockets are often custom
made, given the fact that every residual limb is unique. The socket must,
therefore, be fabricated accordingly and precisely fit the user’s anatomy. The
conventional method of socket manufacturing starts with a model of the
residual limb in the form of a plaster cast. The prosthetic socket is then
designed according to the shape of the plaster model. This process is executed
by trained prosthetists who also require a suitable workshop, tooling, and
materials [2, 3]. The conventional fitting procedure of a trans-radial prosthetic
socket is, therefore, expensive and inaccessible for a considerable part of the
population living in developing countries.

The emerging 3D printing technology, also known as additive
manufacturing (AM), has provided new ways to create functional parts. In the
field of prosthetics, 3D printing holds great potential, because it enables the
accessible production of custom-made parts at relatively low prices. As a cost-
efficient production process, 3D printing can compensate for the lack of supply
of prostheses in developing countries [4]. In fact, many affordable hand
prostheses [5-7] and prosthetic sockets have been fabricated this way. Most
designs of prosthetic sockets have been created using 3D printing techniques
based on material extrusion, in particular fused deposition modeling (FDM™)
[8-11]. The relatively low costs of the oM™ technology, its widespread use,
and good product properties, appear to be the main motivations. Although a
reasonable number of trans-radial 3D printed sockets exist, their strength and
long-term usability remains largely unproven with qualitative and quantitative
evaluation generally missing in the scientific literature. A 3D printed socket for
trans-radial arm defect that can be recommended with sufficient evidence for
use in developing countries is, therefore, yet to be established.
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3D scanning technology has gained significant traction in the field of
wearable products, because it can be used to create reliable 3D computer
models of various parts of the human body [12]. These 3D models can be used
to extract anatomical measurements and facilitate the labor-intensive task of a
custom-made fitting [13]. In the same way, a prosthetic socket can be designed
with a geometry that fits the user’s anatomy by using 3D models of the residual
limbs in a virtual environment. Unfortunately, current scanning systems are
mostly expensive and difficult to set-up/operate, rendering them unsuitable for
applications in low-resource settings. One promising solution is to use
alternative 3D scanning techniques that require more accessible hardware, such
as the camera of a smartphone. Recent research has shown the potential of
smartphones as a 3D scanning tool for medical applications [14-16]. The most
commonly used technique utilizing smartphone cameras is known as
photogrammetry, which uses a number of 2D images to obtain information
about the physical shape of an object [17]. Despite the satisfactory performance
of photogrammetry techniques, certain concerns still remain regarding the
usability and practicality of the process [15]. Some of them are the high level of
computational data transfer and data storage requirements. Furthermore,
there is no scientific literature regarding the use of the smartphone-scanned
stumps, sockets, or limbs to directly benefit the design process of prosthetic
devices. Specifically, no reports of a trans-radial socket produced with the
assistance of a smartphone camera could be found.

We propose an approach for the creation of 3D computer models of
anatomical parts, based on statistical shape Models (SSM). SSM offer a
mathematically rigorous way of describing the main modes of shape variation in
a statistical population. SSM have a potential for the 3D modelling of surfaces,
because the geometries can be predicted only based on shape cues and other
partial inputs with reasonable accuracy. For other applications, 3D models of
feet [18] and full bodies [19] have been produced this way using only a small set
of silhouette images. Although promising, the feasibility of this approach,
specifically for the 3D modelling of limbs with trans-radial defects, has never
been explored.
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The goal of this research is to develop a 3D modelling process based on
2D photos and SSM and to combine it with a method of automatic 3D
anthropometry and a new parametric design for trans-radial sockets that can be
3D printed. This combination of techniques aims to facilitate the fitting process
of prosthetic arms for users with trans-radial defects. It should eliminate the
need for elaborate tooling and/or equipment, while drastically reducing the
required level of expertise of the involved prosthetists, potentially improving
the accessibility of trans-radial prosthetic sockets in low-resource settings.

7.2 Prosthetic socket design

In the first phase of this research, a trans-radial prosthetic socket was designed
which could be printed using FDM. After considering different available
solutions, we decided to adapt the WILMER Open Socket described in
Plettenburg and Walta et al. [1, 20] as a basis for our research due to its known
advantages, such as leaving ~75% of the skin uncovered. This not only prevents
perspiration-related problems, but also saves raw material and time during the
3D print process. Moreover, minimal contact with the skin should make the
socket more forgiving of design (scanning) imperfections. The current WILMER
Open Socket design, however, is made of sturdy metal bars, a locking
mechanism, and a large amount of open space, which do not lend themselves
well to the 3D printing technique. In other words, significant changes had to be
made to the design. We therefore decided to go back to the WILMER Open
Socket’s basic shape that , as explained by Walta (1989) [20] and Lake (2008)
[21], includes 1) a distal ring that enables weight bearing on the distal part of
the residual limb, 2) a proximal ring that utilizes bony prominences, such as the
antecubitis and olecranon and enhances the anterior-posterior stability, and (3)
a condyle brace running over the cubital fold that ensures the prosthesis cannot
slip off distally. The latter also ensures rotational stability.

The requirements imposed by the FDM method were fully
incorporated into the design process [7]. While 3D printing can manufacture
almost any form, clear benefits, drawbacks, and limitations exist depending on
the designed shape. Material extrusion-based 3D printers build parts by
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stacking layers of material perpendicular to the plane of the building plate. The
bond between these layers is relatively weak, which leads to anisotropic
characteristics [22]. Another inherent weakness of the FDM technique is that
support structures are required for overhanging sections. Supporting structures
can be hard to remove, require post-processing, increase the printing time and
material, and can cause dimensional inaccuracies. In our trans-radial prosthetic
socket design, both z-direction load (direction perpendicular to the building
plate) and support structures were avoided by creating a completely flat 2D
print, which could subsequently be formed into its desired shape. The concept
of a flat design was conceived as follows. When stripped to its core, the
WILMER Open Socket envelops the residual limb with material strips, two rings,
and a condyle brace. If these strips are flexible and cut open at one side, then
the socket will be almost flat on a surface. Figure 7.1 illustrates this design
concept. When the flat print is 3D printed, it can be reassembled and bent
around the residual limb.

Figure 7.1: An early concept of flat fabrication of the WILMER-based open
socket design including (A) a distal ring that promotes weight bearing on the
distal part of the residual limb, (B) a proximal ring that utilizes bony
prominences, such as the antecubitis and olecranon, enhances anterior-
posterior stability, and (C) a condyle brace running over the cubital fold to
ensure the prosthesis cannot slip off distally. Images are adopted from Lake
(2008) [21].
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Three options were considered to achieve low bending stiffness including the
use of a flexible filament, printing micro-architectures to achieve high ductility
[23], and limiting the material thickness along the z-axis. The latter limits the
durability of the interface and the possible design dimensions. On the other
hand, micro-architectures are highly challenging to print with most FDM
printers. We therefore chose for the flexible filament approach. Thermoplastic
polyurethane (TPU 95A) is wear and tear resistant, exhibits more ductility than
other widely available alternatives compatible with FDM [24], and is superior in
terms of print reliability. To guarantee that the socket could be printed
perfectly flat, we decided to select shape our socket as a truncated oblique
cone that a suitable approximation of the shape of the residual limb and can be
easily unrolled and flattened. Figure 2 illustrates the design steps from an
oblique cone to the socket.

" A

b

Figure 7.2: The design steps and separate pieces of the transradial socket. 2a)
the truncated oblique cone, 2b) the flattened cone, 2c) the cutouts that
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together form the proximal and distal rings, 2d): the condyle brace, and 2e) the
assembled transradial socket.

An Ultimaker 3 machine was chosen for the manufacturing of the socket. As the
dimensions of the flattened socket interface exceeded those of the Ultimaker
3’s build plate, we decided to print the interface in three separate smaller
pieces (Figures 2-4). Those pieces included two H-shaped pieces (Fig 2c) that
together form the proximal and distal rings and a condyle brace (Fig 2d).

Assembly was achieved through two different locking mechanisms,
each designed for their intended load bearing conditions. To print the interface
perfectly flat, the locking mechanisms had to be printed in a flat orientation as
well, requiring again no support structures. Two types of locks were designed
(Figure 3): one to be used in the rings for assembly (type A) and another
connected to the condyle brace, which was primarily used for donning and
doffing (type B). Lock A combines a dovetail joint with a loop that catches
behind an inclined block. A thin layer of material prevents skin getting caught
between both sides. Lock B is a loop that slides over an hexagonal shaped block
and has a rectangular pin that fits into a rectangular opening located inside the
block. Cut-outs were implemented around the epicondyles to promote
medial/lateral and rotational stability. Both mechanisms require very little
printing support material and can be operated with one hand.

