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ABSTRACT 

Preface: The research about product development of a prosthetic socket was conducted by 

two students from Mälardalen University, department of Innovation, Design, and Technology. 

Background: The most recent public survey shows that an estimated 5 million people in 

China are amputees, out of which a significantly large portion are below-elbow amputees. 

Sockets sold to below-elbow amputees are equipped with only two surface electromyography 

sensors, has low comfortability, has problems with perspiration, and a high weight. The 

current standard for socket manufacturing has not changed in decades. 

Research Questions: The following research questions have determined the direction of the 

research: (1) What measurable factors contribute to a convenient and ergonomic feature 

design in prosthetic socket from the end-user’s perspective? (2) How can the weight and 

functionality be improved to achieve a prosthetic socket more suited to the end-user, with 

respect to the existing prosthetic socket? (3) Which material and manufacturing method is 

suitable for producing cost-effective and customized prosthetic sockets? 

Research Method: The research was guided by the 5th edition of Product Design and 

Development by Ulrich & Eppinger (2012) where the product development process described 

in five of the six phases from planning to test and refinement were utilized. 

The data collection and analysis techniques performed in this research was guided by 

Research Methods for Students, Academics and Professionals by Williamson & Bow (2002). 

Interviews were conducted with five different stakeholders to find specifications of 

requirements and concretize subjectivism of what defines quality and ergonomics. 

Implementation: Currently, below-elbow amputees order sockets from orthopedic clinics. 

The socket was identified as a product of Ottobock. Investigations were made to find optimal 

solutions to the specification of requirements. 

Results: The development of a socket concept was designed for additive manufacturing using 

a multi-jet fusion printer. 

Analysis: This concept had significant improvements to parameters: higher grade of 

customizability, 30 % reduced weight, 48 % cost reduction, a new production workflow with 

93,5 % automation, and a 69 % reduction in manual work hours. 

Conclusions: The data of the research strongly indicate existing potentials in enhancing 

socket design techniques and outputs by implementation of additive manufacturing processes. 

This can prove to be beneficial for achieving more competitive prosthetics and associated 

services.  
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SAMMANFATTNING 

Förord: Denna forskning om produktutvecklingsprocessen av en armprotes genomfördes av 

två studenter från Mälardalens universitet, avdelningen för innovation, design och teknik. 

Bakgrund: Den senaste offentliga undersökningen visar att cirka 5 miljoner människor i Kina 

är amputerade, varav en betydligt stor del är under-armbågsamputerade. 

Armproteser som säljs till underarmsamputerade individer är utrustade med endast två yt-

elektromyografiska sensorer, har låg komfort, har problem med perspiration och hög vikt. 

Den nuvarande standarden för armproteser har inte förändrats under årtionden. 

Forskningsfrågor: Följande forskningsfrågor har bestämt riktningen för forskningen: (1) 

Vilka mätbara faktorer bidrar till en praktisk och ergonomisk funktionsdesign i 

underarmsproteser ur slutanvändarens perspektiv? (2) Hur kan vikten och funktionaliteten 

förbättras för att åstadkomma en underarmsprotes som är bättre anpassad för slutanvändaren 

med avseende på den befintliga underarmsprotesen? (3) Vilket material och 

tillverkningsmetod är lämpligt för att producera kostnadseffektiva och anpassade 

underarmsproteser? 

Forskningsmetod: Forskningsmetoden styrdes av den femte upplagan av Product Design 

and Development av Ulrich & Eppinger (2012) där produktutvecklingsprocessen är uppdelad i 

sex faser. I denna forskning användes de fem första faserna från planering till testning och 

justering. 

Tekniker för datainsamling och analys som användes i denna forskning styrdes av Research 

Methods for Students, Academics and Professionals av Williamson & Bow (2002). 

Intervjuer genomfördes med fem olika intressenter för att hitta kravspecifikationer och för att 

konkretisera subjektivitet för vad som definierar kvalitet och ergonomi. 

Implementering:  Underarmsamputerade individer beställer för närvarande armproteser från 

ortopediska kliniker. Armprotesen identifierades som en produkt av Ottobock. 

Undersökningar gjordes för att hitta optimala lösningar för kravspecifikationen. 

Resultat: Konceptutvecklingen av en armprotes utformades för additiv tillverkning med hjälp 

av en multi-jet-fusion-skrivare. 

Analys: Det här konceptet hade betydande förbättringar av parametrar: högre grad av 

anpassningsbarhet, 30 % minskad vikt, 48 % kostnadsreduktion, ett nytt produktionsflöde 

med 93,5 % automatisering och en 69 % minskning av manuella arbetstider. 

Slutsatser: Data från denna forskning indikerar att det finns starkt potential för att förbättra 

designtekniker och utgångar av underarmsproteser genom implementering av additiva 

tillverkningsprocesser. Detta kan visa sig vara fördelaktigt för att uppnå mer 

konkurrenskraftiga proteser och tillhörande tjänster. 
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1 INTRODUCTION 

This project describes development processes for developing an active prosthetic hand. The 

project was carried out in Shanghai by two students from Mälardalen University in the spring 

semester of 2019. 

1.1 Background 

The human hand is the body’s interface to the environment, which is used in everyday life. 

Physical disabilities such as limb-amputations can severely impact physical ability, mental 

health, and economic stability. The functionality and accuracy of a prosthetic hand can help 

the body to cope with a diverse range of different activities such as lifting heavy objects or 

drawing a portrait. 

Amputations have a range of different causes such as accidents, traumas, tumors, infections, 

peripheral vascular disease, and congenital anomalies. (Sabzi Sarvestani & Taheri Azam, 

2013) 

In China, a comprehensive public survey is performed every ten years, and the most recent 

public survey took place in year 2010. The statistic of the estimated amputee population from 

China Disabled Persons’ Federation states that there are 5 million amputees in China. (China 

Disabled Persons' Federation, 2010) 

A study has been conducted in Third Hospital of Hebei Medical University of Chinese 

civilians with major extremity amputations from January 2009 until December 2013. Data 

was gathered from the medical record system and the results show that 71,569 trauma patients 

out of which 651 underwent amputation. The ratio of upper to lower extremity amputations 

was 30/70. Among upper extremity amputations, ~73 % were caused by machinery injuries 

and ~71 % of lower extremity amputations were caused by traffic accidents. (Dou, et al., 

2016) 

The global population of amputees was in 2008 estimated at 10 million, where 30 % of 

amputations were arm related. 

The distributions of different levels of arm amputations are: 59 % below elbow, 28 % above 

elbow & elbow disarticulation, 8 % shoulder, and 5 % hand and wrist. (LeBlanc, 2008) 

The disparity between the Chinese public survey in 2010 may originate from the 

mathematical models used in these reports. 

1.2 OYMotion Technologies Inc  

The thesis is done at OYMotion Technologies Inc in Shanghai, China. The company's focus is 

on rehabilitation engineering and their main product is OHand. OHand is a mechanically 

actuated prosthetic hand. It is controlled by electromyography which is a technology that 

measures patterns of electrical activity in a limb from the surface of the skin.  

The development of OHand started in 2017 and is already on the market and showcased in 

several exhibitions. The company is currently focusing on improved functionality and quality 

of life of their products. 
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1.3 Problem Formulation  

The project’s challenge is to conduct research and development of a new and improved 

prosthetic socket with respect to its existing counterpart. A prosthetic socket is an interface 

between a prosthetic hand and the residual limb of the user. 

The current design of the socket has not changed for decades. It is given to amputee patients 

by the orthopedic clinics in China. There are quite a few dated design decisions in the product 

that warrants a new product that is more suited to the end-user and updated to modern 

manufacturing and design standards. 

The current design has only two electromyography (EMG) sensors which impacts the 

functionality with the OHand and data accuracy from users’ muscle patterns. A new socket 

needs to be designed with capability of holding 5-8 sensors. 

The current model has a firmness that users describe as uncomfortable. It is durable, and such 

a firmness is designed to be resistant to deformation and external damages. Ergonomic 

improvements should be made while maintaining structural integrity of the socket. 

It is very hard to fit inside the socket because the residual limb compartment is very tight. In 

addition, it can become very dirty, especially during summer because of sweating causing 

skin problems and impacts the quality of life. (Hagberg & Brånemark, 2001) 

1.4 Goals and Purpose  

The purpose of this research is to design a new and modern prosthetic socket that is 

competitive in the market with lower price along with increased functionality and 

convenience for the end user. 

For the product to reach a competitive level, the product should at least meet the following 

goals:  

• Configurability in length, the thickness of forearm for easing custom production 

towards end-users should be solved. 

• The OHand, developed by OYMotion, currently weighs 566 grams but they are 

looking to further reduce the weight by 50-70 grams. The socket’s weight needs to 

be reduced to increase comfortability and convenience.  

• The socket must have lower market price than the existing product to penetrate the 

market. The market value of the existing socket is estimated at 5000 CNY.   

• The arm-compartment needs to find a mechanism that solves the perspiration 

problem. 

• The socket must have 5-8 sensors to gather adequate data for the OHand. 
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1.5 Research Questions 

The following research questions have been constructed in order to facilitate a contribution to 

prosthetics research. 

• What measurable factors contribute to a convenient and ergonomic feature design in 

prosthetic socket from the end-user’s perspective? 

• How can the weight and functionality be improved to achieve a prosthetic socket more 

suited to the end-user, with respect to the existing prosthetic socket? 

• Which material and manufacturing method is suitable for producing cost-effective and 

customized prosthetic sockets? 

1.6 Project Delimitations 

A list of delimitations will be set up due to the project's time and resource limitation.  

• The research focus lies on development of a transradial prosthetic socket. 

Transhumeral sockets can be developed at a later stage. 

• The scope of the project is limited to finding a suitable alternative manufacturing 

process and demonstrate a conceptual model of the resulting prosthetic socket. 

• The implementation process of the suggested improvements proposed by this research 

will not be carried into effect in this research. 

• No further development will be made on the current EMG-sensors. 

• The final concept must function without surgical procedures. 

• The material selection process is limited to those materials that are known to be used 

in other prostheses and medical products. 

• The research is concluded when the final concept can demonstrate measurable data 

required to theoretically analyze improvement potentials of the alternative prosthetic 

socket. 

• Test and refinement will not be conducted once the concept is fully manufacturable.  
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2 RESEARCH METHOD 

This chapter presents the research methodologies used to find relevant theoretical framework 

required to conduct this research. Elements of the product development process in this study 

have been researched to find previous and contemporary inventions and research that has 

addressed critical areas of the research. Data regarding the technical parts that are handled in 

this study has been collected from recent publications and cross-references with historical 

data. 

In this study, the book Research Methods for Students, Academics and Professionals has been 

used as guidance to implement data collection techniques as observation, interview and 

analysis of document and text (Williamson & Bow, 2002). 

2.1 Theoretical Data Collection 

Both qualitative and quantitative data has been used as data collection method. 

After the objective of this case study was determined, a small scale of literature research was 

done to formulate three research questions. An extensive literature research was conducted to 

find reliable and relevant literature. Criteria used to determine validity of the literature were 

presented as a list of questions as:  

• When the information was published?  

• What type of information it is?  

• How close are research questions to the research objectives of our own?  

Acclaimed search engines and databases have been used extensively throughout the research. 

The following databases were used in the data collection: 

• DiVA  

• Emerald Insight 

• Google 

• Google Scholar  

• IEEE Explore 

• Primo 

• ScienceDirect 

• Scopus 

 

Keywords used to search for relevant data to this study are listed as follows: 

Prosthetic Socket; Transradial Socket; Additive Manufacturing; Prosthesis Cooling; Targeted 

Muscle Reinnervation; Thermal Management of Lower-Limb Prosthesis; 3D-Scanning; 3D-

Printing; Electromyography. 

2.2 Empirical Data Collection 

This section covers the empirical data collected in this research. The empirical data consists of 

observations based on interviews. 

Four different types of interviews were conducted in this research. 
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Two interviews of the end-users were performed by qualitative methods as questionnaires 

comprised of open questions to identify problems with the current socket and concretizing 

subjectivism. The interview with Mr. Yang was conversational, and the one with Mr. Wang 

was in written form. 

Interviews were made with experienced professionals, from the fields of (1) prosthetics and 

orthotics, (2) orthopedics, (3) additive manufacturing. One of them were consulted 

continuously throughout the research (Mr. Ni), the orthopedic technician at one occasion, and 

the additive manufacturing professional Mr. Finnberg during a study visit. 

Table 1: Table representation of all interviews conducted within this research. 

Name of 

interviewee 

Representing 

Company or 

Individual 

Type of 

Observation 

Date and 

Location 

Purpose 

Hualiang (Neo) 

Ni 

OYMotion Continuous Shanghai, 

China 

Prosthetics 

and Orthotics 

Professional 

Fredrik Finnberg Digital Mechanics Study Visit Västerås, 

Sweden 

Additive 

Manufacturing 

Professional 

Orthopedic 

Technician 

Orthopedic Clinic 

(Prosthetics 

Manufacturer) 

Discrete, 

Demonstration, 

Questionnaire 

Shanghai, 

China 

Orthopedics 

Professional 

Yuelin Yang Amputee Questionnaire Shanghai, 

China 

End-User 

Interview 

Chaofeng Wang Amputee Questionnaire Shanghai, 

China 

End-User 

Interview 

The end-user questionnaires and answers can be found in appendix I, sections I, II, III, and the 

technician questionnaire in appendix I, sections I and II. 

