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ABSTRACT
Losing a hand is a highly traumatic experience affecting both the physical life and mental well
being of a person. It is therefore vital to provide a prosthetic hand with similar functionality to
the hand lost.
The human hand is a very delicate and complex part of the body used every day in a wide
range of tasks from performing heavier works to smaller gestures. Due to all factors playing a
role in how amputees live their lives, recreating a human hand is a very demanding and
challenging task. As many as 30% of amputees experience depression and/or anxiety as a result
of not having the same capabilities and opportunities as before the amputation. Amputation
may be carried out both due to sudden accidents and as a result of congenital defiances and
vascular illnesses.

Since advanced prosthetic hands often come in at a price too high to reach a large part of the
amputee consumer base, the case is often that only the richest amputees are able to afford
electric prosthetic devices, and are thus often limited to simpler, body-powered alternatives.
These alternatives are often found to be lacking in features and resemblance when comparing
to the more technologically advanced electric prosthetics.

A set of product development tools and methods were selected for the development process to
ensure an organized approach for the project.

The project was concluded with a finished and fully-manufacturable prosthetic hand with some
advantages compared to the current market products.
The hand developed in the project, named OYMotion hand 1.0 proved to have a number of
advantages over competing products in selected functional areas such as force, finger speed and
weight.

The final market price of the product could not be estimated due to the fact that there are too
many unknown factors involved to determine a final market price on the hand. The production
cost is, however estimated to be significantly lower than the measured competing prosthetic
hands.

A deepened understanding about prosthetic hand design and development was obtained by
studying the market, EMG, machine learning applications, hardware, gears, finger mechanisms,
and materials.

By balancing concepts between cost, functionality and aesthetics, a structured reasoning could
be used to prioritize certain aspects of the developing of the hand.
The completed hand fulfills the required specifications and functions after undergoing a
number of analyses conducted in order verify material strength and mechanism functionality.
Further grip strength analyses and calculations were excluded from the study due to the limited
available time given.

Keywords: Prosthetic hand, Electromyography, Finger, Thumb
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Sammanfattning

Att förlora en hand är en traumatisk upplevelse som kan komma att påverka både en människas
fysiska liv och sitt mentala välbefinnande. Det är därför viktigt att tillhandahålla en prostetisk
hand med liknande funktionalitet som den förlorade handen.
Den mänskliga handen är en komplex kroppsdel som varje dag används i ett brett spektrum av
uppgifter. På grund av alla de faktorer som spelar roll i hur människor med amputationer lever
sina liv, är det väsentligt att skapa en så mänskolik hand som möjligt. Så många som 30% av de
personer som genomgott en amputation upplever depression och/eller ångest som ett resultat av
att inte ha samma möjligheter som innan amputationsprocessen. En amputation kan vara
nödvändig både på grund av olycka eller som ett resultat av medfödda avvikelser och
sjukdomar.

Då många av de mer avancerade prostetiska händerna ofta har ett för högt marknadspris för att
nå en stor del av de amputerades konsumentbas, är fallet ofta så att endast de rikaste har råd.
Övriga kunder blir således ofta begränsade till enklare alternativa lösningar. Dessa alternativ
saknar ofta underlättande funktioner när de jämförs med de mer tekniskt avancerade elektriska
proteserna.

En uppsättning produktutvecklingsverktyg och metoder valdes under utvecklingsprocessen för
att säkerställa en organiserad approach under arbetets gång.

Projektet resulterade i en färdig och fullt tillverkningsbar prostetisk hand med ett antal
egenskapliga fördelar jämte nuvarande marknadsprodukter.
Handen som utvecklats i projektet, namngiven OYMotion Hand 1.0, visade sig ha fördelar
jämfört med konkurrerande produkter i utvalda funktionsområden såsom kraft, fingerhastighet
och vikt.

Det slutliga marknadspriset på produkten kunde inte beräknas på grund av de många okända
faktorerna som krävs för att bestämma ett slutligt marknadspris på handen .
Produktionskostnaden uppskattas emellertid vara betydligt lägre än för de konkurrerande
händerna då OYMotion Hand 1.0 använder sig utav färre tillverkningsbara delar.

En fördjupad förståelse för protetisk handdesign och utveckling uppnåddes genom att studera
den nuvarande marknaden, EMG, maskininlärning, hårdvara, fingermekanismer och
materiallära. Genom att jämföra koncept mellan de viktigaste kategorierna så som kostnad,
funktionalitet och estetik kunde ett strukturerat resonemang användas för att prioritera vissa
aspekter under utvecklingen.
Den färdiga handen uppfyller de nödvändiga specifikationerna och funktionerna efter att ha
genomgått ett antal analyser som utförts för att verifiera materialstyrka och
mekanismsfunktionalitet.

Nyckelord: Prostetisk hand, Elektromyografi, Finger, Tumme
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1. INTRODUCTION

This project will describe the development process of a prosthetic hand carried out by 2
students from Mälardalen University. The project was conducted in Shanghai, China during the
spring of 2018.

1.1. Background

Losing a hand is a highly traumatic experience affecting both the physical life and mental well
being of a person. It is therefore vital to provide a prosthetic hand with similar functionality as
the hand lost.
The human hand is a very delicate and complex part of the body used every day in a wide
range of tasks from performing heavier works to smaller gestures. Due to all factors playing a
role in how amputees live their lives, recreating a human hand is a very demanding and
challenging task. As many as 30% of amputees experience depression and/or anxiety as a result
of not having the same capabilities and opportunities as before the amputation. Amputation
may be carried out both due to sudden accidents and as a result of congential defiances and
vascular illnesses.