Figure 7.3: Lock designs for the assembly of the socket. Lock A is shown in the
top two pictures while Lock B can be found in the bottom picture.
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The design of the socket can be produced as a parametric design that can be
resized according to the anatomical measurements of the residual limb. Once
the measurements described by lines A, B, C, and D in Figure 4 are obtained,
they can be used as parameters in a CAD software to produce a socket design
that properly fits the residual limb. The circumference at the end of the oblique
cone was based on the circumference required for the distal ring (line A), whose
center was defined 1.5cm proximally from the tip of the stump. The
circumference at the base of the oblique cone was based on the circumference
required for the proximal ring (line B). The distance from one side of the
proximal ring to the other, running just above the cubital fold, determined the
length of the condyle brace (line C). The distance between the center points of
both proximal and distal rings (line D) can also be determined once the rings are
positioned. The inclination angle between line B and line D is initially set at 110°
(same as line A and line D), though that could be changed according to the size
and shape of the residual limb.

Figure 7.4: The required residual limb dimensions for the design of the socket.
(A) the circumference required for the distal ring; (B) the circumference
required for the proximal ring; (C) the length of the condyle brace, and (D) the
distance between the center points of both rings.
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7.3 Modelling of the shapes and the socket

7.3.1 Statistical Shape Model (SSM)

A training database made out of digital models of different residual limb shapes
is required to create an SSM. Building such a database poses a challenge,
because the number of subjects willing to participate is limited and a proper
number of scans cannot be obtained easily. An artificial database was,
therefore, created based on 40 full body scans of healthy humans from the
CAESAR database [25, 26]. The scans of the arm were prepared by separating
the right arm and shoulder from the rest of the body and cutting the scans at
certain points between the wrist and the cubital fossa (i.e., the elbow pit). For
every scan, the 3D model was cut at four different cutoff planes aligned parallel
to the line between the wrist and the cubital fossa. The four cutoff planes were
defined by the length proportion of this line at the wrist level as well as at 75%,
50%, and 25% of the length, respectively. In this way, the database represents
different amputation cases that can occur at different levels of the forearm. The
training database, thus, consisted of N = 160 different 3D surfaces (40 body
scans x 4 different cuts). Note that each cut of the four lengths of residual limb
is represented by one SSM. We therefore created four different SSM.

In order to build the SSM, all the surfaces were required to have the same
number of points and every point had to correspond to the same location of the
surface across all the cuts (point #1 in surface 1 relates to point #1 in surface 2
and so on). To achieve this, a surface registration process was implemented.
The surfaces were aligned using a rigid transformation and the points of every
surface were rearranged to establish a point-to-point correspondence using a
non-rigid transformation [27]. The process was implemented using a MATLAB®
script as follows:

1. One first random surface was selected as the source and a second
surface as the target.

2. The method performed a rigid transformation based on the General
Procrustes Analysis (GPA) [28] that minimizes the distance between
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the source and the target. The source underwent iterative rotation and
translation to match the target. This process was continued until the
root mean square error between the source and the target reached a
certain threshold.

3. The method then used the non-rigid iterative closest point (ICP)
algorithm based on Li et al. [29] to deform the source locally until it
matched the shape of the target. The new shape was saved as a new
.ply file.

4. A third surface was selected as the new target and the rigid and non-
rigid transformation processes were repeated using the first surface as
the source.

5. The process was repeated until the last surface (surface N = 160) was
used as the target. The new training database was created with the
160 updated surfaces.

The surfaces in the training database were aligned under a common coordinate
system using the same GPA algorithm as described above. In this case, all the
surfaces were aligned to the first surface selected in the previous step as the
“source”. The SSM was then created using principal component analysis (PCA)
[30]. With PCA, the main modes of shape variation causing the highest levels of
statistical variance among the point distributions of the previously generated
surfaces can be obtained as the eigenvectors of the covariance matrix. While
the eigenvectors are a set of orthogonal axes describing the principal directions
of variation, their corresponding eigenvalues are the numbers describing how
widely spread the data is in the direction of the eigenvector. Given a set of
shapes M = [x4, x5, ..., X, ] containing the coordinates of every surface (x;), the
PCA can be performed via singular value decomposition (SVD) [27]. First, the

zn:xi (7.1)

i=1

mean shape is defined as:

1
X=-
n

168



The mean is then subtracted from each shape to solely focus on the variance.
This results in a zero row-centered matrix of shapes:

T (7.2)

The eigenvectors and eigenvalues can then be extracted from the covariance
matrix of X.. The covariance matrix is a symmetric matrix, so it can be
diagonalized:

C = PLPT (7.3)

where C is the covariance matrix of the data X, , P is an orthogonal matrix
consisting of only eigenvectors, and L is a diagonal matrix with eigenvalues 4 in
the decreasing order on the diagonal [30]. The resulting eigenvectors are also
referred to as shape modes. These statistical parameters can now be used to
create a 3D adjustable model. A new surface x, can be obtained following the
linear equation:

X, = X+ Pb (7.4)

where b is a vector with the weight values b = [by, by, bs, ..., b;y_1 ]Tand m can
be equal or smaller than the number of surfaces for the training set but never
larger. The vector b determines the contributions of the different shape modes
P to the shape of any specific surface, x,. The values in vector b are constrained
to keep the shape within the normal distribution of shapes from the training

=34 < b; <34 (7.5)

The resulting morphable 3D model is called a statistical shape model (SSM) can

dataset:

be used for approximating any other surface, which is obtained through
adjustment of the weight values in b as described in equation 7.4.
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7.3.2 3D modelling based on silhouettes and a SMM

The 3D modelling method used the segmented pictures of a residual upper limb
and created a digital 3D shape of the residual upper limb. The method is
described as follows and is illustrated in Figure 5.

1. A commercial smartphone (iPhone 6(c)) was used to take three
pictures of a residual upper limb from different angles. The three
different view planes (sagittal, transversal and frontal) can be seen in
Figure 6. The three photos were taken 0.5 m away from the center of
the residual limb while using a distinctive background color to facilitate
segmentation.

2. The silhouettes of the residual limb were created by segmenting the
photos based on color contrast. The obtained images were defined as
L.

3. The SSM was manually chosen according to the level of limb
amputation (at the wrist level, 75%, 50% or 25%). The mean shape of
the SSM (x) was projected on one of the 2D planes defined by the
location of one of the cameras using the pinhole camera model [31].
The pinhole camera model transforms the 3D coordinates of the world
into 2D coordinates using certain mathematical parameters that are
intrinsic and extrinsic to the camera. The intrinsic parameters were
those pertaining to the smartphone camera (e.g. focal length) and the
extrinsic parameters were defined assuming that the optical center
was aligned with the center of the coordinate system of the residual
limb and that those two centers were 0.5 m away from each other. In
this way, the extrinsic parameters were set using the virtual location of
the camera with respect to the location of the residual limb.

4. The mean shape of the SSM was projected on both other planes
defined by the location of the other cameras. The extrinsic parameters,
namely the rotational matrix, were redefined to project the residual
limb onto both other planes. The resulting projections were defined as
Isspm-

5. The difference between the silhouettes obtained from the subject (I,)
and their respective projection (Iss)) was obtained and a mean error
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was calculated based on the average of the three different view
planes. For the error calculation, the images were converted to binary
values were the pixels representing the limb had a value of “1” while
the background pixels were all “0”.

6. An optimizing algorithm was used to minimize the mean error. The
algorithm took as an input the first 21 shape modes of the SSM and the
initial location and orientation of the mean shape of the SSM (),
namely the three translations and the three angles of rotation. The 21
first shape models are sufficient to explain the most important
variances of the shape. The initial location of the SSM was included in
the minimizing algorithm because perfect alignment of the residual
limb with the optical center of the camera is very unlikely and a large
error could be introduced. In other words, the algorithm tries to find
the location and orientation of the SSM and the values of b such that
the mean error is minimized.

7. The digital 3D shape of the residual upper limb was defined as the
linear combination of the average of the SMM with the optimal
variations of the shape modes found and the optimal location.

Input Monlinear Constrained Optimization Output

Projection matrices, Fqp,

3D medel

compare silhouettes for all views

error \ 1 projections

~|\ e}

J

|

change 30 55M

Figure 7.5: The 3D modelling process. Three silhouette images are used as the
input and a 3D model of the residual limb constitutes the output. An
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optimization algorithm iteratively compares the silhouettes with the projections
of the SSM.