2.3 Product Development Methods 

The design processes and product development structure used in this research was guided by 

the 4th edition of The Mechanical Design Process by Ullman (Ullman, 2010), and the 5th 

edition of Product Design and Development by Ulrich & Eppinger. (Ulrich & Eppinger, 

2012) 

An important topic in this research is additive manufacturing which has been guided by the 

book Additive Manufacturing Technologies by Gibson, et al. (Gibson, et al., 2015) and the 

conference proceedings Mechanics of Additive and Advanced Manufacturing, Vol 9, by 

Wang, et al. (Wang, et al., 2018) 
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2.4 Product Design and Development Phases 

This section further elaborates how the product design and development process was broken 

down into sequential phases in accordance with guidelines from existing literature. (Ulrich & 

Eppinger, 2012) 

 

Figure 1: The phases of the product design and development process in a sequence. 

Phase 0: (Planning): The initial phase is comprised of planning and setting relevant activities 

for the project. A Gannt-chart was used for structuring activity-based plans in set time, where 

each member of the project team is involved in determining relevant activities. It is important 

to point out that time is a critical element for the planning phase. This means that the time 

required to execute activities and project-related events should be estimated in the planning of 

the project. Finally, the project team procures a project briefing to aid in creating a starting 

point for the project. 

Phase 1: (Concept Development): The next phase involves concept generation for helping to 

solve the challenges and problems stated in the problem formulation. During this process, a 

specification of requirements is made to target critical parameters identified from interviews 

and market analysis, followed by brainstorming of different concepts. 

The different concepts are evaluated further by cross-referencing to existing research to 

determine which of the concepts have already been attempted and what became of those 

results. 

In the final assessment, the concept selection is made by intuitive means, as a reservation if 

product requirements and critical parameters will add complexity to the selection process. 

Phase 2: (System-level Design): By utilizing a functional analysis, the functional system of 

the product is broken down into subsystems and components in a geometric layout in order to 

simplify the development process. 

In addition, this phase involves initial plans of production systems and final assembly. 

Phase 3: (Detail Design): In this phase, the complete specification of the selected final 

concept is determined which gives a finalization to critical points of the project. The four 

most critical outputs from the detail design are the material selections, production systems, 

production costs, and product performances. 

Phase 4: (Testing and Refinement): This phase involves early prototyping of the chosen 

concept for testing and refinement. Early prototypes are helpful for identifying if the concept 

can meet the requirements of the end-user, and testing performance and reliability. 

Phase 5: (Production Ramp-Up): The final phase involves creating the final product through 

the intended production system to prepare for a final product launch. Once the final flaws and 

problems identified in this step are dealt with, the product is ready for distribution. 

Planning
Concept 

Development
System-level 

Design
Detail Design

Testing and 
Refinement

Production 
Ramp-Up
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A post-launch review is sometimes made after a launch, which includes an commercial and 

technical assessment of the project and identification of potential points for improvement on 

the development process for future projects. 

2.5 Gantt Chart 

Gantt chart is a planning tool for breaking down a complex project into smaller work 

packages. Each package must be performed during an estimated time frame.  

The software TeamGannt has been used to build a Gantt chart in this research. This software 

enables a virtual environment to monitor and update work packages in smooth way in order to 

deliver the project in the set time frame. (TeamGantt, 2019)  

2.6 Brainstorming 

Brainstorming is a creative process for generating new ideas to solve a problem. The 

technology works by a group of people sitting together to create as many ideas as possible. An 

essential pin in brainstorming is no idea judged during the process, and one must not change 

another when a new idea is generated. (mindtools, 2019) 

2.7 Computer Aided Design 

Computer-Aided Design (CAD) is a form of design automation that consists of two parts, 

namely Mechanical CAD (MCAD) and Electronic CAD (ECAD). (Ullman, 2010, p. 15) The 

advantages of using CAD as a design method are many, the main ones being access to 

computerized three-dimensional modelling, the possibility of making traditional detail and 

assembly drawings, as well as several integrated analysis modules. These modules allow 

simulations of e.g. material selection and cost, the model's physical properties, and weight. 

In this work, SolidWorks 2018-2019 is used as the selected CAD software. This software is 

used to visualize concepts, make assemblies, and then create associated detail and assembly 

drawings. The software grants the opportunity to carry out simulations and these will be used 

to investigate mechanical strength and make quality improvements to the end-product. 

2.8 Specification of Requirements 

In product development, the first step is to identify requirements in order to able to determine 

specifications for the product. A requirement specification starts from customer requirements 

and market requirements and is systematically translated into product requirements that 

describe what functions and properties the product is required to have in order to be as 

successful as possible. 

The main advantage of using a requirement specification is to avoid inaccuracies in later 

stages of the product's life cycle. These inaccuracies in the design stage cause wastes of time 

and entail additional costs to the developers. It is therefore important to determine the correct 

specifications. 

Problems often arise in setting accurate and concrete requirements specifications for products. 

This causes ambiguities later in the product's life cycle, and it is largely due to difficulties in 

determining correct requirements due to e.g. abstraction problems. (Tran, 1999) 
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2.9 Functional Analysis 

One of the most commonly mentioned implementations in design processes is function-based 

design methodology. The goal of a functional analysis is to create a systematical and 

methodical approach to designing a product and its features. 

Independent from variances in product types, the same principles can be utilized to formulate 

an overarching product function which determines what task the product is aimed to perform. 

This overarching function can then be broken down into subfunctions of less complexity, and 

these can in turn be further broken down into support functions. (Stone & Wood, 2000) 

As Ulrich and Eppinger (2012) mentioned in their book Product Design and Development: 

“…at this stage the goal is to describe the functional elements of the product without implying 

a specific technological working principle for the product concept.” This underlines that the 

functional system is preceding the concept generation stage where those working principles 

are introduced, and that they are based on what information is gathered from performing a 

functional analysis. (Ulrich & Eppinger, 2012) 

2.10  MoSCoW 

In order to have a systemic approach to prioritize list of requirements of different stakeholders 

the method MoSCoW has been used.  

In order to  

MoSCoW stands for   

• Must: What must be done 

• Should: What should be done  

• Could: What could be done  

• Would: What would be done if there is enough time (Hallin & Karrbom Gustavsson, 

2015) 

2.11 Six Sigma (DMADV)  

Six Sigma is a systematic approach developed by the company Motorola to solve a problem 

or improve a system systematically. The system DMADV is based on the improvement 

process elements adapted to creation of a new product or process. DMADV stands for define, 

measure, analyse, design, and validate. (Graves, 2012) 

2.12 5 Why’s (SixSigma) 

5 Why’s is a systematic technique tool for investigating the root-cause of a complex problem. 

(Graves, 2012) 

2.13 Design for Manufacturing (DFM) 

Design for Manufacturing (DFM) means the method used to reduce manufacturing costs, 

especially when it comes to different design choices. The term is widely used, but its meaning 

is not fully defined. DFM does not affect the functionality or the concept itself. Some argue 

that the purpose of DFM is only to develop the product in order to have as high-quality and 

efficient production as possible. The most important aspect of DFM is to determine the best 
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manufacturing process for the product and that its components have a suitable shape for this 

manufacturing process. (Ullman, 2010, pp. 328-329) 

2.14 Design for Assembly (DFA) 

Design for Assembly (DFA) is the method used to estimate the cost of assembling a specific 

product. There are two aspects that are important in DFA. One includes the construction of 

the assembly, especially in cases where it affects the cost of the product. The second aspect 

applies to the time it takes to assemble all the different components of the product. The focus 

is on developing the product so that it is as easy to assemble as possible. (Ullman, 2010, pp. 

329-349) 

2.15 Design for Cost (DFC) 

Design for Cost (DFC) is a term for the method used to make an estimation of the 

manufacturing cost of a new product that is to be developed. In DFC, it is important to make a 

comparison between this estimate and the product's cost requirements. In connection with the 

development of the product, this estimate is also corrected. It is very common that there is a 

separate department for this very purpose. (Ullman, 2010, pp. 315-325) 
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3 THEORETICAL FRAMEWORK 

The following section represents the theoretical framework that was necessary for conducting 

this research. 

3.1 Myoelectric Control of Prostheses 

Electromyography (EMG) has been used in clinical settings since the 1960s for diagnostic 

purposes, and in recent decades has been developed for application in myoelectric prostheses. 

There are different techniques that use EMG for capturing the electrical activity of muscles, 

but the one technique present in this study is surface electromyography (sEMG). This is a 

non-invasive technique which involves placement of electrodes on the surface of the skin to 

capture myoelectric signals. The signals are then amplified by signal processing hardware 

which allows control of a myoelectric prosthesis. (Hakonen, et al., 2015) 

 

Figure 2: OYMotion’s EMG sensor circuits comprised of three dry electrodes each, and an EMG bracelet used for testing. 

The EMG sensors used in this study are dry electrodes created by OYMotion Technologies. 

3.2 Additive Manufacturing (AM) 

Additive manufacturing (AM) includes manufacturing technologies of 3D objects through 

using 3-dimensional modeling software. Additive manufacturing is a design process of 3-

dimensional objects from a CAD file. This manufacturing method creates 3D printed models 

by adding the filament of chosen material in layers. This technique can enable the production 

of complex geometries that could not be produced with traditional manufacturing methods 

such as manufacture in CNC milling machines; therefore, this technique can be applied to 

build prototypes and complex products. 

One of several widely used 3D-printing extrusion methods is Fused Deposition Modeling 

(FDM) which uses plastic filaments, along with other methods such as stereolithography 

EMG bracelet 

EMG sensors 
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(SLA) which uses photopolymer liquid, and laminated object manufacturing (LOM) which 

uses plastic laminations. The FDM process involves slicing of a CAD file into horizontal 

layers with set thickness, then filament on a spool is fed into the thermal printhead which 

partially melts close to the materials transition state and deposits on designated locations on 

the horizontal layer to harden. The next layers are repeatedly deposited by the same process 

until the 3D object is finished. (Ning, et al., 2015) 

 

Figure 3: The process schematic of a conventional FDM printer. (Alfred, 2014) 

Examples of thermoplastics groups that can be used in FDM are Polyamides (Nylon, PA), 

Polylactide (PLA), Acrylonitrile butadiene styrene (ABS), Polyetheretherketone (PEEK), 

Polyethylene (PE) and PC (Polycarbonate). It is also possible to use metals such as aluminum 

and titanium. (CES EduPack, 2019) 

3.3 Three-Dimensional (3D) Scanning  

The process of 3D scanning is a method for digitalizing a 3-dimensional object. The technique 

works by scanner creating a digital dot mill of objects in a three-dimensional coordinate 

system that represents the scanned objects. The scanned 3-dimensional object can then be 

processed further and allows 3D printing of the objects. (Scopigno, et al., 2017) 

3.4 Powder Bed Fusion (PBF) 

In additive manufacturing, there is a subset of techniques that are referred to as powder bed 

fusion (PBF) that involve a different shaping process when forming three-dimensional 

objects. This is done by using a heat source, such as a thermal print head or laser, to melt 

particles in a powder bed. 

The difference between PBF and many other AM techniques is that no support structure is 

needed, since the fabrication process of PBF techniques leave unfused powder which can also 

be recycled and reused (within set limitations) (Zenou & Grainger, 2018, pp. 53-103). 

However, the removal of unfused powder from trapped volumes and fine channels can be 

considered as a design limitation. 

Without the need of using overhangs and other support structure, higher degrees of 

complexity can be achieved with PBF techniques. In addition, parts to be printed can be 
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positioned freely within the powder bed, allowing for better allocation of space and increased 

productivity. Essentially, parts do not require contact with the bottom layer of the bed and as 

such, the entire volume of the powder bed is usable. 

One important consideration is that the built chamber needs to be in vacuum or have a flow of 

inert gas during processing in order to prevent oxidation since melting the powder causes 

condensation. (Goodridge & Ziegelmeier, 2017, pp. 181-204) 

The different PBF processes can be characterized by which heat source is used. The PBF 

techniques considered in this study are the following: 

• Selective Laser Sintering (SLS) and Direct Metal Laser Sintering (DMLS) 

The laser sintering processes involve the utilization of a laser beam and X-Y scanning mirrors 

moving along selected locations within the powder bed as defined by the part to be produced 

and fusing the powder through partial melting. The SLS and DMLS processes both use a 

mechanical roller to create each layer of the fabrication process. (Sun, et al., 2017, pp. 55-77) 

 

Figure 4: The process schematic of a conventional SLS, DMLS, or SLM printer. (Moritz & Maleksaeedi, 2018) 

In purpose of this study, the main difference between SLS and DMLS processes can be 

viewed as SLS being primarily used for polymers and DMLS for metals. 

• Selective Laser Melting (SLM) 

The Selective Laser Melting process is often used for AM of metals and comprises of a laser 

and X-Y mirrors moving along the powder bed and fully melting the selected locations as 

opposed to partially melting which is done in SLS. (Sun, et al., 2017) 

  



22 (104) 

 

 

 

• Electron beam melting (EBM) 

The Electron beam melting (EBM) system is vastly different from SLM systems. 

 

Figure 5: Side-by-side comparison of schematics for (a) EBM and (b) SLM systems. 

The schematic in figure 5a shows the function of an EBM system. The important information 

on its function are that in (1) electrons are generated and accelerated in a set speed up to 60 

kV focused by electromagnetic lenses (2), and electromagnetically scanned in a CAD 

program (3). To prevent oxidation, the EBM system requires the process to take place in 

vacuum, whereas the SLM uses purified Argon (Ar) or Nitrogen (N2) gas. (Murr, et al., 2012) 

• Multi Jet Fusion (MJF) 

Multi Jet Fusion (MJF) is a 3D printing technology developed by HP from decades of 

investments which enables larger scale productions of AM parts and products thanks to 

increased print-speeds. 