Between 2009 and 2013 there were in total of 651 amputations carried out in China. Out of
these, 238 were hand and arm related, making up 36.5% of the total amputee number. It was
found that machine injuries and traffic accidents were the largest cause for amputations (Dou et
al., 2009).

1.2. About OYMotion Technologies

OYMotion Technologies is a start-up company in the biomedical engineering sector based in
Shanghai, China. OYMotion are providing an array of smart medical devices suited both for
private and hospital usage. Their product selection ranges from smart knee- and elbow orthoses
to physical muscle rehabilitation solutions. Their main product is however, prosthetic hands.
They have during the later years been developing the necessary hardware components required
to fit a smart prosthetic hand. The mechanical development of these devices has therefore been
put on hold during recent years until the spring of 2018.
OYMotion are currently developing concepts for a smart bionic hand capable of collecting and
analyzing gesture data to provide the user with a highly flexible and customizable experience
by utilizing machine learning algorithms.

1.3. Problem formulation

Since advanced prosthetic hands often come in at a price too high to reach a large part of the
amputee consumer base, the case is often that only the richest amputees are able to afford
electric prosthetic devices. The ones that cannot afford these are often limited to simpler, body-
powered alternatives.

The main goal of OYMotion is to provide amputees with high-quality prosthetic devices for an
affordable market price. This goal may be reached through a careful and cost-efficient research
and development process of a prosthetic hand able to meet a set of required functions and
features. The development process will therefore balance the design between cost, functionality
and aesthetic features.



2

1.4. Purpose and goal

The purpose of this project is to develop a fully-functioning and fully-manufacturable
prosthetic hand capable of meeting a set of required market features while also coming in at a
cheaper market price than a set of competing prosthetic devices. These requirements surround
both functional and aesthetic features specified in the project.

In order for the prosthetic hand to be able to compete on the market, a selection of measurable
goals for the project was assigned as follows.

The hand should:

 Have a movement span of no less than three degrees of freedom per finger and thumb.

 Consist of maximum eighty manufacturable parts.

 Weigh no more than four hundred grams.

 Be able to close its fingers and create a fist gesture in no more than one second.

1.5. Research questions

Three research questions were selected for this project in order provide a structured approach
and to gain a deeper understanding in the development process of prosthetic hands.

Research questions:

 What mechanisms should be used?

 Which materials are most appropriate?

 What compromises between functionality, appearance and cost are required in order to
meet the requirements?

1.6. Project limitations

Due to time and resource limitations, the project will incorporate a set of limitations as listed
below:

 The prosthetic device development will only cover the hand section of the human body.

 The project will only cover the mechanical aspects of the hand development and design.

 The developed hand will only be made in a digital CAD-format. No physical prototype is
required.

 Since no physical prototype is required, no physical testing or validation of the finished
product’s functions such as strength, force and finger speed is required. These values will
only be represented by theoretical calculations and simulations.
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 The project will not cover development of specific hardware, and will therefore use
existing hardware cards.

 The finished product can be mirrored in manufacturing and development but will for
clarification during this project, only represent a left-side hand.

 A total specified cost of the prosthetic hand will not be calculated. The project will,
however consider cost effectiveness as a vital aspect of the development in order to result
in an affordable final result.

 All costs for components and competing products will only be measured in the national
Chinese currency Yuan (CNY) since the product will be developed in consideration to the
Chinese market.
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2. RESEARCH METHOD

2.1. Theoretical data collection

The project will incorporate various pieces of theorized product development literatures during
the development of the product for guidance regarding the most suitable product development
tools in various stages of the project.
Specific information regarding the technologies used in the finalized product, such as EMG and
machine learning will be collected from educational books, as well as newly published research
articles in order to gain a detailed view on the various applications within the selected
technologies.

The theoretical data will be collected using a high-standard and validated research search
engines and databases. The ones used for this project are as follows:

 Researchgate
 Google scholar
 Scopus

The keywords used to obtain the theoretical information at the above-listed databases were
EMG, Electromyography and Prosthetic hand.

2.2. Empirical data collection

Additional information was collected as a complement to the theoretical data.

Further practical information regarding the state of OYMotion and the market in terms of
manufacturing capabilities and related pieces of information will be collected through visits
with representatives of OYMotion in Shanghai via unstructured and open-ended interviews.

2.3. Product development structure

The applied structure of the project follows the guidelines of Ullman (2010). The structure
involves a set of steps that serve as individual blocks of the development process. The steps
described by Ullman are as follows:

 Project planning
 Analysis
 Concept generation
 Product development
 Product support
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2.4. Product development tools and methods

A set of product development tools and methods were selected for the development process to
ensure an organized approach for the project in accordance with the research structure
described. The methods and tools are each listed and described below.

2.4.1. GANTT chart

A GANTT chart is a scheme used to monitoring the developing process. It was created by the
engineer Henry Gantt in the early 20th century. With the help of a GANTT chart the project
milestones can easily be divided into separate sequences for a simple overview the whole
progress. In this way all parties involved in the process can see the main goals, intermediate
goals, time frames and individual goals of the work in a simple and detailed manner (Milosevic,
2003). In order to properly structure the individual processes and goals of the project, a
GANTT chart is seen as a suitable tool for planning.