Figure 7.6: The photos taken from the three different view angles (planes).
From left to right: sagittal plane, transversal plane and frontal plane.

7.3.3 Automatic anthropometry

3D anthropometry was performed once the fitting of the projections of the SSM
onto the silhouettes produced a new model of the residual limb. The average
surface of the SSM was marked manually before with the important landmark
points. The landmarks include the tip of the stump, olecranon, antecubital
fossa, and the position of the distal and proximal belt that were based on our
socket design (Figure 4). As the SSM morphed to fit the target, the landmark
points also relocated generating new positions that represented the important
anatomical locations of the target. The new landmarked points were then used
to define the anatomical measurements of interest. The circumferences were
calculated based on the method proposed by Wasenmiiller et al. [32]. The new
marked points were used to define a regression plane that best fitted along the
points of the distal and proximal belts. The intersection lines between the two
fitted planes and the morphed SSM were obtained and both center points were
calculated. A line was created from these two points, defining a line along the
axis of the forearm and new regression planes were created that were required
to be perpendicular to this line. The corrected planes were then used to obtain
the measurements by finding their intersection with the morphed SSM. The
output measurements were finally calculated by finding the Euclidian distance
between the points identified as a part of the intersection. The entire process is
summarized and depicted in Figure 7.7.
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Figure 7.7: The morphing process of the SSM into the target surface and the 3D
anthropometry. On the right, the measurements of interest are shown (i.e.,
distal belt, proximal belt, distance between belts and olecranon brace).

7.3.4 Evaluation: Error calculation and socket manufacturing

Three subjects with arm defects up to the trans-radial level were recruited in
order to test our 3D modelling and anthropometry methods. The subjects were
positioned in the photography setup, which consisted of an iPhone 6(c), a tripod
holder, and a distinctive green background. The smartphone was used to take
three different pictures from the view planes established with our modelling
method focusing on the residual limb of each subject (Figure 6). Each subject
had to move its upper limb accordingly. The above-described method was then
used to process the photographs, build the digital models, and performing 3D
anthropometry on the digital models resulting in four different measurements.
The same measurements were taken on the limbs of the subjects by performing
manual anthropometry using a measuring tape. The differences between the
manual measurements and the measurements calculated by our method were
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calculated as an indication of the error of our anthropometry method. We
resized our socket design according to the distances taken manually with the
measuring tape. The sockets were then 3D-printed using an Ultimaker 3 3D
printer (Ultimaker, The Netherlands) and TPU material and were later fitted to
the user.

7.4 Results

We created four training datasets of the residual upper limb 3D models and
four corresponding SSMs. Using those SSMs, we created the 3D models of the
residual limb for each subject. The distances measured using both techniques
are presented in Table 1 while the measurement errors are listed In Table 2.
The smallest absolute error measurement is 13 mm and the largest is 70 mm.
No clear trends can be observed between dimensions or between subjects.
Both positive and negative errors can be found per dimension and per subject.
The dimension that presents the largest error on average is the distance
between belts.

The total manufacturing time of the sockets was between 7 and 9.5
hours. They weighed 57-70 g, which translates to a material cost of 5.5 - 6.7
Euros. Once in position, the locks maintain the assembly stable.

Table 7.1. The measurements obtained using the automated (A) and manual
(M) techniques. All distances are presented in mm.

Subject 1 (JIR) Subject 2 (AM) Subject 3 (LFT)

A M A M A M
Distal Belt (circ.) 188 175 162 120 174 160
Proximal Belt 280 265 244 174 174 200
(circ.)
Distance bw Belts 80 111 105 75 79 45
Olecranon Brace 204 230 141 180 108 130
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Table 7.2. The error associated with the automated measurement technique in
% and absolute.

Subject 1 (JJR) Subject 2 (AM) Subject 3 (LFT)

% Abs % Abs % Abs
(mm) (mm) (mm)
Distal Belt (circ.) 7.4 +13 35 +42 8.7 +14
Proximal Belt 5.7 +15 40.2 +70 13 -26
(circ.)
Distance between 27.9 -31 40 +30 75.6 +34
Belts
Olecranon Brace 11.3 -26 21.7 -39 16.9 -22

7.5 Discussion

The residual limb of subjects was 3D modeled and the digital outcome was
introduced in the process of automatic anthropometry based on an SSM. The
outcome was later used for determining the parameters of a parametric design
of a trans-radial socket that can be 3D printed and fitted onto the user’s
residual limb. The automatic anthropometry process was proven to be fast and
easy to use, only required an easy-to-build photo shoot set, which consisted of
an AO-sized green background and a smartphone.

Sources of error of the automatic measurement
As the first 3D printed version of the WILMER socket it is challenging to
establish a minimum acceptable dimensional error to ensure both comfort and

proper suspension. Nevertheless, the error of the automatic measurement can
be considered large (13 — 70 mm) and lies outside the acceptable boundaries
for the design of the socket. Similar research has used more accurate scanning
methods to produce sockets [9, 10], although the hardware is less accessible
than a smartphone.

The dimensional errors in the digital models obtained with our SSM
based method may have originated from multiple possible sources. First, the
process of generating the training database for the SSM can introduce small
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errors at different stages. The surface registration process ideally repositions
the points to match the same location across surfaces. However, when the
source and target shapes are significantly different, the reposition is not entirely
accurate and the new locations will not truly represent a match between both
surfaces. This can lead to an SSM that does not describe the shape variations
accurately. The outcome could be improved by manually aligning the points.
This is, however, a long and time-consuming process. Second, the pictures were
assumed to be taken from a specific location and with a specific orientation,
which in reality is challenging to realize, as precise positioning of the limb for
photo shooting is difficult to achieve. This can influence the outcome
considerably, because the projections of the SSM using the pinhole camera
model are based on cameras positioned orthonormal to each other. Obtaining
photographs of the limb from those exact positions is very challenging and the
differences can lead to imprecise 3D models. An attempt was made to reduce
this source of error by placing the smartphone in a fixed position with respect
to the position of the limb and moving the limb to perform the photo shooting
for all the view planes. This modification reduced the effects of moving the
smartphone between the photo shoots, which can cause imprecise camera
positioning. For that reason, we also used an optimization algorithm to find the
position of the SSM that minimized the error of the comparisons between the
projections and the silhouettes (Section 3.2). A jig for holding the arm in the
three poses desired could be considered. Nonetheless, this could interfere
visually in the camera, compromising the segmentation of the residual arm.
Third, the landmarks used for the automatic 3D anthropometry method were
annotated manually using visual cues, which makes the process somewhat
subjective. Finally, an artificial database based on healthy subjects was
constructed. An early assumption was that the shape of a residual limb could be
directly derived from healthy limb shapes with no significant modifications. This
may not be entirely true for some special cases of trans-radial defects where
the shape is significantly different due to specific arm conditions. An extended
SSM trained with a larger database including actual surfaces of limbs with trans-
radial defects would, therefore, be desirable. In addition, we have used a
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relatively small number of shapes to train the SSM (40 models were used to
train each SSM). The 3D modelling of the test setup could be better performed,
if the training dataset of the residual limb models was larger. In related
research, a SSM was created from a database of 761 scans [19], 700 scans [18],
and more [33, 34]. In that case, the SSM covers a larger variety of shapes and
might, therefore, perform better.

During this research, we acquired the photos using an average quality
camera (iPhone’s 6 camera) but under controlled conditions. While it is
expected that the conditions for the photo shooting could be easily met due to
the low level of hardware requirements, the photo shooting process could pose
some challenges, because three orthonormal photographs are required. This
may be difficult to arrange for all users particularly those living in remote,
disconnected areas. While the proposed methodology, makes the whole 3D
modelling process faster, it leads to less accurate measurements in comparison
to other scanning methods. While the proposed way of processing images is
promising, its accuracy needs to be improved considerably and its practicality is
yet to be proven both for the prosthetist and the user. A study of the usability
of the scanning method proposed in this research and a comparison with other
methods will clarify this aspect.

Prosthesis fitting

The socket was designed based on the assumption that it would fit perfectly on
the user. To keep the design and manufacture complexity to the minimum the
option of an adjustable socket was not considered. We fitted three subjects
with personalized sockets that were created with the design methodology
described here and the manual measurements taken on the stump. The sockets
were produced relatively quickly and were adjusted easily onto the subjects.
Fortunately, both the arm and the socket are relatively soft and malleable,
which allows for some level of flexibility at the interface. This can help to
compensate for the errors associated with the manual measuring method to a
certain degree. The sockets are also lightweight (~57-70 g) and easy to don and
doff, which are important characteristics that increase the general acceptance
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of prosthetic devices by users [35]. Although the sockets were fitted, some
functional characteristics, such as comfort or the maximum suspension loads
were not investigated. Further investigation involving continuous follow-up of
actual users wearing the socket in regular conditions (together with the
prehensor and the control scheme) and grasping different objects with different
weights should be conducted.