The HP MJF process is comparable with the SLM process with the fact that each layer of a 

built part is defined by areas of fused and unfused material. The PA12 powder supplied by HP 

is designed to minimize powder waste thanks to a higher degree of reusability.  

 

Figure 6: Cross-sectional views of the HP Multi Jet Fusion Printing Process schematic. (HP Development Company, L.P, 

2017) 

The process steps are presented in figure 6, and 6(a) marks the start of the process of a layer. 

A thin layer of material is recoated across the work area as shown in 6(a), then a fusing agent 
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is applied onto the select areas as in 6(b), fusing particles together. Through steps (a) and (c), 

temperatures across the work area are measured and energy is applied to the layer in order to 

ensure equal and correct temperatures across the layer. Then, in 6(c), a detailing agent is 

applied to reduce or amplify the fusing action. In 6(d), fusing energy is applied to the layer 

making the select areas begin fusion. The fused layer bonds to the fused layer in the previous 

cycle and 6(d) shows the end-phase of the fused layer and then the process is repeated for the 

following layer(s). 

HP’s MJF technology can increase build speeds by up to 10 times, and with similar 

manufacturing costs to SLM processes, although with decreased lead-times. (Kim, et al., 

2016) 

3.5 Material Selection Database 

One part of the research that is to be conducted requires deep knowledge and understanding in 

materials and their properties. To aid in selection of materials, a database of materials was 

used. 

The software CES EduPack 2019 from Granta Design is a material database tool applied for 

material selection. The software systematically enables the choice of material based on user 

input of the user’s requirements of the material's specific properties such as its mechanical or 

thermal properties. The database contains approximately 5000 different materials and several 

different current manufacturing processes. (grantadesign, 2019) 
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4 IMPLEMENTATION 

The following section provides information on the process of implementing theory and 

methods into the research process. 

4.1 Project Planning and Time Schedule 

The time allocated for this research stretches over the spring semester of 2019. The deadline 

for the research is 24th of May 2019. 

In order to conduct and deliver the research, an online Gantt-chart was used. 

The planning and outcome charts can be found in appendix III. 

4.2 Market Analysis 

As a pre-study, a market analysis was conducted in conjunction with the research to find other 

companies involved with prosthetics and what assortment of products they had in order to 

investigate if the market for new prosthetic sockets is saturated, and which contemporary 

technologies are used. The information gathered indicates that there are very limited efforts in 

new developments of prosthetic sockets from global competitors. 

The following two companies are recognized as the currently leading developers of 

prosthetics. 

• Ottobock, 100-year-old prosthetics developer and manufacturer operating from 

Germany. (Ottobock, 2019) 

• Össur, only public company that develops prosthetics, public on NASDAQ, operates 

from Iceland. 

While Össur is one of the leading developers in prosthetics, most of their products are 

targeted toward leg and knee prosthetics. Their selections of upper-limb products are limited 

to hand and finger prostheses. Their hand and finger prostheses products are called i-Limb® 

and i-Digits™ respectively, although they have no sockets on the market. (Össur, 2019) 

There are also other developers in the market, some of which are listed below. 

• OpenBionics, a prosthetic hand developer that uses additive manufacturing for 

prosthetic hand production, their team operates from the UK. Their product “Hero 

Arm” is a 3D-printed design for people of ages nine or above with below-elbow 

amputation. It became available for purchase 25th April 2018 in the UK, later made 

available in Europe, and will soon reach USA. 

 

The Hero Arm comes with a hand and socket prosthesis as one unit and the estimated 

price is mentioned to be around £5 000 (approximately ¥44 280). They also offer Hero 

Arm covers at price-points ranging between £119 to £399 (approx. ¥1050 to ¥3530). 

(Watkin, 2018) (Open Bionics, 2019) 

 

• Glaze Prosthetics, developer of non-mechanical prosthetic hands which are developed 

purely for aesthetics so that these products are designed to be fashionable and 

appealing. The company operates from Poland. They produce above- and below-
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elbow non-mechanical prostheses which are manufactured by 3D-printing. (Glaze 

Prosthetics, 2019) 

 

• Coapt Engineering, military grade upper-limb prosthetics developer and manufacturer, 

highly advanced and expensive model upwards $1 000 000 per unit. (Ni, 2019) 

Operates from Chicago, Illinois, USA. (Coapt LLC, 2019) 

The market for prosthetics overall is a rather small market, especially in light of other 

commercial products. It is known that the market for prosthetics is quite small and 

unsaturated. An important consideration is that a prosthetic product should be certified for 

meeting standards and criteria needed prior to entering the public market with the intention of 

selling the product, China, America, or any other country. 

4.3 Design Requirements and Challenges 

The design requirements have been identified by collecting data from users. Data collection 

techniques such as observations and interviews have been used in order to refine a more 

specific design requirement. End-users of the socket have been interviewed to find out which 

requirements are in place. The requirements have been ranked with the MoSCoW method. 

These requirements from the different stakeholders have been collected and are listed as 

follows:  

The socket must… 

• …be more comfortable while the residual limb is to be removed or attached to the 

body interface of the socket. 

• …be adapted to summer conditions to alleviate heat and perspiration problems. 

• …maintain a high durability. 

• …have a long lifetime. 

• …be lightweight. 

• …have higher degrees of flexibility and functionality of the sensors. 

The socket should… 

• The prosthetic device should be more adapted for strenuous activities.   
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Table 2: Need requirements ranked using the MoSCoW method. 

Subject  Statement  Need 

requirement  

MoSCow  

Challenges 

with current 

manufacturing 

methods  

 

It can take up to 10 business days for a 

socket to be delivered 

Shorter 

manufacturing 

lead time  

 

Must  

 When the socket is finished, the plastic 

model is discarded 

Customer data 

can be saved 

Must  

 It can be difficult to remove the finished 

plaster model from the hand 

 

The process is 

user-friendly 

to patients 

Must  

 It is difficult to change any process in 

detail afterwards 

The process is 

adapted to 

changes 

Must  

 There is always a human error margin 

because all processes are done manually 

The process is 

accurate 

Must  

 It is difficult to put the sensors in place   The sensors 

are placed 

with more 

accuracy 

Should  

Advantages of 

the current 

method 

The material for Plaster casting is 

relatively inexpensive 

 

The material 

is not 

expensive 

 

Should  
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4.4 Functional Analysis and Systems 

 

Figure 7: A flowchart illustration of the functional system. 

A functional analysis was made to identify and categorize various design elements in the 

prosthetic socket development process. These design elements are per tradition, divided into 

main functions, sub functions, and support functions. The function system was derived from 

the product’s requirements specification. 

The significant outcome of making a function analysis, is the ability to determine the desired 

features and components in the socket development, and creating integrated systems 

containing the different functions. 

The different main functions have been shown to significantly impact end-user satisfaction. 

As gathered from interviews, the total weight of the socket has an impact on usage, since it 

contributes to discomfort by creating tension on the arm. There exists a high amount of 

amputee’s with below-elbow amputation that have difficulties in controlling prosthetics 

devices because of two main reasons. 

One is that the strength of the amputated arm has become diminished over time from causes 

such as low activity. This is very common among individuals with single amputation, which 

restricts them to using the other arm. 
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Figure 8: The axes of rotation during flexion/extension and pronation/supination. (Hall, 2015) 

Another difficulty is a lack of momentum, which is based on newton’s second law. The force 

generated by an arm is a product of distance (from the axis of rotation) and force. 

𝐹𝑚 = 𝑚 ∗ 𝑔 ∗ 𝑑 

An amputee has a shorter moment arm, so the force of muscle action is less. 

Heat and perspiration buildup in prosthetic sockets have been known to cause discomfort to 

users. The effect of this problem is not only quality of life but can also cause skin conditions 

and potentially damage components of a socket. It has been shown that approximately 72% of 

amputees have reported high perspiration as a major problem. (Hagberg & Brånemark, 2001) 

(Lake & Supan, 1997) Perspiration has a corrosive effect which create surface damage which 

can also increase buildup of dirt in affected areas. The current model is designed airtight 

around the entire circumference of the arm preventing satisfactory air circulation within the 

arm-compartment along which also prevents the release of heat. A value-adding function of 

counteracting the heat-buildup is deemed necessary to increase comfort. (Pace, 2014) (Ni, 

2019) 
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4.5 Weighing of Socket Components 

Ottobock’s socket is comprised of EVA plaster residual limb compartment with epoxy-resin 

material surrounding it from the socket adapter. 

The current socket from Ottobock made from epoxy resin and EVA with sensors (this model 

had two) and battery equipped was measured on a scale. In addition, OHand was also weighed 

at 566,0 g using the same scale. 

The 7.4V 18650 Li-ion battery used to power to OHand is equipped inside the socket and has 

two cells, 50 g each, 103 g in total. Weight of socket including battery and sensor is 394 g. A 

single sensor weights 5 g. 

4.6 Requirements Specification 

This section covers the specification of requirements derived from the functional analysis and 

different stakeholders. 

Table 3: Specification of requirements. 

Parameters Reference Socket 

Values 

Acceptable Value Optimal Value 

Cost ~ 5000 CNY* 4000 CNY 2500 CNY 

Total Weight 394 g 355 g (10 %) 315 g (20 %) 

Number of Sensors 2 5 8 

Comfortability Low Medium High 

Customizability Low Medium High 

*Cumulative cost value. 

4.7 The Method of Reverse-Engineering a Residual Limb 

This section involves the observation of the current process and investigates alternative 

methods of reverse-engineering a residual limb. 

Today, the OYMotion does not manufacture prosthetic sockets, their main product is the 

“OHand” which is a mechanically actuated hand prosthesis controlled by EMG technology. 

By examining the manufacturing process of the existing socket that is available today it has 

been observed that the method used for capturing the shape of the residual limb is orthopedic 

casting, which involves that a prosthetic technician using gypsum and wraps it around the 

residual limb. This process takes 2.5 hours in total including about 15 minutes for the gypsum 

to dry and resemble the positive shape of the residual limb. 

Investigating the current socket manufacturing method can provide adequate information 

about potential areas of improvement by using alternative methods to refine the process and 

increasing overall efficiency and effectiveness. 

4.8  Current State of Socket Manufacturing 

This section provides findings on the manufacturing methods of the current socket. 



30 (104) 

 

 

 

4.8.1 Current Price Model 

The research findings on the price model of the Ottobock socket was based entirely on the 

experience and estimation of Hualiang Ni, since the information regarding the costs is not 

transparent and is not publicly available in China and differs from the rest of the world. It is 

suggested that this is due to government fixed prices. 

If the prosthetic component is paid for by the government health care system, then the price of 

the socket remains unknown. In the case where it is paid for by the end-user, different price 

ranges can be expected. The reason behind the price variation is that when the end-user is 

responsible for the cost, the end-user can choose between different materials or other 

customization options since the manufacturing process is treated as a service and as a result, 

the finished socket would be better. The authors visited a clinic where a socket was made by a 

technician for Mr. Wang and it was similar with the standard Ottobock socket except it had 

eight sensor placements instead of two for increased functionality with OHand. 

The price model of the final product, meaning a socket equipped with sensors, hardware, 

batteries, and the OHand prosthetic can reach up to ~50 000 CNY along with rehabilitation 

programs and perhaps precalculated after-sales maintenance costs or other miscellaneous 

costs. 

The price estimation of the manufacturing cost component is ~2000 CNY not including the 

technician. The technician cost component is calculated by an estimated ~80 CNY per hour in 

salary alone. The addon cost of the technician is estimated at ~200 CNY for cost addons such 

as value-in-use of the machines, the share of the clinic, and the material costs. 

4.8.2 Orthopedic Casting Process 

Through participation in a demonstration of orthopedic casting with the technician, and Mr. 

Wang the individual with below-elbow dual amputation. The orthopedic casting can be 

described by following the procedure’s different phases. Throughout the casting process, the 

technician makes observations and inquiries about the overall comfort of the cast, ensuring 

that it is made correctly and with acceptable level of comfort. 

The first phase involves wrapping the gypsum around the amputated area until slightly above 

the elbow. Then the technician also cuts some part of the gypsum near the elbow joint since it 

is important to allow 180° degrees of elbow extension. This part creates a tradeoff in the 

mold’s grip making it less tight. 
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Figure 9: The technician, removing parts around the elbow joint. 

Then, the technician allows the gypsum to harden, and this is done with the amputated 

individual’s elbow fully flexed in order to keep the muscles in place. 

Once the cast gypsum has hardened, the next phase involves making holes in the gypsum near 

the areas previously marked to have strong nerve muscles. These areas will later be used for 

placement of the sensors. The technician then checks to ensure that these holes are located 

correctly. 

The technician adds extra padding, especially near the elbow area of the gypsum, this exact 

same shape will later be used to make the socket and therefore it is of critical importance that 

the padding makes the mold stable and durable. 

Since the amputated individual has a dual below-elbow amputation, it is required by the 

technician to make two sockets considering the manufacturing method in addition to typical 

body asymmetry. The molds can be identified as left and right arm by looking at the elbow 

joint. The elbow joint has a bigger bone that is always closer to the body, and therefore can be 

used to distinguish left from right. 
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Figure 10: The socket after the technician had bored eight concentric holes based on marks where the sensors are going to 

be placed. 