2.4.2. Market analysis

The market analysis is used for collecting data from competing products and services in the
same industry. It is used to gain a fundamental insight into the characteristics and
circumstances of a given market sector (Shaw, 2018). A market analysis is conducted in this
study in order to provide a detailed understanding of the prioritized features on the market for a
specific product. The information provided by a market analysis is used to further understand
the development opportunities within products by comparing a list of features and attributes.

2.4.3. Function analysis

A function analysis illustrates the functions that the final product will be required to have. In
this analysis, neither aesthetic nor technical solutions are to be looked at. The functions are
usually described very briefly and in summary to reduce multiple interpretations, and the
functions are divided into main functions, sub-functions and support functions (K. T. Ulrich,
2008). The function analysis was used to easily get a birds eye view over what functions are the
most important and what are less important.

2.4.4. Specification of requirements

The specification of requirements is the method used to analyze the market's requirements and
demands and then to translate it into the product requirements. The requirements imposed on
the product or service may include adjustments of desired dimensions, quality etc. These
requirements are compiled in a document and summarized with the demands from the client. It
will then be essential that the required specification be made as comprehensive and detailed as
possible as it will be used as a fundamental guidance document for the development process
and should therefore be kept up to date (K. T. Ulrich, 2008).

2.4.5. Design For Assembly

Design For Assembly, shortened DFA, is a method that helps to minimize the assembly costs
of a product. The assembly’s construction is only important if the assembly makes up a
significant part of the product cost. The number of components also play a big role in product
assembly processes since the more components that are used, the higher the productions cost
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will be. It is therefore important to take this method into account. This process aims to provide
an easy way to reduce assemble cost. (Ullman, 2010).

2.4.6. Design for Manufacturing

Design For Manufacturing, shortened DFM is a method that facilitates just the manufacturing
process and not the concept itself and its functionality of the product. DFM is usually defined
as the decisive form of components to enable high-quality manufacturing. The essential part of
this stage is to correctly determine the best manufacturing process for compatible components
(Ullman, 2010).

2.4.7. Design For Cost

Design For Cost, shortened DFC, takes into consideration the cost of a product already in the
design process. At the design stage, one should have a preliminary assessment of the cost of the
product. Once the product is ready and refined, the price of the product also increases
continuously. Several companies have a department where valuation specialists analyze and
estimate the expenses of different products (Ullman, 2010).

2.4.8. Concept generation

Concept generation is the method that determines what characteristics the product should have.
It is about generating ideas and concepts with characteristics based on the market research and
performance analysis.
The best and most effective method in this stage is brainstorming, i.e. to generate a lot of ideas
drawn on paper and/or describe them in a clear and detailed way (Ullman, 2010).

2.4.9. Pugh's matrix

Pugh's matrix, also known as the Pugh method or Pugh concept, has been named after Stuart
Pugh who was an engineer from the UK. Pugh matrix is a systematic method that is objectively
used to choose the most optimal solutions for a problem.
This method works by applying a score-based system and the solution with the highest score is
the one that is chosen (Burge, 2009). This method is suitable to be used in conjunction with the
concept generation to ensure that the right concepts are selected with respect to the
predetermined requirements.

2.4.10. Failure Mode And Effect Analysis

Failure mode and effect analysis, abbreviated to FMEA, is a standardized tool used to identify
and investigate possible risks and errors in the final product. When using an FMEA, each
individual and potential risk in the product or service is identified as detailed as possible to be
graded on a predetermined scale. The grades assigned here represent the potential impact of the
risks on the product. The grades are afterwards summarized and visualized in a sheet that gives
an overview of the product's overall risks. FMEA is primarily used to identify faults in a
product before it is put into production to prevent defective products from being manufactured.
In this way, a smoother product acquisition process is achieved when FMEA is included in the
design of an end product. Once the risk assessment has been carried out, a reference is also
made to recommended measures that can prevent the risk from occurring or address the
situation that may occur (Six-sigma, 2007).
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FMEA will be used in this project in order to demonstrate how any risks and failures can be
addressed.

2.5. Quality assurance

A quality assurance is the method used in order to ensure proper reliability and validity of the
information implemented in the project. By verifying the methods used, a structured approach
to the study is gained.

2.5.1. Reliability

The reliability of a method is used to make sure that the source of the information is accurate
and trustworthy. This is made in order to ensure that the study is built on a fundamental base of
true information.

Kothari (2004) lists four questions that may aid in increasing the reliability of the data used as
follows:

 Who the data was collected by.
 What source the data originates from.
 When the data was collected.
 If the data was collected in a correct manner or not.

2.5.2. Validity

Validity defines the method that ensures that the right object is in the right place or used for the
correct purpose. The importance of validity is important due to the fact that some sources might
have an expiration date. It is therefore important to avoid usage of expired sources during the
development process.
This is to make sure that sources are of high standard and that the process is not hampered by
faulty information. Olsson & Sörensen (2011) defined four guidelines for increasing validity in
a research as follows:

 Define and organize the specific goals within the area.
 Analyze the goals in specific details.
 Ascertain the information required for the goals in step 2.
 Formulate questions and goals that may be used to reach this information.
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3. THEORETICAL FRAMEWORK

The following chapter describes the theoretical data considered

3.1. Prosthetic hands

A prosthetic hand is an artificial limb meant to replace a missing hand among amputees.
Amputees may either have lost their hands in various accidents or diseases. A prosthetic hand
may be designed and developed in a various number of ways with different outcomes and
specific goals. Some amputees may have more than a single prosthetic hand in their possession
with the goal of using a more aesthetic one for ceremonial events and another prosthetic hand
for more physically demanding tasks, such as writing, lifting objects and similarly demanding
functions (Frigo and Pavan, 2013).