7.6 Conclusion

A semi-automatic procedure for the anthropometry of upper limbs with trans-
radial defects based on 2D pictures was proposed, implemented, and tested.
The resulting anatomical measurements were less accurate than manual
measurements and need to be further improved before the application of this
technique in actual practice can be realized. In particular, considerable
improvements of the SSM and the photo shooting process are required. Manual
measurements were used instead to design a socket that properly fits the
residual limb of the users. The socket was then successfully manufactured using
a 3D printer from a soft material. The resulting socket was lightweight and was
easy to put on and put off, which increases the general acceptability of the
device, and was affordable, which increases its accessibility to users living in
low-resource settings.
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Abstract

Providing prosthetic devices in low-income settings is challenging given the
precarious situation of healthcare systems. Several research groups and NGOs
have reported designs suitable for low-income countries but actually, only a few
of them have been fitted in subjects with arm defects who are living under such
conditions and almost no measurements of the actual functionality or user
satisfaction exists in the scientific literature. Previously, we have developed a
new bio-inspired 3D printed hand prosthesis aiming to reduce the
manufacturing requirements. The goal of the research described in this paper
was, therefore, to measure the functionality and satisfaction of the bio-inspired
3D printed hand prosthesis among subjects living in low-income settings. Five
subjects with trans-radial defects were recruited in the city of Ibague, Colombia.
Each subject was invited to a local prosthetic workshop where the physical
measurements of their stump were taken. The sockets and shafts were then
produced using 3D printing. The whole prosthetic arm was later assembled and
then fitted to the user. The functionality of the prostheses was assessed
through the Box and Blocks Test and satisfaction was assessed with the self-
report questionnaire known as the Orthotics Prosthetics User Survey (OPUS).
The results showed lower functionality compared to other 3D printed BP hands
although the scores are likely to increase with use time. The users reported in
general a high level of satisfaction regarding the 3D printed prosthesis, although
some aspects of the design require further improvement including the option
for users to perform maintenance or repair as well as the comfort of the
prosthesis. The results suggest that our production method could increase the
accessibility of trans-radial prostheses in the city of Ibague, Colombia among
people living in low-income settings.

8.1 Introduction

Providing prosthetic devices in low-income settings is challenging given the
precarious situation of healthcare systems. A large group of individuals with
arm defects are, therefore, left without proper care [1]. 3D Printing technology
could potentially provide a solution for overcoming the production difficulties
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encountered when fabricating prosthetic arms. 3D Printing permits the
manufacturing of end-use parts with complex and uncommon shapes at
relatively low costs. In fact, many 3D printed upper-limb prosthetic devices can
already be found in the literature [2]. A number of research groups and NGOs
have reported designs suitable for low-income countries, but actually, only a
few of them have been fitted in subjects with arm defects who are living under
such conditions and almost no measurements of the actual functionality or user
satisfaction exists in the scientific literature. Indeed, most of the 3D printed
upper limb prostheses are described as proof-of-concepts, providing control
schemes for surface muscle electromyography (sEMG) [3, 4], serving as a
transitional or a training device [5], demonstrating the possibility to reduce the
assembly requirements [6], or as a design study to reduce the production costs
[7].

Among the few studies where the 3D printed prosthesis was actually
fitted to a patient, Zuniga et al. [8] fitted a subject with shoulder disarticulation
with a 3D printed body-powered (BP) prosthesis. The device improved the
balance of the subject and performance of some activities requiring the
function of both hands, such as grabbing a large ball. The researchers also
identified some limitations like low grip strength and low durability of the
prosthetic device. The same research group also fitted 11 children with a 3D
printed prosthesis, reporting increased gross manual dexterity [9] and high
satisfaction scores regarding the weight, safety and ease of use after remote-
fitting of the same prosthesis on a different group of 8 subjects [10]. Herfat &
Moreau [11] also fitted 3D printed cosmetic prostheses to a group of subjects in
Amman, Jordan, obtaining high satisfaction scores.

In a previous study, we have developed a new bio-inspired 3D printed
hand prosthesis for use in developing countries, aiming to reduce the
manufacturing requirements and costs (Chapter 6). In that study, the prosthetic
hand was not fitted to subjects with trans-radial defects living in the targeted
socio-economic environments. The goal of the research described in the current
paper is, therefore, to measure the functionality and satisfaction of the bio-
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inspired 3D printed hand prosthesis among subjects living in low-income
settings.

8.2 Methodology

Upper limb prosthetic devices need to be custom-made for an individual, which
is why they often require local production. A small prosthetic workshop was,
therefore, installed on the premises of the Universidad del Tolima in the city of
Ibague, Colombia. The workshop consisted of a 3D printer working on the basis
of material extrusion technology (Prusa i3 MK3S) and of conventional tools like
screwdrivers, tweezers, and scissors.

The prosthetic device consisted of four parts: the prosthetic hand,
socket, shaft (the part that couples the socket and the hand) and the driving
system, which was based on BP actuation, see Figure 8.1. The prosthetic hands
were 3D printed using another material extrusion 3D printer (i.e., Ultimaker 3,
The Netherlands) prior to the installation of the prosthetic workshop in
Colombia. The Ultimaker 3 machine allows simultaneous deposition of two
different materials which is necessary for the manufacturing of this specific
prosthetic hand. The prosthetic hand design (Chapter 6) used in this paper has
several bio-inspired design features and was successfully manufactured using
multi-material 3D printing. The device can execute different grasping patterns
thanks to the adaptive grasping delivered by the articulated fingers and the
whiffle tree mechanism. The assembly of the hand was minimized to two post-
processing steps besides the usual support removal after 3D printing. No extra
parts or tools were required. The main body of the hand, the phalanges and the
connecting elements are 3D printed simultaneously with PLA and TPU. The
prosthetic hand was produced in a standard size set as the average size of
human hands, based on a sample of 253 males in the USA, as described in the
work of Vicinus [12]. The prosthetic hand is body-powered and has the
following features: anthropomorphic shape, light weight, adaptive grasping,
articulated fingers, and minimized post-printing assembly. The other parts were
produced in Ibague using the Prusa i3 MK3S 3D printer and materials found
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locally. The socket and the shaft were designed accordingly to each individual,
based on the level and condition of the stump and its size.

. -.__ 2

ik

Figure 8.1: The 3D printed prosthetic hand that was used in this study, showing
the CAD model of the main body of the prosthetic hand (top left), the 3D
printed and fully assembled prosthetic hand (top right) and the prosthetic hand
with the shaft, socket (red part) and driving system (bottom). The driving
system consists of a cable and a harness made with nylon webbing (black part).

The design of the socket was based on the WILMER Open Socket [13, 14], using
the same straps size and the same locks as the WILMER Open Socket. The
socket was designed for 3D printing enabling custom-made low cost
production. The design consisted of two sets of straps (see red parts in Figure
1), one attached above the elbow and the other attached below the elbow,
which were connected to each other with a hinge located at the pivot point of
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the elbow joint, the so-called epicondyle. As compared with the WILMER Open
Socket, this socket maintains the same suspension points and is as breathable,
but has been modified for 3D printing by designing flat straps. In contrast, the
current WILMER Open Socket design is made of sturdy metal bars. The straps
were devised flat for two important reasons. One, because there were no
overhangs during 3D printing, hence, support structures were avoided, and two,
because large z-direction (direction perpendicular to the building plate) loads
during regular use were prevented, see Figure 8.2. The straps were bent and
locked in position to conform to the cylindrical-shape that fits around the
stump. This custom-made socket was printed in two different ways depending
on the length of the stump: for stumps larger than 10 cm starting from the
epicondyle, the part below the elbow consisted of two straps. For shorter
stumps, only one strap was used. Figure 8.1 shows a socket for a stump larger
than 10 cm, the two straps can be seen in red colour.