In the third phase, the technician takes the gypsum cast to a workshop to bore holes for the 

sensors, this is done concentric with the previous holes. This gypsum cast is different, since 

normally only two holes would be made to hold two sensors, but this one has eight holes 

made for implementation of eight sensors. However, a lot of the gypsum is removed in the 

process. 

4.8.1 Fabrication of EVA Plaster Mold 

The single-use mold that has been made in the orthopedic casting process will be used for 

fabrication of the prosthetic socket. 

The fabrication of an ethylene-vinyl-acetate (EVA) plaster mold involves using the single-use 

gypsum mold from the casting process to make an initial plaster mold for testing. Once it is 

finished, it is again fitted to the intended end-user. The final plaster mold is then created by 

vacuuming and then baking it in an oven. It is then allowed to cool for two to three hours 

before finally refining its edges and surfaces. Then the plaster mold will be used as a 

reinforcement layer in the following lamination process. 
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4.8.2 Lamination Process 

Prosthetics manufacturer Ottobock supplies in China, and the design of this socket is from 

Ottobock. The prosthetic socket material used in the lamination process is called Orthopox 

lamination resin which is an epoxy-based resin. 

 

Figure 11: A canister of Orthopox epoxy resin from ottobock. 

the plaster mold is used as a reinforcement, fitting a stocking net over the reinforcement wall, 

and placing a space filler, then mixing resin and pouring it into the filler allowing it to be 

absorbed by the net. The resin is given time to harden and the space filler is removed. Further 

refinement is then made on the residual limb compartment. 

The socket adapter which is the interface between the residual limb compartment and the 

prosthetic hand also shares the same material but is created in advance with one standard size 

and later is fitted to the end-user’s measurements. 

In the next process, the socket is then attached and fastened with screws together with the 

socket adapter which houses components such as the Li-ion battery. 

4.8.3 Installment Process 

This installment procedure requires the amputee to be present and involves the adjustment and 

fitting of the produced socket to the user and installment of other systems. Among the systems 

that are installed in this process are the sensors. Information about the sensors optimal 

placement have been collected earlier while doing the gypsum mold, so the sockets have an 

indent where the sensors are going to be placed. 

When the sensors have been installed, the technician proceeds to mount the hand-prosthesis 

onto the socket. This step involves not only the mounting of the hand-prosthesis, but also 

tuning it to its intended user, which can take considerable time. The process of fitting the 
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socket and installing the sensors can take 2.5 hours. Once the hand-prosthesis has been 

mounted, the technician proceeds to tune it which could either be done relatively quickly or 

take quite a lot of time. It depends on the hand-prosthesis used, the ones that are simpler in 

functionality are not complicated to tune but for other hand-prostheses such as the OHand that 

have more complex functionality, it can take much longer. (Ni, 2019) 

4.9 Additive Manufacturing Process 

This section covers a different approach to socket manufacturing through additive 

manufacturing methods. An experiment was performed to determine the practical use of 3D-

scanning a residual limb and investigate the potential benefits with additive manufacturing. 

 

Figure 12: Comparison of mirroring processes of 3D-scanning and orthopedic casting. 

Experiments were conducted by investigating how good the 3D-scanning technique may be 

compared to prosthetic casting. The experiment involved scanning one of the author’s arms 

using a 3D scanner called Artec Space Spider (artec3d, 2019). In this experiment, the authors 

wanted to investigate whether it is possible to fully replace orthopedic casting with the 

implementation of a 3D-scanner and if so, how well the result will hold in comparison to 

traditional methods. 

Artec Space Spider is a product of the company Artec 3D which allows for maximum 

precisions up to 0.05 mm. The product specification states that the product can be applied in 

the field of health care and is highly suitable for orthopedic, prosthetic, plastic surgery and 

adapted wheelchairs. What distinguishes Artec Spider from other scanners is precisely the 

process of shaping the exact 3D-model within a very short time. The product can scan one 

million points per second (artec3d, 2019). Other parameters, such as availability, played a 
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significant role in why the authors chose this product in this research. The 3D scanner was 

available for use in the Material lab of Mälardalen University, Eskilstuna. 

 

 

Figure 13: The workflow procedure of Artec Spider Space 3D-scanner. 

The 3D scan can be a more sustainable method of being able to save end-user data compared 

to prosthetic casting. This digital data that is unique to each end-user can be stored 

indefinitely at the company. End-user data can also be used to develop future prostheses 

designs. 

Table 4: Parameters and limitations of the 3D-scan. 

Parameters Limitation 

Time-lapse per scan 1 min – 30 min 

Max Read Error 0,1 – 0,4 mm 

RAM per scan 0 MB – 100 MB 

In an experiment, the authors attempted to 3D scan the arm of one of the authors, which 

would then be further processed to represent a residual limb as closely as possible. After 

several attempts, the authors could not attain a 3D scanned image with satisfactory accuracy, 
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because the arm is not an inanimate object. The 3D scanner has a reading capability of up to 

one million reading points per second, and it can lead to a slight movement of the scanned 

objects affecting scanner read-out errors. The larger the size of the object, the more memory it 

can take for the software to save all the data. 

In other tests, the authors attempted to design a three-dimensional object that would represent 

the amputee's residual limb. The picture below shows the restored model. The authors used 

the latest version of the Artec Studio Professional 13 software to complete the scanning 

process. 

 

Figure 14: A test print of the scan performed by Artec Space Spider. 

The 3D scan can show read errors and inaccuracies in the scanned image which can be used 

as a measurement on how accurate the read has become. The picture below shows that the 

maximum read error 0.3mm, which indicates that the scan is not performed with the best 

possible accuracy. Moreover, the least possible read error is 0.1mm. 

In total, the scan shows how much storage each scan requires. The size of the file is 

proportional to the time-lapse of the scanning process. The maximal error in each scan can 

indicate how the physical model can differ from the real object. 
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Figure 15: The Artec-Spider span interface. 

 

Figure 16: Scanning progress and maximal read errors are shown in the workspace. 

The color of an object and the distance between the object and the scanner, determines how 

accurate the scan will be. 

The scan works optimally with an inanimate, non-moving object in contrast to a human arm 

which is a biologically moving object, and as such poses a challenge in making high accuracy 

scans. 
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4.9.1 The Additive Manufacturing Method 

Advantages of orthopedic casting are that the method is not particularly advanced in 

application since the materials for producing the casted model are readily available. 3D 

scanning is a technique that presents an alternative process for prosthetic casting. The 

measurable parameters attainable with this technology are not found in orthopedic casting and 

as such opens new areas of possibilities. 

Digital Mechanics® is a company in Västerås that produces designed products and prototypes 

through additive manufacturing. A study visit was conducted at the company, and the 

company's CEO manager Fredrik Finnberg went through the company's production system 

and available manufacturing methods. (Digital Mechanics, 2019) 

HP’s recently launched 3D printer Multi-Jet Fusion technology is one of the fastest AM 

methods with PBF technology compared to other PBF 3D printing methods. This technology 

can produce complex geometries with the highest production speed and with an almost 

negligible price difference from SLS printing. 

Figure 17 shows a 3D-printed gear made from Nylon Pa 12.  

 

Figure 17: A Nylon PA12 gear made using the MJF technique. 

The AM process workflow is visualized in figure 18. 
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Figure 18: Process workflow of the AM manufacturing process. 

The measurable parameters of each step in the manufacturing process, current state process 

and in the AM process, are shown in table 5.  
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Table 5: Side-by-side of each step in the manufacturing processes and their respective time-lapses. 

Current State of 

the Manufacturing 

Processes 

Estimated time-

lapse (h) 

AM processes Estimated time-

lapse (h) 

Orthopedic casting 2.5 Scan preparation 0.5 

Positive mold and 

refining 

1.5 3D scanning 0.5 

Fabrication of EVA 

plaster model for 

testing 

1.0 Use of Meshmixer 1.0 

Final plaster model 

casting 

1.0 Export to CAD 

software and post-

processing 

 

1.0 

Plaster cooling 2.0 HP MJF 3D-

printing* 

72 (3 business 

days)* 

Plaster refining 

(hole clearances 

and edges) 

1.0 Adjustment and 

fitting 

1.0 

Lamination process 

and refining 

2.0 Assembly process 

(sensors and 

OHand) 

1.0 

Adjustment and 

fitting 

2.5 Tuning of OHand N/A** 

Assembly (socket 

adapter, sensors and 

OHand)  

2.5   

Tuning of OHand N/A**   

* The HP’s MJF 3D printing process, is an outsourced process. In addition, it is a fully automated process. 

**For a traditional low-end prosthetic hand, the tuning is quite simple due to simple functionality. This research uses 

parameters based on the OHand prosthetic which has more complex functionality. Regardless, the time spent tuning OHand 

does not affect the socket manufacturing processes since its shared. 

4.10 EMG Sensor Arrangement 

Sensor placement is an important function since a requirement for the EMG sensors to work 

at optimal conditions is that they are in contact with skin and positioned where the nerve-

muscles are strongest. Suboptimal placement could render the whole prosthetic socket 

underperforming or useless. Therefore, different techniques that aim to locate strong nerve-

muscles need to be assessed. 
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Furthermore, there is the topic of integrating additional sensors into the socket. The number of 

sensors integrated in most conventional sockets are two, and a significant improvement with 

five to eight sensors would yield better results in nerve data collection. (Ni, 2019) 

It has already been determined that the placement of the sensors must be in the arm-

compartment in direct contact with skin of the below-elbow section of the amputees’ arm. 

However, the arrangement of the sensors varies depending on the intended individual, due to 

differences in nerve-muscle locations. These locations will always have to be identified before 

determining the individual’s corresponding design requirement, meaning that it will vary 

between different users. 

It was previously mentioned that the previous model had two sensors in its arm-compartment. 

A branch of concepts was found where any combination of subsystems would be combined 

with external placement of sensors, effectively doubling the number of concepts for the new 

product development. 

It was found that placing the sensors internally was the better option, since external placement 

of sensors implicates that they would have to be placed above-elbow. Individuals with high-

level amputations require surgical implants that can strengthen the sEMG signals in the upper 

level of the arm. One such technique is targeted muscle reinnervation (TMR) which provides 

more sEMG signals, increasing the performance of the sensors. (Xu, et al., 2018) 

 

Figure 19: Post-TMR amputee with upper-level amputation. 

The same individual with high-level amputation who participated in the TMR study took part 

in a demonstration of myoelectric control with sEMG enhancement surgery. 
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Eight sensors were placed on the surface of the upper arm to capture five different gestures, as 

shown in figure 19. The captured gestures are the following: 

• Open palm 

• Elbow Extension 

• Wave in, and Wave out 

• Elbow Flexion 

• Closed fist 

The sensors cannot distinguish between adduction and abduction of fingers. Upper-level 

amputee patients with TMR cannot move the hand prosthesis fingers individually and must 

resort to gestures. Among the patterns that can be recognized are pointing, clenching fist, and 

opening fist. (Ni, 2019) 

The myoelectric control of hand prostheses was significantly improved albeit the hand 

prosthesis used in the demonstration needed further calibration in code and pattern 

recognition in order to operate consistently. 

All things considered, designing a socket with external placement of sensors is not suitable for 

persons with below-elbow amputations. 

The value-adding function of the sensors is the ability to deliver myoelectric signals to the 

mechanically actuated prosthetic hand. Rapid and accurate read on the users myoelectric is 

required for the prosthetic hand to perform mechanical movements or gestures. In order to 

ensure that the sensors are in correct placement, one can identify these by placing electrodes 

on the skin and examining which areas of the skin emit the strongest myoelectric signals. 

Once the examination is completed, these areas can be marked and used in the socket 

configuration. 
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4.11 Material Selection 

The choice of materials is one of the most critical parameters in the project. In this process 

parameters such as function, shape, process and material are determined. The Ces Edupack 

2019 software has been used to find the right material on a systematic approach. The method 

of material selection can be visualized in the picture below. (Ashby, 2011)

 

Figure 20: The material selection process. 

Being light weighted is one of the primary functions of the project and can be related to the 

choice of materials. This procedure is a decisive factor since the choice of the material 

originates essential parameters such as shape, function, process and material. A significant 

factor in the project is the weight of the product, which according to the Product specification 

should weigh less than 300 grams. The scope with the choice of material is to create a 

Weight-Optimized product that meets the design requirements. 

Material properties can be divided into groups such as general properties, electrical properties, 

thermal properties and eco properties. Each group of material properties has specific, 

measurable parameters. All materials available in the world have also been categorized into 

groups such as metals, ceramics, composites, glasses and elastomers (Ashby, 2011). 
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4.11.1 Current design 

Materials of prosthetic of current prosthetic socket has been evaluated. Interior of the socket is 

made of ThermoLyn EVA soft (Ethylene Vinyl acetate) manufactured from the company 

Ottobock. This material is specially used to manufacture interior of the upper limb socket. 

The glove/sleeve is made of silicon rubber. 

 

Figure 21: The Chinese manufactured design from Ottobock. 

The sensor’s plates are made of stainless steel, but other metals with high conductivity are 

also fine to use. Stainless steel is chosen because it is resistant to environmental effects such 

as corrosion from various liquids and perspiration, etc. Copper can easily be affected by 

corrosion, especially considering its operating conditions. Gold is also a possibility that some 

manufacturers use, but it can have negative effects on sensor signal strength. 
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Figure 22: A picture showing the Ottobock socket’s placement of the sensors. 