3.1.1. Aesthetics

Most prosthetic hands are designed to resemble a real hand in its physical characteristics. A
prosthetic hand may be designed to fulfill this need in several ways including having 5 fingers,
accurate finger- and hand dimensions. There are various currently existing solutions on the
market today that are implementing plastic sockets meant to resemble the human skin. These
solutions may further increase the total cost and weight of the product, but often pose a more
desirable solution for the customer since aesthetic similarities is often valued very high among
consumers (Kutz, 2003).

3.1.2. Functionality

Another important aspect to consider when designing artificial limbs is their ability to function
at similar levels as the limb they are initially meant to replace. An example of this may be a
hand being able to lift a certain weight, or to be able to exert a specific amount of pressure on
an object through its fingers. Velocity of fingers is also a highly prioritized aspect to consider
in order to for the limb to mimic the human gestures as realistically as possible. Designing a
prosthetic limb with the single intention of maximizing its physical strengths and the overall
sustainability of it, may prove to disturb the development of the limbs aesthetic similarities to
the real-life one. Design processes therefore usually have to balance time and the effort
between the elements of similarity and functionality of the prosthetic limb, since a more
human-like design may sometimes obstruct the placement of mechanical components required
for stronger physical attributes (Kutz, 2003).

3.1.3. Body-powered prosthetic limbs

A body-powered prosthetic limb works by using a set of physical mechanisms to use the
physical energy from the human body. They usually pose a relatively cheap market alternative
due to their simplicity and non-electrical mechanisms. An example of a body-powered
prosthetic limb may be a hook attached to the arm. The overall functionality of body-powered
prosthetic limbs is usually defined by the skill of the user, since motor skills are required for
effective uses (Kutz, 2003).
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3.1.4. Electric-powered prosthetic limbs

Another of the most commonly used power sources for prosthetic limbs is through electric
power. The limb may be controlled using a set of Electromyographic (EMG) driven sensor
electrodes to detect internal muscle activities. These prosthetic hands often come at a much
higher price than their body-powered counterparts due to the advanced hard- and software
required for implementation.
Many EMG-powered prosthetic hands on the market still use some degree of physical power
generated by the user to move individual components (Kutz, 2003).

3.2. Electromyography

3.2.1. Electromyographic principles

Electromyography, or EMG, is specified as an electrophysiological technique (Göker, 2014)
used for the purpose of detecting and analyzing any electric activity generated within the
skeletal muscles within the human limbs. Electromyography is commonly used within clinical
treatment and research to gain knowledge about the bio-mechanical movements among humans
and animals. Along with the recent evolution and development of hardware and software
technology within EMG, a variety of methods and techniques have been invented.

The movements and responses within the human body such as production of body movement,
maintenance of posture, stabilization of joints and generation of heat are all processes regulated
by specific electrical signals designated as Single Fiber Action Potential (SFAP), that are
transported from the human nervous system to the various muscle fibers in the human body.
EMG frequencies may vary depending on the specific application, but usually tend to appear in
the range 5Hz to 450Hz (Göker, 2014).

Figure 1 EMG signals (Intan technologies, 2018)

3.2.2. Types of electrodes

In order to map and visualize the activities and potentials of SFAP, various types of electrodes
are implemented within EMG. The electrodes function as a passive electrical interface between
the muscle fibers and the evaluation equipment (Pozzo, 2004).
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Figure 2 sEMG and iEMG electrodes (Flickr, 2011), (Weishendopublications, 2018)

There are essentially two different kinds of EMG; the Surface EMG (sEMG) and the
Intramuscular EMG (iEMG). Electrodes used in sEMG may analyze the muscle data without
piercing the skin as opposed to electrodes used in iEMG, but may only provide a limited
assessment in comparison.
There are 4 major types of electrodes used within iEMG and 1 major type of electrode used for
sEMG as listed below (Göker, 2014).

 Concentric needle electrode (iEMG)
The Concentric needle electrode(CNE) is mostly used within medical examinations. It has
the shape of a needle and functions by penetrating the skin of the user to gain detailed
information about local muscle fibers. The uptake area is around 2.5mm.

 Monopolar electrode (iEMG)
The Monopolar electrode is similar to the CNE, also a form of needle electrode. The
electrode thus requires human skin penetration to function. The Monopolar electrode has
proven itself to be less painful to the user than the CNE along with a higher signal
detection sensitivity, but comes with its own disadvantages in the form of larger instability.
The Monopolar electrode may also be used for intramuscular stimulation in order to treat
chronic muscle pain and tightness.

 Single fiber electrode (iEMG)
The Single fiber electrode is used for detecting single muscle fibers and is therefore more
sensitive than the other needle electrodes. It generally has an uptake area of 300-μm in
radius.

 Macro EMG electrode (iEMG)
The Macro EMG electrode is used to analyze electrical activity within a group of multiple
muscle fibers. When collected, the separate muscle fiber activities are added and averaged
to create a single value. The uptake area for this type of electrode is set to around 15mm.