Figure 8.2: A strap of the socket is shown on the building plate of a 3D printer.
Note that there are no overhangs; hence, support structures are avoided. Note
also that in this 3D printing configuration large forces in the z-direction are
avoided; there are no large forces pulling the layers apart when the user is
wearing the socket.
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A parametric design built upon key anatomical measurements was
implemented using the CAD software Inventor® in order to obtain fast custom-
made socket and shaft designs. Anatomical measurements were used to resize
the socket and shaft accordingly. Figure 8.3 shows the most important
anatomical measurements. The midpoint of the straps, both directly below and
above the elbow was 45 mm away from the epicondyle. This distance of 45 mm
made sure that the straps did not interfere with each other during the
flexion/extension of the elbow and also provided good suspension points. The
45 mm distance (Figure 8.3: 1) was measured from the epicondyle when the
elbow was at a 90 degrees flexion. From there, a measuring tape was used to
obtain the circumferences of the stump at these points (Figure 8.3: F,C). For
long stumps, a second measurement was performed for the second strap
(Figure 8.3: D). This was done by determining the perfect place for the strap
considering the dimples, scars, muscles, and painful tissue in the stump. The
circumference of that point together with the distance between the straps
(Figure 8.3: E) were also determined using a measuring tape. Finally, two
measurements of the healthy arm were taken for the design of the shaft (Figure
8.3:J, K). These were used mainly for the length and width of the forearm.

Stump: lengths Stump: circumferences

Stump: lengths Healthy arm: lengths
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Ventral length stump

Dorsal length stump

Proximal circumference lower arm

Distal circumference lower arm (depends of the stump)
Length between the two straps (measured in the middle)
Circumference upper arm

I m mQgONnw >

From the end of the arm till the end of the stump
(measured in the middle)

Dimple elbow beginning of the strap
J Ventral length healthy arm
K Dorsal length healthy arm

Figure 8.3. The measurements taken on the stump and healthy arm. These
measurements were used for the design of the socket and shaft of the
prosthesis.

Five subjects with trans-radial defects were recruited in the city of lbague,
Colombia with the help of the Secretary of Healthcare of the city. An invitation
message for recruitment was broadcast using the local radio. Table 8.1 shows
basic clinical data of the subjects. The number of participants was defined as a
convenience sample according to the subjects available, the logistic challenges
of the area and the timeframe of the study. Two of the subjects had been
previously fitted with a prosthetic device (1 and 5). The study was approved by
the Internal Review Board (IRB) of the Universidad del Tolima and all subjects
gave written consent to participate. Each subject was invited to the prosthetic
workshop where the physical measurements of their stump were taken. The
important anatomical points were spotted visually and a measuring tape was
used to measure the dimensions required for the design of the socket. The
sockets and shafts were then produced using the Prusa i3 MK3S 3D printer and
TPU and PLA filaments, respectively. The driving system was manufactured
using the cable and housing of a bicycle braking system, nylon webbing, plastic
buckles, and fasteners. The whole prosthetic arm was later assembled and then
fitted to the user.

189



Table 8.1. Clinical data of the five subjects recruited for the study.

Subject Gender Age Hand Etiology
1 Male 42 Right Trauma
2 Male 68 Left Trauma
3 Male 35 Left Trauma
4 Female 23 Right Congenital
5 Male 21 Right Trauma

Each subject was then allowed to use the prosthesis freely, adjusting the
harness as requested until the user felt comfortable. The functionality of the
prostheses was assessed through the Box and Blocks Test (BBT). BBT measures
hand functionality by scoring the number of blocks moved from one side to
another in a partitioned box [15].

The subjects were instructed to first undertake two warm-up tests in
order to familiarize themselves with the experimental setup. The actual
experiment then followed and consisted of four repetitions of the BBT. The
subjects then took their prosthetic device home and were told to use it as they
saw fit, during their regular daily lives. In a months-time, the subjects were
contacted again inviting them to complete a questionnaire related to their
experience with their prosthetic device. The first eleven items of the module of
satisfaction of the Orthotics Prosthetics User Survey (OPUS) instrument were
administered as a self-report questionnaire [16] (See the questions in Appendix
1). These first eleven items refer only to the satisfaction with the prosthetic
device and not to the clinical service. The questions were all translated to the
Spanish language and sent by email to the users. The users scored the different
aspects of the prosthesis on a scale from 1 (Strongly Disagree) to 5 (Strongly
Agree).

8.3 Results

Five prosthetic arms were produced and fitted onto the users (Figure 8.4). The
total time required to produce the whole prosthetic device was one week per
subject, including the time for the measurements, the 3D printing of the parts
and the assembly. This also included the time to produce the prosthetic hand
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(=28 hours of 3D printing time (See, Chapter 6)), which in this case took place in
the Netherlands previous to the installation of the prosthetic workshop in
Ibague. The total material costs of the prosthetic device, including 3D printing
polymers and other materials, were 50 US dollars. The results of the BBT are
presented in Table 8.2. The results of the OPUS questionnaire are shown in

Figure 8.5.

Table 8.2. The results of the Box and Blocks Test (BBT).

Subject 1% Trial 2" Trial 3" Trial 4™ Trial Mean + SD
1 16 14 16 18 16+1.6 10.2 +
2 4 4 4 4 4+0 5.4
3 5 5 4 8 55+1.7 (Mean +
4 9 9 13 12 10.75+2.1 SD)
5 15 11 18 15 14.75+2.9
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Figure 8.4. The subjects fitted with the 3D printed prosthetic device.
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Figure 8.5. The satisfaction scores of the 3D printed prosthetic device.

The users were generally satisfied with all the features of their prosthetic
device. The features that did not satisfy all the users are comfort and the ability
to perform maintenance and repair. One subject neither disagreed nor agreed
regarding the comfort, one subject strongly disagreed regarding the ability to
perform maintenance and two subjects strongly disagreed regarding the ability
to perform repairs.

8.4 Discussion

Through the manual measuring method and parametric socket and shaft
designs, these two components of the prosthetic device were produced easily
and locally. The material cost of the prosthesis is relatively low, which makes it
an affordable alternative to current BP prostheses. The resulting prosthetic
hand is a first working prototype for a low-cost device (less than 30 US dollars of
material costs) that provides a solution for transradial amputation in Ibague,
Colombia. The prosthetic hand itself was produced with a dual-extrusion 3D
printer which is less accessible and more difficult to operate than single-
extrusion 3D printers. Equipping a workshop with a dual-extrusion 3D printer
would increase the cost of the equipment between 1500 — 2000 US dollars and
will increase the training time of the 3D printer operator. These two points
must be considered when setting up a workshop that can produce our bio-
inspired hand locally.
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The scores of the BBT (10.2 +5.4 blocks per minute) are the first
functionality results ever reported for a 3D printed upper limb prosthesis used
by subjects living in low-income settings. Only the research performed by
Zuniga et al. presents results of the 3D printed prosthetic hand known as the
Cyborg Beast, scoring higher (13 + 12.7 blocks per minute) in a group of children
who were also not living in low-income settings [9]. Although the mean value of
the BBT results is slightly higher for the Cyborg Beast, the level of variability in
those BBT results is much higher than the ones observed in our study. This
could be linked to the fact that Zuniga performed an evaluation on children and
they are probably less consistent in their behaviour than grown-ups. Moreover,
the BBT values for the Cyborg Beast were measured 24 weeks after the fitting of
the prostheses. The users, thus, had considerably more training time with the
Cyborg Beast [9], which makes a direct comparison of the two prostheses
challenging. The results shown in this paper suggest that our 3D printed
prosthetic hand (median 10.2) is still not as functional as conventional BP
prostheses (median 17 — 30 blocks per minute [17]) or other 3D printed BP
hands (median 14 — 21 blocks per minute [18]). It is important to mention that
we have previously found that BP prosthesis users improve in their
performance of the BBT with practice [17]. It could therefore be hypothesized
that the BBT scores would increase in a 24 weeks period following the fitting. In
fact, the subjects who had been previously fitted with a BP prosthetic device
(Subjects 1 and 5) obtained the best scores (mean 16 and 14.7 blocks
respectively). That suggests how important it is for the users to receive proper
training on the functionality of the prosthesis. Follow-up tests must be
conducted in order to understand the effects of the training and experience
with the device as well as the details of a learning curve. Indeed, those two
subjects stopped using their previous prosthesis because of the weight of their
devices. The BBT is also limited in defining all the functional characteristics of a
prosthetic hand. Other functional tests, like the Southampton hand assessment
procedure (SHAP) [19], would give more functional outputs, like the ability to
perform the different grasping patterns of a human hand. This would help to
understand whether further improvements on the grasping action should be
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considered and on which particular features (friction properties, force
transmission, etc.).