Mechanical properties are the first step that can be evaluated in the project, as the product 

needs to be able to deliver the specific load that it can be exposed. Also, the mechanical 

properties can also be linked to weight. Two mechanical properties that are important to 

consider are elastic modulus and yield strength. The elasticity is related to the material's 

stiffness and yield strength is linked to the strength of the material. 

There are 4026 different materials in the database. The diagram below shows all material 

groups. The chart shows how all materials relate to the two mechanical parameters. The area 

at the top right is an interesting area because all the materials that are there have a relatively 

higher yield strength and young modulus compared to the material groups at the bottom left.  
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Figure 23: Young’s modulus and yield strengths of different materials. (CES EduPack 2019) 

4.11.2 Limitation 

 To be able to set limits, we should be able to evaluate and concretize the functionality of the 

specific forearm part to be replaced. one part of the forearm that has the task of keeping up the 

structure is the skeleton. Ulna and radius are two legs that connect the elbow to the hand. The 

picture below shows the structure of both legs. (GetBodySmart , 2019). 

 

Figure 24: Anatomy of the elbow joint. (GetBodySmart , 2019) 

An experiment has been conducted to evaluate the mechanical properties of human femur 

bones. The dissemination of results was directly dependent on age and gender; however, table 

6 shows the result of the experiment (Havaldar, 2014). One limitation is that the requested 
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material in our database should at least as rigid as the human femur bone, which means that 

the young module of femur bones can be used as a reference to limit the choice of material. 

The constraint on the young modulus is an interval of 179,74 – 404,7 MPa between male and 

female femur bone parameters. 

The first step of sorting through materials is to limit the database by setting the minimum 

value of tensile strength, compressive strength and Young's modulus based on table 6. This 

indicates that the material sought can cope with the smallest criteria to be suitable for 

replacing the functionality of a human bone. It is possible that there may exist a material with 

better mechanical properties than the maximum value found in table 6, so the interval is not 

limited by the maximum amount of the three chosen parameters. 

Table 6: Mechanical properties of the human femor bone. 

 Male Female P value 

Tensile strength 

(MPa) 

39,74±4,80 30,08±7,96 <0,001 

Compressive 

strength (MPa) 

141,6±15,91 118,91±18,99 <0,001 

Young’s modulus 

(MPa) 

338,3±179,74 404,7±314 0,322 

Figure 25 shows how the set limits have limited the material database. Material groups such 

as foam, elastomeric, natural materials and some of the plastics and ceramics do not meet the 

requirement. In the table the points that are grey marked are the materials that did not meet 
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the smallest value of the three mechanical properties; therefore, the materials are screened 

away from the search. 

 

Figure 25: One of several material screening concepts. (CES EduPack 2019) 

The design requirements of the structure depend entirely on how the construction will be 

loaded. Different types of loads can affect the material selection since all materials behave 

differently in various load scenarios. In the project, the focus is to be able to replace 

transradial section of the human arm with a prosthetic socket. One of the essential functions 

that the socket should fulfill is the ability to transfer forces from an amputee’s body to the 

hand. A specific load scenario must be identified to make it possible to select the most 

optimal material. In a reality, the socket can be subjected to varying loads. It is crucial to 

choose a load scenario that has the highest influence on the structural integrity of the socket. 

Various load scenarios are traction, pressure, bending and torsion. 
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Figure 26: Different loads scenarios. (Hart, et al., 2017) 

The most critical load case is bending which can cause bone fractures under extreme loads. 

The prosthetic socket can be re-interpreted as a beam to be optimized for coping with the 

extreme situation. In bending, the structure will be subjected to both tensile loads and 

pressure. This reinterpretation of the prosthetic socket for a beam can be a simplification of 

reality. 

 

Figure 27: The socket is subjected to bending. The goal is to find the lightest socket that is not plastically deformed during 

specific loads. The material should be light and strong beam. 

4.12 Shape Factor (ϕ) 

When the component is in a bending load scenario, the construction will be exposed to 

bending moments. The shape factor for elastic bending describes the influence of different 

section shape of the beam. There are two groups of variables that factor in the performance of 

load-bearing material. The first group are a set of material properties, and the other group are 

a set of the different section shapes. These two groups of parameters are independent, and the 

most optimal material for any given application depends on the material’s ability to assume 

different shapes while retaining acceptable material properties. 

Based on design requirements a light and strong beam is desirable. The material index 

includes parameters such as shape factor for elastic bending (ϕ), flexural strength (σf) and 

density (ρ). By minimizing the material index, it may be possible to rank the list of materials 

that are deemed suitable for this research. 
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The goal is to optimize a light and rigid beam structure. Important parameters in 

biomechanical designs to consider are medical grades such as ISO 10993 and USP Class VI. 

Medical grades are qualitative requirements that determines if a material can be applied to 

medical products. A material has a medicinal quality if there is a specific ASTM or ISO 

medical standard. If the material can handle the tests according to a specific standard, it may 

mean that the material can be applied for medical.  

After setting limitations such as material index and shape factor, 181 materials remain in the 

database as potential candidates. The picture below shows the remaining materials that should 

be further limited. The next step is to investigate additional parameters such as manufacturing 

processes and cost-related parameters. 

The table below also shows that material groups such as metals, plastics, composites and 

technical ceramics have passed set limits. The picture shows that Metals and alloys can be 

characterized by having a spread on shape factor, but other materials groups as plastics also 

show excellent properties in respect to a weight-optimized beam construction. It is still 

difficult to identify the best possible candidate for the prosthetic socket. The goal is to 

optimize the shape factor and minimize the material index.

 

Figure 28: Shape factor and mass per unit of strength for different material groups. (CES EduPack 2019) 

Formability is a factor that can limit the choice of material choice, since the product needs to 

mimic the lost forearm to some extent, if not fully. Since the shape of a socket needs to be 

unique to each amputee, it is desirable for the material to be designed into an adaption of 

complex geometry based on the end-user. 

The need to maximize shape factor can lead to exploring possibilities of using manufacturing 

methods that can enable materials to achieve more complex geometry. The latest technology 
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for additive manufacturing methods in medical products has revolutionized the industry, 

especially in the field of orthopedics and prosthetics. The reason is that this manufacturing 

method facilitates designs of complex geometries that are highly customizable. 

 

Figure 29: Shape factors of different polymers. (CES EduPack 2019) 

A comparison of material properties of PA12, epoxy-resin, and EVA relevant to this research 

are presented in table 7 based on ranges from material datasheets provided by CES EduPack 

in addition to HP’s 3D High Reusability PA12 technical specifications (appendix II). 
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Table 7: Relevant material properties of PA12, epoxy-resin, and ethylene-vinyl-acetate (EVA). 

 PA12 Epoxy-resin Ethylene-vinyl-

acetate (EVA) 

Density 1,01 g/cm3 1,11 – 1,4 g/cm3 0,945 – 0,955 

g/cm3 

Mechanical Properties    

Young’s modulus 0,94 – 2,04 GPa 2,35 – 2,47 GPa 0,01 – 0,04 GPa 

Yield strength (elastic 

limit) 

39 – 64 MPa 36 – 71,7 MPa 12 – 18 MPa 

Tensile strength 48 MPa 45 – 89,6 MPa 16 – 20 MPa 

Compressive strength 46 – 82 MPa 103 – 172 MPa 13,2 – 19,8 MPa 

Flexural strength 

(modulus of rupture) 

70 MPa 89,6 – 145 MPa N/A 

Poisson’s ratio 0,34 – 0,42 0,391 – 0,407 0,47 – 0,49 

Shape factor undefined* 5.2 undefined* 

Impact strength, 

notched 23°C 

3,6 kJ/m2 1,1 – 5,3 kJ/m2 N/A 

Thermal Properties    

Thermal conductivity 0,21 – 0,28 W/m.°C 0,181 – 0,196 

W/m.°C 

0,3 – 0,4 W/m.°C 

Specific heat capacity 1,46 – 1,6 J/g.°C 1,18 – 1,24 J/g.°C 2 – 2,2 J/g.°C 

* The undefined shape factors of PA12 and EVA are inherited from their respective production methods. 

The mechanical properties in table 7 indicates that PA12 has reasonable and acceptable 

mechanical strengths in comparison with the epoxy-resin used in Ottobock’s socket. The EVA 

has an overall weak mechanical strength but is protected by the epoxy-resin which overall has 

substantially higher mechanical properties. Since PA12 has acceptable mechanical properties, 

the socket can consist of a single material. 
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4.13 Concept Generation 

This section covers the concepts of each function in its respective category. As explained 

earlier, the method used to generate concepts was brainstorming between the authors. The 

exchange of many different ideas took place but a select few of them were chosen to be 

evaluated further in order to reasonably speed up the design within the given time constraints. 

4.13.1 Residual Limb Compartment Concepts 

The residual limb compartment design is by far the most challenging. The following concepts 

were chosen to be evaluated. 

The residual limb compartment is always open but is tightened with a string that is connected 

to a button. This button has a rotary function that tightens the string, and when pressed 

releases the string. This concept is a lot like one of Ottobock’s designs. 

Another concept is one where the residual limb compartment is released and closed with a 

system that imitates movement from the mouth of a crocodile. 

In a different concept, the compartment sticks to the skin of the residual limb like a leech in a 

grasping hold. 

The residual limb could be designed to be mechanically foldable. 

The entire socket opens in a midsection and is closed with the same mechanism, allowing for 

maintenance and modifications. Openbionic uses a similar design in their Hero Arm socket. 

4.13.2 EMG Sensor Housing Concepts 

It has already been determined that the placement of the sensors must be in the residual limb 

compartment and in direct contact with skin of the residual limb itself. However, the 

arrangement of the sensors varies depending on the intended individual, due to differences in 

nerve-muscle locations. These locations will always have to be identified before determining 

the individual’s corresponding design requirement, meaning that it will vary between users. 

 

Figure 30: Functional system of the socket housing concept. 

A possible concept to sensor placement is to create spaces in the residual limb compartment 

after locating nerve-muscle locations and then fit the eight sensors inside locked by small 

countersunk screws. 
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Another possibility in making the spaces is to use a screwless and interlocking design to have 

the sensors in place and simultaneously avoiding screws contacting with the skin of the user. 

The variance in nerve-muscle location can be handled by using an iterative process of 

collecting user data in order to find patterns which can later be reimplemented into subsequent 

individuals. This can reduce the time needed to create new residual limb compartments for 

new users, or users with similar sensor arrangement patterns to previous ones. 

By using DFA principles, we can create modularity between the socket and the sensors by 

making them as two separate parts to be assembled. Instead of reshaping the socket, one could 

simply use a separate compartment for sensors. 

4.13.3 Customizable Features Concepts 

The first concept discussed for customization of length, thickness, and circumference, was the 

application of different configurations based on the intended end-user. The socket designed in 

CAD-software would be configured with the end-user’s individual measurements in order to 

match the other arm. 

The use of configurations enables application of the same design to multiple users while 

reducing cost by eliminating the need of developing custom parts. It is also compatible with 

manufacturing tools such as CNC machines and 3D printers, since the translation between 

development and manufacturing software is swift and simple if the product is designed 

accordingly with DFM principles. 

By imitating the concept of telescope’s length adjustment mechanism, another concept for the 

prosthetic socket was found. This concept allows for length adjustment at any time, not only 

during manufacturing. This concept is similar to the concept of configuration adjustment, 

while configuration would still be needed for correct measurement of circumference. 

Configurability and telescope adjustments are compatible together. 

Another length adjustment concept that can be considered a refinement of design 

configurations is an imitation of the carapace of caterpillars. Every piece of the “carapace” 

has a general design that extends in length by adding pieces of the “carapace”. Shorter 

increments can exist for every piece, and this will reduce the amount custom productions. 

4.13.4 Socket Concepts 

The shape of the socket can vary depending on whether the user is male or female. In the case 

of a male user, the arm would sometimes be slightly larger or more muscular. For a female 

user, the arm could be shaped to be slimmer in appearance. This concept uses the idea that the 

separate genders should be made in separate units with different customizable features 

embedded with them based on gender. 

4.13.5 Cooling & Ventilation System Concepts 

The accumulation of sweat in the socket’s arm-compartment has multiple causes. The greatest 

contributor to this problem is the tightness of the compartment, causing it to be quite airtight 

and creating accumulation of sweat and dirt together. Moreover, the discomfort will worsen 

during summer weather conditions. Another contributor to this problem is the heat 

accumulation which is also tied to the compartment being airtight and should therefore have 

some sort of exhaust system. 
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The last contributor is the thermal resistance of the chosen material which can have adverse 

effects since the prosthetic lacks the innate temperature preservation of a biological body-part. 

As is gathered from interviews, resistance to cold temperatures is also a good feature to 

implement into the prosthetic alongside heat resistance. 

The idea of using propellers is interesting because it supports both intake and exhaust of air 

within the compartment case. The placement of the propellers would be within the case at an 

angle rather than perpendicularly to the body. This would create an airflow that can counteract 

sweating. However, this design requires even more battery power to control motors for the 

propellers and can also be troublesome to repair or replace if they are to be placed at an angle. 

Furthermore, dirt can also accumulate in the air-vent.  

Modern PC’s have options to consider when selecting a cooling system. Two popular 

methods are air-ventilation and water-cooling, or a combination of both. The water-cooling 

remains silent which is an advantage but requires water renewal about every month. The same 

principle of water-cooling PC’s could be used for conceptualizing a cooling infrastructure 

inside the socket case. 

By using a silicon glove designed and shaped after the socket, it is possible to avoid cold 

temperatures. It can be optional to have the glove designed to be humanlike in appearance or 

simply colored black. It is viable to use a light thin elastomer material for the glove with a 

satisfactory yield strength to avoid damage. 