 Surface EMG electrode (sEMG)
The sEMG electrodes are implemented on the surface of the user, and does therefore not
pierce the skin. They have a relatively large uptake surface area and require the least setup
time since they are applied directly onto the skin of the use. The uptake area varies greatly
to the size of the electrode. Because of its simplicity in use and installing, the sEMG has
proven to be one of the most used types of electrodes in prosthetic hands.
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3.2.3. Amplifying and filtering

Amplifying and filtering are both common practices within EMG used to magnify raw EMG
data for high quality data analysis. The amplification process is made by using special
electrical amplifying circuits capable of increasing the power of the signals with the help of an
external power source.
The filtering process is made using high-pass and low-pass signal filters to cut out frequencies
above and below a predetermined frequency value, usually set at 5 Hz and 10 kHz. The EMG
signals are often relayed through multiple filters after the amplifications process and then
passed onto additional amplification processes in order to increase the quality of the EMG
sensors as much as possible (Wang, Tang and Bronlund, 2013).

Figure 3 Pre- and post processed EMG data (Cornell University Unit Signature, 2005)

3.3. The human hand

The human hand consists of bones, joints, nerves and muscle fibers. In order to recreate a hand
with similar functions, it is vital to gain an understanding about its mechanical features and
characteristics in terms of strength and movement.

3.3.1. Force

A human hand is able to exert a degree of force on a given object. The maximum force
typically varies from person to person and the finger measured.
A study (Allhadad, Alkhatib and Khan, 2017) in the field of prosthetic hand development states
that the finger force output is often a less prioritized aspect in commercial prosthetic hands on
the current market.

Another study (Astin,1999) investigated the maximum forces applied by the human hand in
different types of grasps and actions by different age groups. The results from this study can be
found in the table below.

Table 1 Force measurement
Age Press (N) Pull (N) Lateral (N) Chuck (N) Palmar (N) Grip (N)
18-20 41.60 57.57 78.93 77.88 51.95 359.91
30-39 44.35 63.76 85.49 86.06 59.32 449.45
40+ 46.24 64.28 82.69 79.45 56.01 328.64
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It was found that no specific age group in the study had a constant advantage in all of the types
of grasps since the age group with the highest output force varied greatly depending on the type
of grasp.
Also worth to note is that the study only measured grasping a limited number of objects. The
finger force in a human hand may therefore vary greatly depending on the type of the object
lifted along with its mechanical properties such as weight, size and form.

3.3.2. Degrees of freedom

DOF, shortened for Degrees Of Freedom is a systematic classifier for describing the level of
free movement allowed within a specific part of a limb, i.e. separate fingers. It defines the level
of freedom of a mechanical body part.

The human hand has a DOF span of 30. Since many of these joints and movements are very
limited, a simplified model of the hand and its degrees of freedom is being used. In the
simplified model (Figure 4) the hand has 23 DOF, 4 per each individual finger, 4 in the thumb
and 3 for wrist rotation (Lisini et al., 2017).

The Little, Ring, Middle and Index fingers have 3 bendable joints each. These are the
Metacarpophalangeal (MCP) joint, the Proximal Interphalangeal (PIP) joint and the Distal
Interphalangeal (DIP) joint.
The Metacarpophalangeal joint has a 2DOF movement span made possible by
flexion/extension and abduction/adduction movements.
The Proximal Interphalangeal joint and the Distal Interphalangeal joint each have 1DOF used
for flexion/extension.

The thumb has 3 joints called the Trapezionetacarpal (TM) joint, Metacarpophalangeal (MCP)
joint, and the Interphalangeal (IP) joint.
In contrast to the other 4 fingers, the thumb’s Metacarpophalangeal joint is only capable of
flexion and extension movements. The adduction and abduction movements are instead found
in the Trapezionetacarpal joint.

Figure 4 Human hand simplified kinematic structure (Lisini et al., 2017)
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A visualization of the flexion/extension and the abduction/adduction movements can be found
in Figure 5.

Figure 5 Visualization of finger movements (Pitarch, 2007)

3.4. Machine learning

Machine learning is a concept area within computer and data analysis science often seen as a
subsidiary of artificial intelligence. It may be seen as a collection of methods used to detect and
further analyze patterns in any given quantity of data to predict forthcoming data. Machine
learning has therefore seen a significant use in market trend predictions and forecasts in an
array of areas ranging from housing prices to sales.
The input data is usually of a large magnitude in order to provide a pattern analysis as detailed
and realistic as possible since many important aspects play a role in how the statistics are
shaped, and incautious inputs may result in inaccurate predictions. In order for the machine
learning to provide an accurate analysis, the data is processed from raw information to a
cleaner form more suited for analyzing. A set of variables are then selected to be further
researched and then applied to a data analysis model, usually in the form of one or multiple
algorithms. After processing, the data is further visualized and presented (Alpaydim, 2014).

There are in essence two major types of machine learning. These are the supervised machine
learning and the unsupervised machine learning.

The supervised machine learning type is mostly used with strict parameters in order to
anticipate future values based on the input data.
Unsupervised machine learning on the other hand, is usually used for analyzing data collections
where a forecast anticipation is not the main intention and the data is not strictly sorted by a
given set of parameters. The main intention of the Unsupervised machine learning type is to
discover intriguing information about the data classification methods and discover information
clusters rather than reaching an ultimate prediction value (Gutierrez, 2015).