The scores of the questionnaires suggest that the users were in general
satisfied with their prosthesis. The cosmetic appearance was scored high even
though the colour of the prosthesis didn’t match the skin tone of the users.
None of them expressed major concerns about the colour, but two asked for
the possibility of changing it to one that would better match their personality
and/or ‘style’ rather than their skin tone. The results are hard to compare
because of the subjective nature of the answers. Again, it is important to note
that two subjects had previous experience with a BP prosthesis and this
certainly impacted their satisfaction scores as they compared both devices.
Some limitations that were identified included the ability to maintain and repair
the prosthesis, which is depending on the economic status of the subject and on
a certain level of knowledge about how the prosthesis actually works and the
price of the parts. Some basic training could help the subjects to understand the
whole assembly and identify easy ways for maintenance and repair. None of the
prostheses broke or showed damage during the timeframe of the study and all
subjects reported that the prosthesis was used at least four days per week
between 1 — 3 hours per day. By prolonging the follow-up, the lifetime of the
prosthesis could be also determined. Zuniga et al. reported that the subjects
fitted with their 3D printed prosthesis also reported high levels of satisfaction
although some concerns arose regarding the comfort and the durability of the
device [10]. These subjects did not, however, live in low-income settings, and
were also children which might have made a difference when it comes to the
subjective experience with a new medical device. For instance, it is unlikely that
subjects in low-income countries are familiar with the most recent technical
advancements, which may lower the expectations on a new device. A follow-up
study comparing the satisfaction scores of the two socio-economic groups
towards the same 3D printed hand could provide more insights. Another
limitation of our study is the limited statistic significance of the data due to the
small size of the user groups. The subjects encountered difficulties when
travelling from far to the prosthetic workshop either because they did not have
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enough financial resources and/or they could not travel by themselves. This
limited the number of subjects available. Performing the anthropometric
measurements and the experiments via home visits can be considered as a
strategy to increase the sample size. Moreover, only adults were recruited in
order to facilitate the approval of the Internal Review Board (IRB). There is,
therefore, no evidence that children may also accept or be satisfied with our
design.

Manual measuring of parameters needed for the socket design is a fast
anthropometric method and is easy to implement in terms of hardware. The
method proved to be sufficient as the sockets properly fitted the users and
were functional after one trial. The main problem lies in the fact that manual
measurements are affected by human error. The outcome relies entirely on the
skills and expertise of the person performing the anthropometrical
measurements. Untrained personnel may provide inaccurate and inconsistent
measurements, which can lead to imprecise fittings. The material of the socket
lends itself to a certain degree of malleability, which allows for some level of
inaccuracy. However, it seems more practical to adjust the socket slightly
afterwards to make it perfectly fit the user. An improved design with adjustable
straps could be beneficial, so long as the manufacturing requirements are
limited to a 3D printer. Generally, the subjects were satisfied with the socket,
although two areas for future improvement were identified. The comfort of the
prosthesis and the contact with the skin could be improved by exploring other
3D printer settings or by using softer printing materials that lead to smoother
surfaces. Amongst other things, the fact that the socket could be easily adapted
for long stumps as well as for short stumps was very advantageous and saved
design time.

8.5 Conclusion

Five trans-radial 3D printed prosthetic devices were custom-designed,
manufactured, and fitted to users in low-resource settings. The functionality
was assessed using the BBT, providing the first functionality data of a 3D printed
hand manufactured in such settings. These initial results showed lower
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functionality compared to other 3D printed BP hands, although the scores are
likely to increase with user time. We therefore suggest follow-up experiments
to clarify if there is a learning curve. The users reported in general a high level
of satisfaction regarding the 3D printed prosthesis, although some aspects of
the design require further improvement, including the option for users to
perform maintenance or repair as well as the comfort of the prosthesis. Our 3D
printed design and manufacturing process proved to be fast and easy to
implement and opens a gateway for the production of prosthetic devices in
developing countries.
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Chapter 9: Discussion

9.1 3D Printed prosthetic hands

This PhD project started by envisioning a new paradigm for the fabrication of
prosthetic mechanisms such that fully functional mechanisms could be
fabricated in a single step without any requirements for post-manufacturing
assembly. By replacing the traditional manufacturing process with 3D printing,
robust assemblies could be produced on-demand and in situ, thereby
eliminating several logistic challenges. Indeed, such customized devices could
be produced for any kind of engineering applications. For example, prosthetics
and orthotics could be produced in low-income settings without the need for a
well-equipped workshop or laboratory.

This thesis began exploring possibilities of non-assembly fabrication by
3D printing techniques. Chapter 2 contains a literature review describing a
number of mechanisms fabricated in a non-assembly manner by 3D printing.
That exercise enabled us to explore the advantages of this manufacturing
technique and discover strategies that could improve the design of mechanisms
created by non-assembly manufacturing. Chapter 3 reviews the results of
fatigue testing in 3D printed polymers in order to determine the 3D printing
material and 3D printing settings that ensure best fatigue performance. Due to
the synergy between all of the 3D printing parameters, it was unfeasible to
characterize the best settings for maximizing the fatigue life with the data
available in literature. Looking at the materials of 3D printing techniques based
on material extrusion, it proved to be inconclusive as to whether ABS or PLA
had the best fatigue resistance. ABS specimens typically had the longest fatigue
life, but there were also instances where PLA had the best fatigue life.

Chapter 4 continues with a number of design considerations that were
formulated for the fabrication of non-assembly mechanisms with 3D printing.
We followed these guidelines to design a functional multi-articulated hand
prosthesis that was then manufactured by material extrusion 3D printing
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(Figure 1). This design procedure concluded in a hand prosthesis concept that
reduces manufacturing requirements to a single 3D printer and its building
material. Additional material or laborious post-manufacturing steps were
eliminated. In addition to fulfilling the functional requirements proposed, the
material costs of this prosthetic hand are low (20 US dollars) as compared to
commercial prosthetic devices and similar 3D printed prosthetic hands [1].
Chapter 5 contains a functional evaluation of the 3D printed prosthetic hand
including mechanical and user testing. The mechanical evaluation showed that
the thin sheet of PLA material fabricated to serve as a leaf spring component in
the finger joints of the hand, functions well under the static loading conditions
proposed in our prosthetic design. On the other hand, the fatigue life
experiments showed that the leaf spring is unable to withstand cyclic loading
for a prolonged period. Our prosthetic hand needs a considerably lower amount
of energy to close as compared to other Body Powered (BP) prosthetic hands,
however, the pinch force achieved by the index and middle fingers given a force
input of 100 N is low as compared to other BP prostheses [2]. The results of the
Box and Blocks Test (BBT) and the Southampton Hand Assessment Procedure
SHAP indicated a lower functionality of the device as compared to other BP
alternatives [3-6]. This could be explained partly by the low pinch forces and the
lack of friction between the fingertips (made of PLA material) and the objects
involved in the test. Chapter 5 also shows that an increase of the friction
coefficient of the finger pads leads to better performances of the box and
blocks test, reaching scores comparable to those of other BP hands. This
highlights the importance of the friction at the fingertips for improving the
performance of 3D printed prosthetic hands.
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Figure 9.1: The non-assembly prosthetic hand described in Chapter 4 of this

thesis.

To further explore the capabilities of non-assembly 3D printing, in
Chapter 6 we initiated a new design process aimed at producing articulated
fingers (two degrees of freedom per finger) under this manufacturing
framework. For this process, we adopted a bio-inspired design approach by
studying the anatomical structures of the human hand that can be translated
into components of prosthetic hands and have the potential of offering
improved functionality. This bio-inspired designed prosthetic hand (Figure 2)
achieved superior pinch force as compared to our previous non-assembly BP
prosthetic hand [7], but still below the pinch force of conventional BP hand
prostheses [2, 8]. Commercial BP hands that are produced in a factory or a
specialized workshop with conventional production processes generally deliver
higher pinch forces but are also much more expensive and weigh more and/or
have no articulated fingers [8]. Due to the lack of data on the mechanical
performance of other 3D printed BP hands in the literature, it is impossible to
establish direct comparisons [1]. The increase in the pinch force as compared to
the current 3D printed prosthetic hands, including our previous prosthetic hand
design described in Chapter 4, is noteworthy. The input force and energy
required needed to initiate a pinch grasp are, however, higher than in the
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previous design[7], but still lower than in most of the conventional BP
prosthetic hands [2, 8]. The data acquired indicate that our bio-inspired
prosthetic hand is capable of applying a suitable pinch force for the activities of
daily living at the expense of larger driving forces on the shoulder. Because of
this, our prosthesis may be challenging to use for a part of the user population
[2, 9]. More testing is required to evaluate user fatigue, given that the proposed
design consumes more energy than other 3D printed hands, but still less energy
than conventional prostheses. The implications of this are user-dependent:
contractions up to 15-20% of a muscle’s peak force can be largely fatigue-free
[10], meaning that the user’s physical strength plays a major role in the
incidence of fatigue.