4.14 Active Thermal Regulation Systems 

This section is comprised of previous attempts of creating active thermal regulation systems 

for both transradial and transtibial prostheses. The research aids in determining the viability of 

implementing an active system into the socket prosthesis. 

A study in year 2005 showed, by testing patients performing minor strenuous activities and 

measuring residual-limb skin temperatures, that overall mean skin temperature increases as 

small as 1.7°C may produce discomfort. (Peery, et al., 2005) 

In existing literature, attempts have already been made to find solutions for the perspiration 

and heat problem, especially in leg-prosthetics. 

There has been a study on implementation of a eight revolutions helical cooling channel 

within a socket wall, very much like the concept described earlier. The study was conducted 

using an experimental approach with both bench-top testing and thermal simulations. Two 

proof-of-concept sockets were made to test the helical cooling channel, and the results of the 

study showed that in comparison to a control socket, the modified socket showed greater 

temperature differentials in the proximal and distal thermistors. The study indicated that the 

modified socket exhibited greater temperature drop in the inner wall compared to the outer 

wall of socket. Statistically, it was shown that the socket type and design have significant 

impacts on the temperature differences. It is gathered from this study, that a clinical 

application of a cooling channel has a potential to alleviate heat from the residual limb. 

(Webber & Davis, 2015) 

A joint research and development project led by PhDs from Hong Kong Polytechnic 

University and Hamadan University of Medical Sciences had developed a temperature 

measurement and control system (TM&C) for transtibial prostheses in 2016. 
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The TM&C system is a mechano-electrical system consisting of 12 analog thermistors and 

equal number of amplifiers, a thermal pump and a thermal transfer layer, a power supply and 

a monitor, and a microcontroller board. The TM&C system uses three different control modes 

of different means of which to measure and determine a thermal equilibrium. The temperature 

of the residual limb is monitored in a select one of three different modes to automatically 

select the necessary actuation of either heating or cooling function of the thermal pump in 

order to process correct temperature change. The thermistors were arranged internally and 

externally throughout a flexible 0.4mm thin aluminum layer which has high thermal 

conductivity allowing it to be used for thermal transfer. 

The testing of the TM&C was done with the help of a fabricated phantom model of a 

transtibial prosthetic socket. The aluminum layer was secured within a silicon liner and based 

on the human skin being comprised of 80% water, the testing was done with heating and 

cooling of water. Human skin has a thickness between 0.45mm and 2mm, so a 100ml water 

layer of nearly 2mm in thickness was used in the experiment. 

A comparison was shown between temperatures at the thermistor sites on the aluminum layer 

during cooling and heating functions. It became evident that while there is a thermal transfer 

present and that the various thermistors sites have high temperature changes; the temperature 

difference of the water is very low. This must be clarified that in the experiment, the authors 

used a space filler medium cone which had water poured into it, and a thermocouple showing 

24°C. The temperature difference of water is the mean difference from this value, meaning 

that equilibrium has been achieved at 20 minutes. 

While the TM&C system has achieved functionality, it has some important weaknesses to 

consider. It has been explained that the effectiveness of the TM&C system may reach 

unacceptable levels with more than 10% volume decrease or 5% volume increase, meaning 

that the adaptability of the system for different end-users needs to be addressed. 

Among further potential improvements, of application in a clinical setting, the design of the 

thermal transfer layer should follow the asymmetric temperature pattern of users’ residual 

limbs. This pattern can be attained easily with the use of a thermographic camera. 

It has been stated that further considerations need to be made in order to decrease power 

consumption and weight of the TM&C system. (Ghoseiri, et al., 2018) This research shows 

that attempts have been made on improving quality of life for amputated individuals, and that 

further research is warranted in order to find solutions on the heat and perspiration problems 

of transtibial amputees and especially one that can also be applied for below-elbow sockets. 

Implementation of a TM&C system into a below-elbow socket in the current state of 

prosthetics and orthotics bears a risk of significantly increasing weight and cost of below-

elbow sockets, which are two important parameters that should be considered. However, in 

future development stages of a TM&C system where solutions have been found to decrease 

the impact on those parameters, the implementation of the system can be re-evaluated. 

A more portable and compact cooling system solution was proposed in a different study 

where the target individuals were those with lower-limb amputations. The cooling system 

absorbs heat from the residual limb of the individual and dissipates that heat to an ice pack. 

This cooling system also had integrated a solution to adjust the cooling capacity between a 

range of 6.6 watts and 15.6 watts of thermal energy depending on the skin temperature. The 

solution is a pump that injects water into a flow channel array, and the more water is in the 
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array, the closer the temperature will get to 31°C which is close to normal skin temperature 

(30°C). Depending on the thermal load, the water flow is either injected into the array or 

withdrawn from it through a syringe which is handled by an automated control scheme.  

During simulations at 2 km/h and 5 km/h walking speed, the skin temperature was measured, 

and it was proven to maintain 31.4°C ± 0.2°C with corresponding cooling conditions.  

However, there are still drawbacks from the design of the cooling system. One is that it 

affects the weight parameter by: (1) the cooling system itself, which has an unknown weight, 

and (2) the weight of the ice pack required to reach the highest cooling capacity at 15.6 watts. 

The weight of the ice pack is 166 grams and can maintain a constant skin temperature for 

about an hour before having to be replaced. The simulations show that over the course of 90 

minutes, at 8.4 watts, the temperature started to increase gradually after 30 minutes, before 

reaching 35.8°C at the 90-minute mark. (Han, et al., 2016) 

With the given weight of the ice pack, the additional weight of the cooling system itself, and 

the duration of which it can maintain a constant skin temperature, it is a considerable tradeoff. 

Since weight is an important parameter to carefully manage, it is difficult to justify using a 

cooling system which cannot withstand longer sessions. However, if the ice pack could be 

substituted with a low-density gas with appropriate properties and capable of heat transfer and 

for a longer time span, then it is safe to argue that such a cooling system is more than justified 

for its weight tradeoff. 

4.15 Passive Thermal Regulation Systems 

This section covers the development of a passive thermal regulation system for the socket 

prosthesis, through the acquiring of measurable data and identifying a layout of airflow holes.  

 

Figure 31: Functional system for thermal regulation. 

It is possible to measure the heat distribution of the skin’s surface to evaluate how great the 

distribution is. A thermal camera is a measuring instrument that can detect the heat 

distribution on a surface. Measurement of the heat distribution can aid in controlling the 

generated heat-flow of the limb. In order to demonstrate that the thermal camera can be used 

to see the heat distribution, an experiment was conducted. The experiment was conducted on 

the same author that participated in the 3D-scanning experiment. 
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It is crucial to be able to measure the heat spread on the surface to be able to control and 

evaluate the extent of the spread. A measuring instrument for being able to measure and see 

the range on a surface can be a thermal camera. Measuring heat dissipation can help control 

the heat flow generated. To be able to demonstrate that the thermal camera can be applied to 

be able to see the heat spread, an experiment was done. The test was conducted on the arm of 

the same group member in the project. 

This experiment was conducted on April 20, 2019, and the purpose of the test was to find a 

measuring instrument that can detect and visualize the heat dissipation that can cause 

discomfort to users. The pictures below show the heat spread on the right forearm of the test 

person. The images show the maximum and minimum temperatures. 

The maximum measured temperature that could be detected during the experiment was 34.3 

Celsius. One conclusion that can be made is that the areas marked with white color on the 

images can be identified as the critical area that generates the most heat over the surface. A 

solution for reducing heat generation on the product can be by removing heat from the critical 

area. 
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Figure 32: Heat distribution of the author’s arm, taken with a thermal camera. 

An illustration of a passive solution to the perspiration problem, is to create airflow through 

removal of material in the areas where the maximal temperatures are generated. This solution 

can also lead to weight reduction of the residual limb compartment. The illustration portrays 

an example concept of a passive ventilation system. The model was made by identifying the 

critical areas with a thermal camera. 
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Figure 33: A passive ventilation system concept. 

4.16 Concept Evaluation 

After evaluating the advantages and disadvantages of existing methods and discussions with 

Fredrik Finnberg, it was decided that Multi-Jet Fusion technology was more suitable for the 

project for a number of reasons, one of them being that the surface finishing and the accuracy 

of this technology were higher than the other considered methods. 

Also, MJF and SLS technology does not use support material, reducing material waste. The 

information received suggests that around 80 % of the unfused powder that has not been used 

can be recycled and reused if it hasn’t been recycled too many times. The small-scale 

production of sockets makes powder bed fusion a suitable production method since the cost of 

manufacturing does not scale with order quantity. In addition, an end-user only needs one or 

two sockets depending on if the end-user is a dual amputee, so the quality of the production 

method exceeds quantitative methods. 

Socket production could alternatively be done with a SLS printer, the main difference from 

MJF is the print-speed (which is substantially higher in MJF). 

Finally, the chosen production method for AM of the socket was MJF technology. This 

enables use of material and a manufacturing process that grants an extremely high shape 

factor. Limitations with this technology are that the only material available for 3D printing 

with an MJF printer is PA12 and the maximum build size for parts built in one piece is (x,y,z) 

= (256, 340, 360) mm. 
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4.17 Calculations 

This section encompasses the calculations necessary to facilitate a comparison with the 

current socket. 

4.17.1 Manufacturing Process Workflow 

The dissemination of the current state manufacturing process has granted potential areas for 

improvement. As gathered from the conducted research, the proposed AM process workflow 

is presented here and in direct comparison with the current state manufacturing process 

comprised of orthopedic casting and lamination processes. 

With respect to the specification of requirements and design requirements, efforts have been 

made to find more efficient and optimized manufacturing processes. 

 

The cumulation of measurable parameters that are of interest regarding the manufacturing 

process workflow are the following: 

1.  

• Processing lead-time 

• Manufacturing lead-time 

• Assembly lead-time 

• Total sum of lead-time 

 

2.  

• Level of workflow complexity and learning curve 

• Level of process automation 

• Number of manual workhours 

 

  



62 (104) 

 

 

 

 
Table 8: Side-by-side comparison of the estimated lead-times of current state process and AM process.  

 

1 

**Estimated lead-time in 

Current State of the 

Manufacturing Process (h) 

**Estimated lead-time in 

AM process (h) 

Processing lead-time 2.5 3 

Manufacturing lead-time 8.5 (~1 business day) *72 (~3 business days) 

Assembly lead-time 5 2 

Total sum of lead-time 16 h 77 h 

 

2 

 

 

 

 

 

Level of workflow 

complexity and learning 

curve 

 

Medium 

 

Medium 

Percentage of process 

automation 

0,0 % 93,5 % 

Manual workhours 16 h 5 h 

Note that values in (1) are cumulative based on sub-parameters in the table 3. 

*The high manufacturing lead-time for the AM process depends on the availability of the MJF printer at Digital Mechanics 

and upon completion will be delivered to the billing address. The actual process time may be much lower. 

** The lead-times for the current state of manufacturing are estimations gathered from the orthopedic casting and 

lamination process, and the AM process lead-times are gathered from estimations based on the process done by the authors 

along with information from Digital Mechanics and OYMotion. 

The number of manual workhours has been reduced by 68,75 % from the high level of 

automation gained from adapting the AM process. 

4.17.2 Weight Optimization 

The CAD model that was designed for MJF 3D printing in PA12 was used to gather data 

regarding its mass properties from CES EduPack and SolidWorks.  

The Ottobock socket has two sensors (10 g), and the PA12 socket has eight sensors (40 g). 
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Table 9: Total mass in grams of Ottobock and PA12 sockets. 

 Ottobock 

Socket 

PA12 Socket 

Mass (g) 394,0 g 337,73 g 

Deducted 

Mass (g) 

281,0 g 194,73 g 

The adaptation of AM techniques and the use of PA12 over epoxy-resin and EVA plaster has 

granted a 14,28 % reduction in total socket mass and 30,70 % reduction in deducted mass. 

4.17.3 Price estimations 

The theoretical price model for Ottobock socket production is described by the equation: 

𝐶𝑜𝑠𝑡 =  𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛′𝑠 𝑟𝑎𝑡𝑒 𝑤𝑖𝑡ℎ 𝑎𝑑𝑑𝑜𝑛 ∗ 𝑚𝑎𝑛𝑢𝑎𝑙 𝑤𝑜𝑟𝑘ℎ𝑜𝑢𝑟𝑠 

By the following cost calculation: 

2000 + 200 ∗ 16 =  5200 𝐶𝑁𝑌 

The price model of the PA12 socket is provided by the premise of outsourced manufacturing 

at Digital Mechanics. The socket volume is 192,80 cm3. 

Digital Mechanics charges 800 SEK as a fixed cost for printing, and 8 SEK/cm3 volume rate. 

Conversion to Chinese renminbi yuan (CNY) is performed with current exchange rates at 

2019-05-23, 18:00 UTC. (XE Corporation, 2019) 

1 𝑆𝐸𝐾 =  0,718126 𝐶𝑁𝑌 

The price model for socket production at Digital Mechanics is described by the equation: 

𝐶𝑜𝑠𝑡 = 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡 ∗ 𝑚𝑎𝑛𝑢𝑎𝑙 𝑤𝑜𝑟𝑘ℎ𝑜𝑢𝑟𝑠
+ ((𝑓𝑖𝑥𝑒𝑑 𝑐𝑜𝑠𝑡 + 𝑝𝑎𝑟𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑟𝑎𝑡𝑒) ∗ 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑒) 

By the following cost calculation (assuming 200 CNY as hourly rate for operator): 

𝐶𝑜𝑠𝑡 = 200 ∗ 5 + ((800 + 192,80 ∗ 8) ∗ 0,718126) ≈ 2682 𝐶𝑁𝑌 

Table 10: Side-by-side production cost estimations of epoxy-resin and PA12 sockets. 