A variety of statistical mathematical algorithms are usually implemented within machine
learning projects. The most appropriate one varies with the usage case. The four most used
machine learning algorithms today are as follows according to Gutierrez (2015):

 Linear regression
This is a very old statistical tool that uses a simple linear equation method for predicting
the value of Y based on how the X parameters affects previous instances of Y.
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By analyzing the differences in the Y value, a coefficient value may be interpreted and
further used to predict new values for Y.

 Logistic regression
This type of method functions in a similar way to Linear regression, but is mainly used for
classification of binary functions. Instead of using a linear equation, the Logistic regression
uses an S-shaped function to be able to divide data into 2 separate classes.

 Linear discriminant analysis
The Linear discriminant analysis has the advantage over the Linear and Logistic regression
methods in that it may be applied to multiple classes. By assigning an average value for
each class along with its median deviance, the method creates new assumptions based on a
Gaussian distribution.

 Classification and regression trees
The last method, called the classification and regression tree creates a tree where the
branches represent different outcomes of cases. It therefore investigates every possible
outcome of a given selection of events. The prognosis is calculated when accessing the
endpoints of the branches and reading the assigned attribute value for that endpoint.

Machine learning has over time seen an increase in usage in the biomedical engineering
industry as a tool for analyzing large quantities of biomedical statistical data. Hospitals and
researchers have seen increases in diagnosis prediction by using machine learning to analyze
sets of data which has led to many cases of death and illness prevention due to more accurate
prediction. Due to its many possible biomedical applications, machine learning has opened up a
new research dimension where it may be used for countless utilization methods (Karlik, 2014).

3.5. Bluetooth

Bluetooth is a type of short-range communication technology standard based on wireless
transmission of data between electronic devices that usually operates in the radio frequency
range of 2402 MHz to 2480MHz.

Bluetooth devices are divided into master and slave units. The master unit is the one initiating
connection with the slave unit in order to establish a functioning link. This is made in order for
transmission and confirmation impulses to be coordinated when exchanging information
between the devices. An established connection between only two devices is referred to as a
Piconet.
The master unit may be paired with up to seven slave devices at once in a so called Point-to-
multipoint scatternet. A slave device may also act as a temporary master device in this
scatternet when transmitting information to other slave devices (Morrow, 2002).
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Figure 6 Types of connections (Morrow, 2002)

A Bluetooth-compatible device requires two major hardware components. The first is a radio
transmitter capable of broadcasting the information signals. The second required component is
a digital control unit used for managing the transmission and reception of transferred data. The
digital controller unit is made up of a Central Processing Unit (CPU), a link controller as well
as additional contact hubs for serial connections with the host device (Morrow, 2002).

3.6. Practical data

Upon arrival, a practical research was conducted in order to gain a fundamental insight and
understanding surrounding the current technologies used by OYMotion.

It was found that in order to function properly, the hand requires a number of internal and
external components as listed in this section. The required internal hardware cards of a
prosthetic hand varies greatly from product to product depending on their intended functions
and features. It was therefore viable to mainly focus on the components required for this
specific project made by OYMotion. The rest of the section therefore covers the components
and functions to be used in the finished product.

3.6.1. Electromyographic sensor array

The EMG signals used in the prosthetic hand are picked up by the device by utilizing an EMG
sensor array consisting of 8 separate sEMG surface sensors designed by OYMotion. The
sensors pick up EMG signals by touching the surface of the skin of the arm and does therefore
not require the same setup as iEMG sensors.

The sensors are connected to each other by a flexible armband designed to be strapped around
the user's arm muscles for signal detection. By wrapping the armband around the users arm, a
360 degree range of signal detection is established, allowing for more accurate signal detection
in the user’s muscles.
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Figure 7 EMG sensor array opened

Figure 8 EMG sensor array closed

3.6.2. Internal hardware components

The prosthetic hands developed at OYMotion require a total of 4 custom-made hardware cards
in order to function properly. Due to information disclosure from the company, only a limited
grade of details are described about the cards in this section as listed below.

 EMG signal amplifier (1)
The first hardware card is the EMG signal amplifier, allowing for enhanced and accurate
EMG signal detection. Unaltered EMG data is first passed through this component before
being analyzed by the other components.

 CPU (2)
The second component is the CPU card housing a processor unit, RAM memory, a small
light, as well as a beeper capable of emitting sounds. The magnified EMG data is sent
directly to the CPU unit from the EMG signal amplifier card. The CPU then interprets the
data to determine which gesture should be activated. The RAM memory is used to store
the EMG information, as well as the motor positioning information sent from the motor
encoders. The beeper may be triggered to alert connection status with a PC device. The
CPU also houses the electrical power transmitter of the setup. The electric power thus
enters the system in the CPU card first before being transmitted onto the other hardware
cards.
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 Bluetooth (3)
The third hardware component of the device is the Bluetooth card capable of establishing a
wireless connection with a PC device for data exchange. It is connected to the CPU card
via a serial connection and does not store any information itself, thus just serving as a data
exchange medium for external connections. The Bluetooth card features a button used to
activate a wireless connection to any adjacent devices.

 Motor driver (4)
The fourth and last hardware component is the driver card, which functions as a link to the
motor components. The driver has separate output channels on the underside of the card
for each individual motor. Thus, the more motors the hand utilizes, the more output
channels the card requires.