Figure 9.2: The bio-inspired prosthetic hand described in Chapter 6 of this

thesis.

9.2 Use in developing countries

Another aspect addressed in this thesis was the 3D modeling of the residual
limb of transradial amputees. Chapter 7 describes the method employed to
obtain and process the 3D models of a stump. The method is based on photos

201



from a smartphone and a Statistical Shape Model (SSM). The algorithm
translates the photos into a 3D digital shape and then introduces the digital
outcome into the process of automatic anthropometry. The outcome was later
used for determining the parameters of a parametric design of a transradial
socket that can be 3D printed and fitted onto the user’s residual limb. The
automatic anthropometry process has proven to be fast and easy to use, only
requiring an easy-to-build photo shoot set, which consisted of an AO-sized
green background and a smartphone. On the other hand, the error resulting
from the automatic measurement was still too large (>20 mm) for an
acceptable socket design.

The thesis ends in Chapter 8 with a pilot study of our new bio-inspired
3D printed hand design in Colombia (Figure 3). We employed a manual
measuring method using visual cues of the stump and a measuring tape to
obtain the dimensions required for the design of the socket. Through the
manual measuring method and parametric socket and shaft designs, the
components of the prosthetic device were produced easily and locally on a
material extrusion 3D printer. The material costs are relatively low, making our
prosthesis an affordable alternative to commercial BP prostheses. Our bio-
inspired 3D printed prosthetic hand is a first working prototype of a low-cost
prosthetic device (less than 30 US dollars of material costs) that provides a
solution for transradial amputation in lbague, Colombia. We evaluated our
prosthetic hand with a BBT to measure functionality as well as with a
questionnaire to measure satisfaction. The scores of the BBT (10.2 * 5.4 blocks
per minute) are the first functionality results ever reported for a 3D printed
upper limb prosthesis used by subjects living in low-income settings. It is
important to mention that subjects improve their performance in the BBT as
the hand is used more often [3]. It could be hypothesized that BBT scores would
increase in a 24 weeks period following the fitting. In fact, two subjects who had
been previously fitted with a BP prosthetic obtained the best scores, which
shows how important it is for the users to receive proper training on the
functionality of the prosthesis. Follow-up tests must be conducted in order to

202



understand the effects of the training and experience with the device as well as
the details of a learning curve.

The resulting sockets are lightweight (~57-70 g) and easy to put on and
put off, which are important characteristics that increase the general
acceptance of prosthetic devices by users [11]. Generally, the subjects were
satisfied with the socket, although two areas for future improvement were
identified. The comfort of the prosthesis and the contact with the skin could be
improved by exploring other printing settings or by using other soft printing
materials that lead to smoother surfaces. Among other things, the fact that the
socket could be easily adapted for long stumps as well as for short stumps was

very advantageous and saved design time.

Bl

Figure 9.3: Users with our 3D printed bio-inspired prosthesés in Colombia.

The scores of the questionnaires suggest that the users were in general satisfied
with their prosthesis. The results are challenging to compare with previous
research because of the subjective nature of the answers. Some limitations that
were identified included the ability to maintain and repair the prosthesis, which
is expected to be dependent on the economic status of each subject and certain
level of knowledge about the price of the parts. By prolonging the follow-up,
the lifetime of the prosthesis could be also determined. The socioeconomic
status of the subjects participating in a satisfaction study of prosthetic devices
may play an important role when it comes to the subjective experience with a
new medical device. A study comparing the satisfaction scores of the two
socioeconomic groups towards the same 3D printed hand could provide more
insights. Another drawback of our study is the limited statistical significance due
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to the small size of the user groups. The subjects encountered difficulties when
travelling to the prosthetic workshop either because they did not have enough
financial resources and/or they could not travel by themselves. This limited the
number of subjects available.

9.3 Design for 3D printing

This thesis began exploring possibilities of non-assembly fabrication by 3D
printing techniques. That exercise enabled us to explore the advantages of this
manufacturing technique and discover strategies that could improve the design
of non-assembly 3D printed mechanisms. Throughout the literature search,
material jetting was found to be the most widely used AM technique for the
fabrication of non-assembly mechanisms. Both compliant and traditional
mechanisms were successfully conceived achieving reasonable levels of
(geometrical) complexity. The remarkable capability of some 3D printers (e.g.,
Objet, Stratasys) for parallel deposition of parts and soluble support material
has been found to offer significant advantages over other 3D printing
fabrication principles. Material jetting technology is, however, less commonly
used because the required equipment and printing material are more expensive
than those for other 3D printing processes. As far as other printing techniques
are concerned, material extrusion and in particular fused deposition modelling
(FDM) stand out as the most accessible 3D printing technology. Although
material extrusion-based processes are generally perceived to be less precise as
compared to other commercially available AM techniques, recent
developments in FDM technology have enabled it to reach reasonable levels of
geometric fidelity while enabling dual deposition of parts and soluble support
materials. As shown by Wei et al. [12], industrial-grade FDM printers could
equate other AM technologies in terms of minimum achievable clearance when
building non-assembly joints. In addition of being the most affordable among
AM techniques, the high versatility and easy accessibility makes the FDM
technology a viable choice for manufacturing non-assembly constructs
especially in settings where high-end technology is out of reach.
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The design considerations conceived here for non-assembly fabrication
could serve as guidelines enabling the circumvention of the many limitations
that are commonly faced when using AM to build mechanisms. These guidelines
were followed to build a prosthetic hand with FDM. Reference values (i.e. joint
clearances, gaps and printer settings) used to fulfil the design considerations
proposed are, therefore, based on the characteristics of FDM. Considering the
used AM machine (i.e., Ultimaker 3) and its relatively low building accuracy, the
dimensions used in the design cases presented in Chapters 4 and 6 are an
appropriate starting point for building non-assembly mechanisms with all AM
techniques currently available. More strict tolerances and the use of water
soluble support structures could address the mechanical problems that tend to
arise from a large clearance between joints, provided that the required AM
technology and equipment are available.

Although a large joint clearance is often seen as a significant concern in
traditional mechanical design, it is usually necessary in FDM-based mechanical
design and can be addressed using the unique features of AM. Without proper
joint clearances the parts could fuse together during material deposition. The
form-freedom offered by AM allows for the design of mechanical linkages that
conveniently limit the joint clearance when actuated or reconfigured. The
forces that activate the mechanisms can reposition the moving components
into their desired locations when needed. Extra components that could remove
joint clearance by manually reconfiguring their position inside the device are
other options to deal with large clearances. Once 3D printed, these extra
components can be clicked using, for instance, snap fit joints to couple the
elements and complete the assembly. Compliant components might be also
considered when joint clearance is undesired and the range of motion is
compatible with the deformation limits of the widely available 3D printing
materials. Compliant configurations can be also included when a spring
behaviour is required as shown by the fabrication of the semi-circle leaf springs
in Chapter 4 Here, compliancy was achieved by shaping the geometry of the
constructs. The design of thin sheets of PLA as curved shapes allowed for
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relatively small deformations and sufficient spring behaviour even when a
material such as PLA, which is usually considered brittle, was used.

Additional possibilities of 3D printing for non-assembly fabrication can
be found in Chapter 5. The bio-inspired design approach described there
identified elements, based on the anatomical parts of the human finger, such as
the joints, the stabilizing tendon elements and the pulling driving tendons, that
were successfully incorporated in a prosthetic hand design and were then
entirely manufactured by 3D printing. The process resulted in a bio-inspired
prosthetic hand that possesses articulated fingers and minimizes post-printing
assembly. The assembly of the hand was minimized to two post-processing
steps, besides the usual support removal after 3D printing. The prosthetic has
low production costs and is, therefore, potentially suitable for places where
state-of-the-art prosthetic workshops are absent. In this design, the
manufacturing advantages of the used 3D printing technology were
conveniently used to fabricate an assembled mechanical hand with a complex
shape and advanced functionality. During its fabrication, we used multi-material
3D printing, which has proven to be particularly advantageous when realizing
different mechanical properties at specific areas. It is worth noting that
different material combinations can be 3D printed, even if the materials are not
bonding properly onto one another during their deposition. In our design, two
materials (PLA and TPU) can be 3D printed simultaneously by embedding one of
the materials into the other, thereby creating mechanical shape interlocking.