Estimated 

Ottobock socket 

production cost 

Estimated PA12 

socket production 

cost 

~ 5200 CNY ~ 2682 CNY 

The production cost of the PA12 socket is significantly lower than Ottobock’s socket 

production cost estimate, at a 48,42 % cost reduction.  
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5 RESULTS 

This section covers final concept and the resulting parameters with comparison to the current 

state. 

The transition to additive manufacturing has shown promising results with overall 

improvement in many parameters of interest. The final concept has laid evidence that 3D-

scanning and 3D- printing can create market competitive sockets. The improvements to 

critical parameters are: 

• 30 % reduced weight compared to the Ottobock socket. 

• 48 % lower cost than the Ottobock socket. 

• A new production workflow with 93,5 % of automation. 

• Reduction in manual workhours by 69 %. 

• Higher grade of customizability. 

The chosen concepts of each function of the socket were compiled into a final concept that 

was further developed. This section shows the shape and appearances of the final concept. 

 

Figure 34: The residual limb compartment illustrated as a solid body and with honeycomb pattern created in Meshmixer. 

(from right to left) 

The sensors can be installed on the outside of the body of the residual limb compartment and 

into the socket interior. 
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Figure 35: Illustration of sensor placement. 

The residual limb compartment is then placed into the socket adapter which houses all the 

hardware and electrical components. 

 

Figure 36: A 3D-scan of a residual limb inserted into the residual limb compartment and the socket adapter lying to the left 

of it. 
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Figure 37: Close-up of the socket adapter illustrated as a solid body. 

 

Figure 38: Sensor protrudes inward to the socket’s interior. 

In simulations of a bending stress test (appendix V), down-ward forces of 100 N was applied 

to an area at the end of the socket toward the hand creating 38,1 Nmm moment of force 

(torque). The simulation results show that the socket can withstand these forces with a 

minimum factor of safety of 5 (up to 500 N). 
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6 ANALYSIS 

In this chapter, an analysis is performed to evaluate the findings of this research, discuss 

which parts of the research could be improved upon or done differently, and identify topics 

which can be researched further. 

6.1 Degree of Individualization 

In the concept generation stage of this research, concepts focusing on making the socket more 

adapted toward individual parameters of the end-user. However, these concepts had lower 

grade of customization compared to what is achievable using AM. Most concepts required 

configurations design of the socket, meaning that the dimensions of the socket would not be a 

precise match to the corresponding residual limb since it is dependent on the available 

increments of the configurations. In addition, increasing number of configurations adds 

redundancy. There is also a problem with scalability of customization, since it requires the 

socket to be designed differently at certain increment thresholds. This leads to another 

problem with positioning of critical systems such as battery and sensors. Shorter design 

configurations may incur additional design limitations.  

The optimal method to mirror the shape of the amputee’s residual limb should incorporate a 

high level of dimensional accuracy attainable through as low resource consumption as 

possible. Therefore, we can find two measurable parameters which are the dimensional 

accuracies and the resources required to do so. The accuracy of the mirroring process can 

affect how well the shape will fit the end user when the prosthetic socket is fabricated. 

The level of accuracy gathered in the orthopedic casting can be defined by how accurate the 

mirroring is between two comparable points on the body surface of the casted mold and the 

corresponding plaster mold. In the current state of socket manufacturing, the orthopedic 

casting process lacks the finesse of adequately measuring dimensional differences in the 

casting mold in respect to the amputee’s definitive dimensions, which are bound to a shape 

too complex to manually measure. In contrast, 3D-scanning allows for higher accuracies and 

is less sensitive to human factors. 

6.2 Values of the 3D-Scanning Process 

One of the central values with 3D-scanning technology is that the unique shape of the residual 

limb can be stored as a virtual data file. This also enables improved handling of the digital 

STL files since they are unbound to a geographical location. Those who process the STL files 

are no longer required to be present in the same country where the end-users are located. This 

creates new possibilities for digital platforms, services and supply-chain, e.g. outsourcing the 

manufacturing of a socket to a company that holds AM machines for 3D-printing. This is 

especially important in China since it is a country with a huge population in many different 

cities across different parts of the country. 

The value of converting a 3D-model can be improved by further reducing the processing time, 

since the scanning time is a parameter that can be reduced through optimization of scanner 

settings. The scanner works best and captures maximum points with the condition that there 

are minimal reading errors within a designated tolerance. 

For 3D-scanning of residual limbs, each scanning process is a discrete event that occurs in 

real time, so it is advised for the operator of the scanner to evaluate the quality of each scan 
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and make changes accordingly. Fast scanning that captures the surface with maximum dot 

reading is the desired goal of reaching a scanning process that is time-optimal while 

occupying minimum RAM memory since it’s directly correlated with the scanning time. 

The quality of a 3D-scanned model depends on parameters that can be optimized. The 

conducted research experiment has showed that the outcome of the process depends on the 

appearances of the objects. For instance, the color of an object can adversely affect the 

scanner's reading capability. In clarification, the shapes of a multi-colored object can be better 

distinguished by the scanner than a white colored object. 

As stated before, the accuracy of the model is clearly measurable in this method. In addition, 

there is the possibility of using the scanned three-dimensional file to further enhance the 

design using computer-aided design programs and virtual simulation environments. It can 

create new opportunities for designers to be able to change the shape of a prosthetic socket 

with the highest degree of freedom in a digital environment. 

6.3 Process Workflow Efficiency 

The automation of manufacturing processes has a significant value in respect to costs and 

process workflow. The most important advantage of utilizing AM is the fact that most of the 

lead-time is automated. Once the processing of the 3D-scan is completed, the only remaining 

manual task is assembly, which can be performed quickly thanks to design automation. 

The corresponding process of orthopedic casting in AM is 3D-scanning. The workflow of 3D-

scanning has many advantages over its counterpart. Mistakes and other errors can be rolled 

back in a 3D-scan and CAD software and potentially saving otherwise lost work, whereas in 

orthopedic casting, there are many steps in the process which are impossible to rollback. 

The learning curve for making good single-use molds by orthopedic casting is high. In the 

AM process, a significant role is the operator of the 3D scanner. The operator of the 3D-

scanner can practice scanning different objects and experiment with different settings in order 

to optimize the quality of the print. Scanning and evaluating the quality of the scanned files 

can be viewed as an iterative process to maximize the performance of scanners. It can be 

argued that the AM processing in comparison with orthopedic casting, has the same learning 

curve, since they both involve repetition and reiteration. 
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6.4 Design, Manufacturing, and Cost Factors 

Since acquisition costs for 3D-scanning machines and HP 3D MJF printers or SLS printers 

are considerably high, an option is outsourcing socket production to an AM company (e.g. 

Digital Mechanics). This research has found that outsourcing production is both inexpensive 

and very often favourable over insourcing. 

Both MJF and SLS methods are suitable for small-scale productions since they do not scale 

with order quantity. This is important since the market for prosthetics is known to be small. 

With the use of PBF, costs are reduced by enabling printing of complex part designs that 

would otherwise have to be split into multiple parts. This resonates well with DFA principles. 

A great downside of HP’s 3D MJF printer is that the only printable material now is PA12, 

which is a limitation that neglects other materials that could have been more suitable.  

However, PA12 is a polymer with great overall mechanical strengths and properties. It is 

shown that the mechanical properties of epoxy-resin are generally higher, however, in 

simulations, it has been found that the PA12 socket can withstand forces up to a maximum of 

500 N before plastic deformation, which is a factor of safety of five. These values should be 

considered as an approximation since there is no optimal method to measure a reliable value 

due to different shapes. 

The reasons epoxy-resin can not be used to make a thin-walled structure are firstly because of 

a limitation with the lamination method, and secondly because of the combination of two 

materials, EVA and epoxy-resin. It is indicated in this research that these two materials are 

already as thin as they can become with their respective manufacturing methods. 

The MJF technology allows PBF of structures as thin as 0.7 mm. The design study shows that 

even if the wall profile of the socket would be reduced to 1 mm, the socket would still be 

stable in light operating conditions with a slight elastic displacement of 4.7 mm at the end of 

the socket near the hand. 

Other opportunities involve application of add-on software such as generative design which is 

an AI design tool for generating the optimal lightweight construction for a prosthetic socket. 

Application of techniques such as generative design, topology optimization, and simulation 

software enhances the overall design quality of a product. The potential found in these 

techniques is profound compared to traditional methods which have not changed significantly 

over the past decades. 

6.5 Thermal Regulation and Airflow 

This research has shown that the effects of thermal conductivity is only relevant in 

conjunction with active cooling systems. Thermal conductivity can be viewed as a 

measurement of heat transfer speed. The body temperature of the residual limb is regulated at 

approximately 30°C, and thermal equilibrium is the deciding factor of where heat is 

transferred. The research suggests that during hot weather conditions with temperatures over 

30°C will cause heat to be transferred to the residual limb and conditions where temperatures 

are below 30°C will cause heat to be transferred out of the residual limb. 

Thus, the thermal conductivity only dictates at which rate this event takes place. Therefore, 

low-thermal conductivity is more suitable for passive cooling systems. All three materials are 
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good insulators. High conductivity will cause outside temperature to be led into the residual 

limb and create discomfort at both hot and cold temperatures. 

When aiming to reduce weight as much as possible, the passive solution to temperature 

regulation and airflow is proven to be a better solution to the heat and perspiration problem 

since it is beneficial for both parameters. An active solution would however negatively impact 

weight optimization while increasing costs and reducing battery life. 
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7 CONCLUSIONS 

The final chapter relates the research results and analysis with the research questions. 

7.1 Research Conclusions 

This sub-section is dedicated to the research questions and to what extent they have been 

answered. 

Convenience and ergonomics are subjective based on end-users’ perceptions and thus have 

been concretized into usable parameters through end-user interviews. The parameters have 

been identified as: (1) customizability, (2) durability, and (3) price. The convenient and 

ergonomic features are comprised of a comfortable socket attachment, light-weight design, 

and a solution to perspiration problems. The selection of parameters is valid to the extent of 

this research due to the practical limitations of acquiring interview subjects, while requiring 

more samples to represent a greater audience. The practical limitations involved finding the 

desired sample-group, with the specific disability, within the research timespan, and in near 

proximity. 

In this specific application, the term ‘functionality’ is comprised of the sensors which provide 

myoelectric control to the mechanical hand-prosthesis, together with factors of convenience 

and ergonomics. Handling of the socket is greatly affected by weight, which can be reduced 

by application of lower-density material with similar physical strength properties. Weight can 

be further optimized by additive manufacturing methods and integrating passive ventilation 

by removal of material. The functionality of the socket can be analyzed fully as a refined and 

final prototype to be compared with current socket. 

The research conducted in this study has identified multiple materials that are suitable for 

socket design. After evaluating these suitable materials, it has been found that one of the most 

suitable materials for socket design is PA12. The durability of the material is within 

acceptable boundaries as compared to the Ottobock socket. 

A combination of reverse-engineering with a 3D-scanner to capture the end-user’s individual 

parameters and production with additive manufacturing methods, a high degree of 

customizability of prosthetic sockets can be achieved. The manufacturing cost, and the 

increased level of automation in the manufacturing process are the greatest contributors to 

increased cost-effectiveness. 

7.2 Further Recommendations 

While the socket’s airflow can be improved through implementation of a passive ventilation 

system, a cooling system can solve the perspiration problem more successfully. The possible 

implications of adding an active thermal regulation system, indicates that further development 

efforts should be placed into thermal regulation solutions. The current problematics are the 

consequential trade-offs in power requirement, modular compactness, and weight impact. 

Improvement efforts of the current sensors and exploration of alternative solutions have been 

omitted in this research. Evidently, the overall design of the socket is greatly impacted by the 

sensors. Technological advancements on sensor properties, performance, and application can 

create new solutions in socket design methodology. Further research efforts can grant insight 

on possible variations in overall prosthetics design based on various applied technologies of 
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myoelectric control. Consequently, these variations can affect the practicality of production 

methods addressed in this research. 

There exists software to translate 3D-scanned files into processable CAD files. This software 

uses deductive translation that fails to transfer a lot of the information in a 3D-scanned file. In 

order to increase the values of 3D-scanned files, further development efforts into finding 

means to better translate 3D-scanned files into CAD files will improve overall quality and 

effectiveness of additive manufacturing products and processes. Other reverse-engineering 

solutions that can retain information throughout the entirety of the socket design cycle can be 

explored. 

Introduction of a dynamic software that can bridge the 3D-scan and the final design of the 

socket can facilitate improvements on manufacturing process workflow and reduce costs of 

manual labor. Such a software may incorporate an auto-generating algorithm such that the 

optimal placements of batteries, circuitry and sensors are calculated and implemented into the 

design automatically. Investigation may lead to finding an existing software platform that can 

be modified for this specific application or identifying a need for new dedicated software. 

7.3 Final Words 

The AM, and 3D scanning technologies, opens an array of new possibilities since the digital 

files can be stored indefinitely and are able to be shared electronically. End-users who have 

already performed their individual 3D-scan, are no longer required to repeat this process for 

future purchases of sockets. The culmination of these changes may encourage and enable new 

opportunities for digital platforms and collaborations between companies without any 

geographical constraints. In addition, this can lead to the creation of new services that are 

focused on the aspects of processing or manufacturing of the prosthetic socket. 