Figure 9 Internal hardware cards

3.6.3. System overview

When the EMG signals are first picked up by the EMG sensors, they are sent to the amplifier
unit for magnification and greater accuracy. This data is then transferred to the CPU unit for
translation and conversion. The CPU then decides which finger or which fingers that should be
activated for the desired gesture based on the analyzed data, and proceeds to send guidance
information to the motor driver card, which in return sends activation and deactivation signals
to the individual motors in the hand.
Every motor has an encoder attached to it with the purpose of recording the number of turns of
the motor so the CPU can obtain the position feedback of the motor and to prevent the fingers
from moving out of position or to create overload.

The CPU may then use a serial connection to transfer data to an external PC through the hand's
integrated Bluetooth card. The information may then be stored and analyzed through a PC
application software later described in this section.

4

3

2

1
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Figure 10 System overview

3.6.4. Smart prosthetic hands functions

OYMotion are developing prosthetic hands with smart device capabilities. Since no human has
a fully identical muscle buildup as to another human, the hand may utilize a user input to
enhance its signal recognition ability. By using a Bluetooth connection, the hand may be
paired with a PC for information exchange. The information is stored and analyzed over time
using machine learning algorithms for more accurate signal comprehension. By using machine
learning algorithms, the hand is able to detect and analyze patterns in the user’s muscles by
learning of its EMG activity.

Figure 11 Smart prosthetic hand capabilities (OYMotion Technologies Inc, 2018)

When connecting the hand and the EMG sensors to a PC via USB, users may use a training
software to create and later update the hand’s current gesture database. By selecting the desired
prosthetic hand motion while attempting to recreate it physically with the arms muscles, the
machine learning algorithms in the training software may identify which EMG signal activities
correspond to which actual gesture. Users are encouraged to perform this process multiple
times in order to update the prosthetic hand’s information database. The more data stored and
analyzed, the more accurate the signal and gesture prediction in the hand.
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Figure 12 Training software (OYMotion Technologies Inc, 2018)

3.6.5. Powering

The hand and the EMG sensors are powered by a single battery. The type of battery to be used
within conjunction of the existing hardware cards and EMG sensors is the PULSE 2550mAh
7.4V.

The specifications for the battery are listed below (Pulsebattery, n.d.).

Table 2 PULSE 2550mAh 2S 7.4V Specifications
Voltage (V) 7.4V
Cell Count (S) 2
Capacity (mAh) 2550mAh
Discharge Rate (C) 15
Charge Rate (C) 1
Dimensions (mm) 93x30x18
Weight (g) 105
Price (CNY) 130

Figure 13 PULSE 2550mAh 2S 7.4V 15C (Pulsebattery, n.d.)
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3.6.6. Socket

A plastic socket is often used to house the battery and to mount the prosthetic hand on. The
socket is designed in a humanlike way in order to mimic a human arm. The socket has
openings in the back for the arm to slide in, the front for the hand to be mounted on, as well as
on the top to provide an opening for the electric cables connecting the battery to the hand and
the EMG sensor array. This hole also allows for external charging of the battery.

Figure 14 Socket (Ottobock, 2013)

3.7. Materials

The choice of materials in the product development process has a huge impact on quality,
strength, weight and price of the final product. It is therefore vital to select the most suitable
material for each component to ensure proper functionality and desired prosthetic hand
characteristics (Rohilla et al., 2014). The main types of materials considered in this product
developed in this project are listed below.

3.7.1. Aluminum

Aluminum is a metallic element with a low density and a low melting point. Unlike many other
materials such as wood, plastic, cotton and glass, aluminum is cheap to recycle while retaining
its original functionality. The use of aluminum is increasing greatly due to its high strength and
its ability to not rust along with its high flexibility (Frisk, 2018).

3.7.2. Steel

Steel is the most common metal, also known as iron alloys. Steel is can be used for structural
support, which is one of the most common applications for steel (Lennartsson, 2018).
Its toughness and its ability to be welded are both important characteristics of steel. In addition
to these properties, the steel can be alloyed with other materials during heat treatment that gives
it a higher strength level. (Sehlå, 2002).

3.7.3. Plastics

Plastic consists of one or more polymers and several additives, which gives plastics immense
use. The manufacturing process of plastic products requires a low energy consumption level,
which means that the manufacturing process is fast and cheap, unlike other materials. In
addition, the recycling of plastics is becoming more common in today's society, which reduces
environmental impact and oil dependency (Woodford, 2018).
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3.7.4. Rubber

Rubber, is a common name for polymeric and organic rubber substances with high levels of
elastic properties. Organic rubber and synthetic rubber are two different kinds that are divided
by the original rubber category (Woodford, 2017).

3.8. Injection molding

Injection molding is the most common method when manufacturing plastic parts. The method
is used when processing thermoplastics, thermosets and elastomer. This method is used to
process the most common plastic materials, i.e. homogeneous and cellular and also fillers or
fiber reinforcement (Polyplastics, n.d.).

3.9. Metal casting

Casting is a manufacturing technique that uses liquidized materials that solidifies in cast molds.
Different chemical compounds are often utilized in the mold which may increase the material
solidify (Date, 2010).

3.10. Softwares

A number of computer softwares were utilized during this project to aid in the design of the
individual components, simulation of component strengths as well as material selection.