9.4 Automatic vs manual anthropometry

The dimensional error resulting from the automatic measurement in Chapter 7
was outside the acceptable boundaries for the design of the socket. The
dimensional errors in the digital models obtained with our SSM based method
may have originated from multiple possible sources. First, the process of
generating the training database for the SSM can introduce small errors at
different stages. The surface registration process ideally repositions the points
to match the same location across surfaces. However, when the source and
target shapes are significantly different, the repositioning process is not entirely
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accurate and the new locations may not truly represent a match between both
surfaces. This can lead to an SSM that does not describe the shape variations
accurately. The outcome could be improved by manually aligning the points.
This is, however, a long and time-consuming process. Second, the pictures were
assumed to be taken from a specific location and with a specific orientation,
which in reality is challenging, as precise positioning of the limbs for photo
shooting is difficult to achieve. This can considerably influence the outcome,
because the projections of the SSM using the pinhole camera model are based
on three cameras positioned orthogonal to each other. An attempt was made
to reduce this source of error by placing the smartphone in a fixed position with
respect to the position of the limb and moving the limb to perform the photo
shooting for all the view planes. This modification reduced the effects of moving
the smartphone between the photo shoots, which can cause imprecise camera
positioning. For that reason, we also used an optimization algorithm to find the
position of the SSM that minimizes the error of the comparisons between the
projections and the silhouettes. Third, the landmarks used for the automatic 3D
anthropometry method were annotated manually using visual cues, which
makes the process somewhat subjective. Finally, an artificial database based on
healthy subjects was constructed. An early assumption was that the shape of a
residual limb could be directly derived from healthy limb shapes with no
significant modifications. This may not be entirely true for some special cases of
transradial defects where the shape is significantly different due to specific arm
conditions. An extended SSM trained with a larger database including actual
surfaces of limbs with transradial defects would be, therefore, desirable. In
addition, we have used a relatively small number of shapes to train the SSM (40
stump 3D models were used to train each SSM). The 3D modelling of the test
setup could be better performed, if the training dataset of the residual limb
models was larger.

During this research, we acquired the photos using an average quality
camera (iPhone 6 camera) but under controlled conditions. While it is expected
that the required photographic conditions can be easily met due to the low
level of hardware requirements (i.e. smartphone camera, tripod and colored
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background), the photo shooting process could pose some challenges, because
three orthogonal photographs are required. This may be difficult to arrange for
all users particularly those living in remote, isolated areas. While the proposed
methodology in Chapter 7 makes the whole 3D modelling process faster, it
leads to less accurate measurements in comparison to other scanning methods,
such as laser scanning. While the proposed way of processing images is
promising, its accuracy needs to be improved considerably and its practicality is
yet to be proven both for the prosthetist and the user.

Manual measuring is a fast anthropometric method and is easy to
implement in terms of hardware. The method proved to be sufficient as the
sockets properly fitted the users and were functional at the first attempt. The
main problem lies in the fact that the measurements are affected by human
error. The outcome relies entirely on the skill and expertise of the person
performing the anthropometrical measurements. Untrained personnel may
provide inaccurate and inconsistent measurements, which can lead to imprecise
fittings. The material of the socket lends itself to a certain degree of
malleability, which allows for some level of inaccuracy. In the end, it seems
more practical to manually adjust the socket slightly afterwards to make it
perfectly fit the user and be optimal to use.

9.5 Future directions

We performed a 1-month follow-up after the fitting of our bio-inspired
prosthesis in Colombia, in which the user satisfaction of the prosthetic device
was measured. Other circumstances, such as the failure of parts, are more likely
to happen at a later point in time. A follow-up over a longer period is, therefore,
required in order to observe any changes to the prosthesis. These changes can
have an important effect on the functionality and the user satisfaction of the
prosthesis. Furthermore, while BBT is a fast and reliable method to assess gross
manual dexterity, it does not prove that the user is able to execute other tasks
in daily life apart from moving wooden blocks. The 1-month follow-up can be
extended by measuring functionality through other functional tests such as
SHAP or the Nine-Hole Peg Test and also through questionnaires. The BBT can
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be applied again after a specific amount of time to measure how much their
grasping function has improved as the users continued using the prosthesis.

To expand the scope of the project in Colombia, the equipment can be
set and calibrated for multi-material 3D printing in order to build more
prosthetic hands locally. More subjects can be included in the study once the
printer is capable of producing more hands. Other 3D printed prosthetic designs
can be also produced locally and a comparative study between different designs
can be initiated. This research could be also expanded by testing different
designs of sockets for other levels of amputation, since we only provided fitting
to transradial cases.

Additionally, we could also continue exploring the 3D scanning method
using a smartphone. However, at this stage, the automatic anthropometry
method needs significant further development. Considering the rate at which
technology is advancing, it may be possible to find low-cost 3D scanners in the
near future or even integrated 3D scanners inside smartphones. But even with
an accurate 3D scanner, the practicality of the entire fitting process using 3D
models of stumps remains unknown and needs further investigation. In fact, we
constructed acceptable fittings using just a measuring tape. Maybe this
measuring method using a tape combined with an adjustable socket is good
enough for producing well-working sockets. In any case, using both fitting
methods, the one using a measuring tape and the one using a 3D scanner, and
comparing or combining them could be an interesting direction for future
research.

In a more general view, we would like to discuss two points regarding
the development of 3D printed prosthetic hands. First, the design process has
to be customized to the anatomy of the user, but it should be also customized
for his/her needs. Prosthetic users prioritize different characteristics of their
prosthetic device depending on their taste, culture, job, etc. For instance, a user
may prefer cosmetics over the number of achievable grasping patterns. This
difference in priority can be easily integrated in the design process if a certain
database of prosthetic hand designs for 3D printing is available. Following the
previous example, in this database the user can select designs that are more
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cosmetic as opposed to designs that have more functions. This means that the
design process must take the personal preference of the end user into account
from step one. The information provided by the user holds crucial value and
should also be used for further developments on prosthetic hands because one,
the users can instantly refer to the problems they have, or would like to solve,
with a new prosthetic hand, and two, because the users can relate to problems
specifically to the location and socio-economic status of the targeted group. For
example, problems with the prosthetic device could be related to the
temperature of the environment, or the user’s ability to perform the assembly
of the prosthesis, maintenance or repair.

Second, comfort is more important than dexterity in active prosthetic
hands. In accordance to previous research [13-15], the subjects involved in the
evaluation of the bio-inspired hand in Chapter 8 also reported that the total
weight and the interaction of the socket with the skin have to be a top priority
over the rest of the functional features of the prosthesis. In fact, two subjects
that previously used a prosthesis were relieved and satisfied with our new
prosthesis mostly because it is lightweight. Further research on 3D printed
prosthetic designs should pursue more comfort in 3D printed sockets. Lastly,
more testing data of functional characteristics of 3D printed hand prostheses is
clearly needed. By the end of this project, only a few research groups reported
functionality results in scientific literature, which makes it difficult for having
direct comparisons and also to define whether improvements have been made.
We encourage developers of 3D printed hand prostheses to append their new
designs with functional evaluations, preferably user evaluations, in order to
have a good baseline for comparison.

The knowledge acquired in this project serves as a starting point
towards the implementation of low-cost prosthetic workshops throughout the
Colombian territory and hopefully in other regions in the developing world as
well. The prosthetic designs conceived during this project will be open source so
that 3D printing communities around the globe can produce them, build upon
them and develop new improved designs based on them. In the near future, we
hope that with the technology developed in this project , proper treatment can
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be provided to people with arm defects or amputation regardless of their
country and living conditions. We also expect that the ideas discussed in this
thesis foster local entrepreneurship and innovation, hopefully beyond the
prostheses world. We believe that the successful outcomes of this project
demonstrates how technology can be developed and introduced in settings
where technical practices are outdated and do not measure up to the local
challenges. Nowadays , given that 3D printing technology is becoming more and
more accessible and knowledge can be transferred faster than ever, the
opportunities are plentiful.

9.6 Conclusion

A 3D modelling procedure for the anthropometry of upper limbs with trans-
radial defects based on 2D pictures was proposed, implemented, and tested.
The resulting anatomical measurements were less accurate than manual
measurements and need to be further improved before the application of this
technique in actual practice can be realized. Manual measurements were used
instead to design a socket that properly fits the residual limb of the users. The
resulting socket was lightweight, easy to put on and put off and affordable. Two
hand prosthesis were designed and 3D printed with an inexpensive FoM™
machine. Both prosthetic designs meet basic user requirements and reduced
the number of post assembly operations to zero (Chapter 4) and two
(Chapter 6). The prosthesis in Chapter 6 also incorporates new bio-inspired
features that allowed articulated fingers. Field testing in Colombia concluded
that our design and manufacturing processes based on 3D printing are fast and
easy to implement and opens a gateway for the production of prosthetic
devices in developing countries.
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