In conclusion, the additive manufacturing process enhances many aspects of socket design 

techniques, and the results of this research indicates a strong potential in creating new 

standards for prosthetics developers. Companies that can allocate resources to implement 

these processes can potentially be rewarded with more competitive prosthetics and associated 

services.  
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APPENDIX I: User Interviews 

Survey A is directed toward users, and Survey B towards the technician. 

I: Questions from Interview Forms (English) 

Survey A 

Interviewer: 

Date: 

Personal Details: 

1. Name (may remain anonymous), Age. 

 

Q&A: 

2. Which of the following aspects are most important? Price, Functionality, or 

Durability? 

3. How many hours per day, on average, do you use the prosthetics device? 

4. Have you experienced with physical wear on the socket? 

5. How is your experience when sweating while wearing the socket? 

6. How do you experience long sessions of using the prosthetic device? 

7. Is the exterior material hard? Have you ever damaged the socket in any way because 

of an accident and what happened to the device exactly? 

8. How does weight matter? 

9. How would you have this device changed to better suit your needs? 

 

Survey B 

Interviewer: 

Date: 

Personal Details: 

1. Name, Age. 

 

Q&A: 

2. What is the name of the hospital you have been working for or been contracted by? 

3. Where does the design of the current prosthetic socket originate from? What company 

took part in developing this product? From what year is this design? 

4. The current prosthetic socket is given to amputees by Chinese hospitals, is it possible 

to pinpoint the number of hospitals that currently use this socket? 

5. How much is the cost of manufacturing this socket, and how much does it cost when 

sold to a patient? 



78 (104) 

 

 

 

6. Which materials are used in the current prosthetic socket? 

7. Which parts are manufactured independently, and which are dependent on its user? 

8. How are the independent parts manufactured? 

9. How are the dependent parts manufactured with respect to the user? Does the arm-

compartment take the user’s shape into account? 

10. If a better product would be designed, manufactured, and sold at equal or lower price 

as the current socket, would the hospital be interested in transitioning to the newer 

product? If yes, would the persons with the current model change to the new one, or 

would this only apply to new patients? If no, what is the reason behind this and is 

there a way to circumvent this problem? 

11. Users have expressed their difficulties with entering the arm into the model’s arm-

compartment. Have you observed the same testimony from other users? 

12. Users have expressed problems with sweating during longer sessions, and especially 

usage during summer. Have you observed the same testimony from other users? 

13. Which parts or areas of the device are most fragile, and is often seen to break? 

14. How would you have the design of this device changed to perform better? 

15. Would you affirm that a new socket design is needed and can improve user 

experiences while equipping the socket with more sensors, and why? 
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II: Questions from Interview Forms (Chinese, Translated) 

调查问卷 A 

调查人：Tommy 

日期：2019/3/2 

1. 姓名、年龄： 

 

问答 

2. 以下哪个方面最重要？价格，功能，耐用性，或者其他方面 

3. 你平均每天要使用假肢装置多少小时？2,4,6,8,10,12,14，或者其他 

4. 您目前的接受腔损坏经历如何？ 

5. 使用接受腔时，您手臂的出汗情况如何？对假肢的使用会有影响吗？控制，舒

适度或者其他。 

6. 您对长期使用假肢的体验如何？ 

7. 接受腔材料是否太硬了？你有没有摔倒过？结果怎么样？ 

8. 重量是否对使用影响很大？ 

9. 你希望假肢和接受腔有什么样的提升会更适合你？ 

 

调查问卷 B 

调查人：Tommy 

日期：2019/3/2 

1. 姓名、年龄： 

 

问答 

2. 您所工作或已经签约的医院的名称是什么？ 

3. 当前假肢插座的设计源自哪里？哪家公司参与了这个产品的开发？这个设计从

哪一年开始？ 

4. 目前中国医院给予截肢者假肢插座，是否可以确定目前使用这种插座的医院数

量？ 

5. 制造这种插座的成本是多少，以及出售给患者的成本是多少？ 

6. 目前假肢插座使用哪些材料？ 

7. 哪些部件是独立制造的，哪些部件取决于其用户？ 

8. 如何制造独立零件？ 

9. 如何根据用户制造相关部件？手臂间是否考虑了用户的形状？ 
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10. 如果以与当前插座相同或更低的价格设计，制造和销售更好的产品，医院是否

有兴趣过渡到新产品？如果是，具有当前模型的人是否会更换为新模型，或者

这仅适用于新患者？如果不是，这背后的原因是什么，是否有办法解决这个问

题？ 

11. 用户表示难以将手臂插入模型的手臂室。您是否观察过其他用户的相同证词？ 

12. 用户表示在较长的会话期间出汗有问题，特别是在夏季使用。您是否观察过其

他用户的相同证词？ 

13. 设备的哪些部件或区域最脆弱，并且经常被视为破裂？ 

14. 您如何将此设备的设计更改为更好？ 

15. 您是否肯定需要新的插座设计并且可以在为插座配备更多传感器的同时改善用

户体验，为什么？ 

 
III: Interview with Mr. Yang 

OYMotion Office, 9:30, 2019/3/2 

Speech translation by intermediary from Chinese to English, interview type was 

conversational, questions and notes from responses recorded below. 

 

Personal Details: 

Name:  杨粤琳，Yuelin Yang (Mr. Yang), Age: 45 

Lost right forearm, almost all the way to the elbow at age 20 because of a work accident. 

 

Q&A: 

1. Which of the following aspects are most important? Price, Functionality, or 

Durability? 

It depends on who will fund the prosthetic device. 

In the case that a government would fund the device, then the most important aspect is 

functionality because it eliminates the price burden from the user. In the other case where the 

user would have to pay the cost of the unit himself/herself then price and durability are 

equally important, which implies that the user desires long life-cycle of the device at an 

affordable price. However, if the device is not insured from internal and external damages, or 

the intended use is for military, then durability is most valuable. 

2. How many hours per day, on average, do you use the prosthetics device? 

2,4,6,8,10,12,14? 

Around 10 hours. 

3. Have you experienced with physical wear on the socket? 
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The socket is fragile around the arm-compartment, mostly around the edges. 

4. How is your experience when sweating while wearing the socket? 

During the summer, it can be very uncomfortable due to high temperatures causing a lot of 

sweating. The socket is very tight and causes discomfort when this occurs. The effect of low 

temperatures during winter is also causing discomfort because the arm is usually not moved 

much due to the effort required to do so, which in turn makes the body part cold when it is 

inactive. Even when wearing a warm sleeve over the prosthetic the user experiences too cold 

temperatures. 

5. How do you experience long sessions of using the prosthetic device? 

The ability to use both hands simultaneously is difficult for a multitude of reasons, the 

functionality of a single prosthetic arm is more urgent than considering two prosthetic arms 

being used simultaneously. 

Even when the user would wear the prosthetic for 10 hours, he would still only be using it for 

1 hour in total, and when it’s not in use, the user powers off the mechanical hand. 

Unless the user is given no choice, he will use the other hand. All these issues stem from a 

combination of problems in socket design, and the actual functionality of the hand (sensor 

problems, weight problems). 

6. Is the exterior material hard? Have you ever damaged the socket in any way because 

of an accident and what happened to the device exactly? 

The user does not feel like there any other choice. The material must be hard and strong 

enough to withstand damage and maintain high durability. It is said that the arm-compartment 

is very uncomfortable, and when inserting or removing the arm the user must push or yank 

roughly. 

There was never an incident where the socket would break. 

7. How does weight matter? 

It is just too heavy, and the user was asked if he can locate a center of gravity anywhere along 

the length of the arm, he responded that it feels like the weight is evenly spread across the 

length of the prosthetic, that there is no center of gravity. The user does not feel anything 

along the span of the right forearm and therefore, cannot feel weight differences between 

points. 

8. How would you have this device changed to better suit your needs? 

When it comes to the hand, he would very much like to have fingers moving separately all the 

time.  

Expectations on the entirety of the device are the following: (1) It should be waterproof, (2) 

he wants to be able to exercise, and (3) it should weigh less without sacrificing durability. 

When it comes to being able to exercise with this prosthetic device, the hand itself can 

withstand up to 10 kilograms (~98.2 N of force). The problem is that amputees cannot pull or 
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push 10 kilograms easily since the amputated part cannot create enough torque from the 

elbow to hand. 
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IV: Interview with Mr. Wang 

Text translation by intermediary from Chinese to English, interview type was in written form, 

questions and notes from responses recorded below. 

Personal Details: 

Name:  王超峰，Chaofeng Wang (Mr. Wang), Age: 49 

Amputation of both arms below elbow due to electrical accident during military service. 

 

Q&A: 

1. Which of the following aspects are most important? Price, Functionality, or 

Durability? 

In descending order of importance: (1) Functionality, (2) Price, (3) Durability. Another aspect 

that is important is access to after-sales maintenance. 

2. How many hours per day, on average, do you use the prosthetics device? 

Mr. Wang has expressed dissatisfaction with the current socket functionality and that is the 

main reason he does not use it. 

3. Have you experienced with physical wear on the socket? 

It is quite robust and does not break. The durability of the prosthetic socket is satisfactory. 

4. How is your experience when sweating while wearing the socket? 

While the socket causes sweating, the impact is not significant on the usage and functionality 

of the product. However, it is quite uncomfortable. 

5. How do you experience long sessions of using the prosthetic device? 

If the functionality is limited, it is preferable to not use the socket altogether. 

6. Is the exterior material hard? Have you ever damaged the socket in any way because 

of an accident and what happened to the device exactly? 

The socket is hard both on the outside and the inside. In fact, the insides of the socket are too 

hard. He has never fallen and damaged the socket. 

7. How does weight matter? 

The weight matters a great deal for comfort and handling. 

8. How would you have this device changed to better suit your needs? 

The socket should be comfortable to wear, and elbow movements should not be restricted. It 

should be possible to put on without assistance. 
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APPENDIX II: Material Datasheets 

 

Figure 39: Material datasheet for Ethylene-Vinyl-Acetate (EVA) elastomers. (CES EduPack, 2019) 
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Figure 40: continuation of: Material datasheet for Ethylene-Vinyl-Acetate (EVA) elastomers. (CES EduPack, 2019) 
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Figure 41: Orthopox epoxy-resin material from Ottobock. (Ottobock, 2019) 

  

 
 
 

617H5 Orthopox epoxy resin 
 

 

 

 

 

Orthopox lamination resin is a transparent epoxy- 

based resin for the fabrication of thin-walled and 

stable laminates using lamination technology. 

Thanks to excellent impregnation and bonding to 

the reinforcement fibres, it offers a very high level 

of component quality like prepreg technology and 

a higher structural strength compared to acrylic 

resins. The setting time of the lamination resin 

can be controlled via the temperature and the 

component can be individually coloured with the 

Ottobock colour pastes. 

Processing instructions: 

1. Can be demoulded after 10 hours at 23 °C 

ambient temperature under a vacuum 

2. Interim annealing for 1 hour at 60 °C for 

optimal processing 

3. Final annealing for tension-free final hardness, 

1 hour at 100 °C 

4. Optional: For permanent skin contact, 10 hours 

at 80 °C 

Benefits at a glance 

• For lightweight, thin-walled yet stable laminates 

• Transparent epoxy-based resin 

• Optimum resin content is easily established 

• Small number of layers possible 

• Optimum ratio of matrix to reinforcing materials 

• Optimum impregnation, especially with 

carbon fibres 

• Good adhesion to the reinforcement fibres 

• Produces a very smooth surface 

 

 
 

  Orthopox epoxy resin     

  Article number  617H5=1  617H5=5  

  Net contents  1 kg  5 kg  

 
  EP hardener for Orthopox     

  Article number  617P5=0.26  617P5=0.7  

  Net contents  0.26 kg  0.7 kg  

 

Reinforcement fibres for 617H5 Orthopox epoxy resin: 

Orthopox Carbon Fibre Woven 

• No fraying of the fibres 

• No double-sided adhesive tape required 
• Not for use with acrylic resins 

• Can be coloured with Ottobock colour pastes          

• Setting time can be controlled via temperature   Article number  616G12=H5.1  616G12=H5.5  

  Length  1 m  5 m  

 
Orthopox Cloth flex 

• Dyneema replacement with better resin adhesion 

• Prevents breakage 

• Very good post-processing characteristics (e.g. sanding) 

• Not for use with acrylic resins 
 

  Article number  616G181=H5.2  

  Length  2 m  

 

 
www.ottobock.com 

Danger 
For further information on the safety instructions, please 

see the corresponding Ottobock safety data sheet. 
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Figure 42: Material datasheet for Polyamides (PA). (CES EduPack, 2019) 
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Figure 43: continuation of: Material datasheet for Polyamides (PA). (CES EduPack, 2019) 
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Figure 44: Technical datasheet of HP 3D High Reusability PA 12. (HP Development Company, L.P, 2017) 
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Figure 45: continuation: Technical datasheet of HP 3D High Reusability PA 12. (HP Development Company, L.P, 2017) 
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APPENDIX III: Gannt-charts  

Figure 46: Gannt-chart plannings and outcomes of research phases. 
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APPENDIX IV: 5 Why’s and Brainstorming 

 

Figure 47: A root-cause analysis through the 5 Why’s method. 

 

Figure 48: Brainstorming (or brainwriting) session notes. 
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APPENDIX V: Simulations
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