3.10.1. Solidworks

The CAD software to be used for virtual design, compilation and creation of drawings in this
project is SolidWorks 2017. Using this software, detailed models can be created virtually for
multiple forms of visualization for concept and end product at work. In addition to modeling,
the software was also used for simulation of the final result to investigate whether the end
result is sustainable and has practical use (Solidworks, 2018).

3.10.2. Material selection software

Material selection softwares are used for analyzing applicable materials. The software may be
used to gather data concerning physical properties of materials for further analysis and
comparison. The material selection software used in this project is the CES Edupack material
selector 2017. CES Edupack allows for students and professionals to gather detailed data about
a wide variety of materials and compare them in order to provide a suitable selection process
(Grantadesign, n.d.).
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4. IMPLEMENTATION

The following chapter describes the implementation of the above mentioned information and
methods and information throughout the project.

4.1. Project planning

A GANTT chart was created early on in the project to visualize the various milestones and
deadlines in the project in order to sustain an organized structure and meet the deadlines. The
full GANTT chart can be found in Appendix A.

4.2. Market analysis

A market analysis was conducted in order to gain a fundamental insight in the current
competitors on the market. The three major brands found on the market were compared by their
major prosthetic hand products. The strengths and weaknesses of these products were then
analyzed and compared to each other.

4.2.1. BeBionic

Based in the United Kingdom, BeBionic is currently one of the biggest competitors on the
prosthetic limb market, specializing in high-quality and advanced prosthetic hands. Their
newest and most advanced hand is the BeBionic3 prosthetic hand.
The BeBionic3 features fingers with a 2DOF movement span and a thumb with a span of
3DOF. By using a bent finger, the hand is able to perform grips with a high level of precision,
similar to a real human finger with a 4DOF movement span.
The hand compartment has 5 linear motors, 4 of which are used for each finger and one for the
thumb. In order to switch between a pinch grip and a power grip, users have to manually rotate
the thumb by using physical force since it is not connected to a motor. In total, the hand is able
to do 14 different predefined gestures and grips.
In addition to just the hand, BeBionic also provides a selection of prosthetic arms to attach the
hand onto, as well as an array of gloves made from skin-resembling rubber and silicone
designed to cover the hand and appear more human (Bebionic, n.d.)

Figure 15 BeBionic3 hand (BeBionic, n.d.)
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4.2.2. Touch bionics

Touch Bionics is a Scotland-based company specialized in providing prosthetic hands through
their ILimb series. One of their most popular and advanced products is the ILimb Ultra
Revolution hand. It features 6 rotary motors with 2 of them powering the thumb. The thumb
therefore does not require the same physical input as the BeBionic3 hand and can be adjusted
fully automatically.
Each finger has a 2DOF movement span with a bent finger design similar to the one of the
BeBionic3 hand. The thumb has a 3DOF movement span. With 24 different positions, the hand
has a significantly larger amount of predetermined grasp and gesture patterns than the one of
the BeBionic3 hand.
The hand is utilizing a modular design, facilitating the process of exchanging individual
components, but also increasing the total price of the product to a considerably higher price
than the BeBionic3. The Revolution hand is also lighter than the BeBionic3 and has a weaker
finger force output as a result of using slightly weaker motor components.
Similarly to BeBionic, Touch Bionics also provide humanlike gloves and extended arms for
their products (Touchbionics, n.d.).

Figure 16 I-limb Ultra Revolution hand (Touchbionics, n.d.)

4.2.3. Ottobock

German prosthetics manufacturer Ottobock is one of the oldest still active companies on the
market, providing a variety of high-quality solutions for amputees. Ottobock was founded in
1919 to provide returning first world war soldiers with prosthetics to help them be able to
return to a normal lifestyle.
The most advanced product Ottobock currently provides is the Michelangelo hand. The hand is
able to perform very fine tasks due to its fingers being capable of very small movements.
Similarly to BeBionic3 and I-limb Ultra Revolution, the Michelangelo hand features fingers
with a 2DOF movement span while the thumb has a span of 3DOF. The fingers and partially
the thumb are all powered by a rotary motor inside the palm compartment which is able to
perform the gestures via a complex gear system A smaller rotary engine inside the thumb
allows the thumb to perform flexion and extension movements. Due to the small number of
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motors, the hand is not able to perform as may gestures as the BeBionic3 or the I-limb. The
advanced gear system also requires a large number of parts, affecting the total price of the
product. In addition, the Michelangelo is lighter than the previously mentioned competing
products due to the usage of plastic materials in the hand compartment.
As with the other previously mentioned companies, Ottobock provides natural looking gloves
with skin-resembling features for the Michelangelo hand (Ottobockus, n.d.).

Figure 17 Michelangelo hand (Ottobockus, n.d.)

4.2.4. Comparison

Specified data was about both the competing products was collected and analyzed in order to
gain a deeper understanding in their advantages and disadvantages on the market. This data
could later be used to compare with the finished result of this project.

Table 3 Market analysis table
Max
opening/closing
finger speed
grip
(s)

Max
grip
force
closed
fist
(N)

Weight
(g)

Number of
predetermine
d gestures
and grip
patterns

DOF Amount
of
manufac
turable
parts

Price
(CNY)

BeBionic3 1 140 570 14 11 94 75,100
ILimb Ultra
Revolution

1.2 100 462 24 11 119 116,100

Michelangelo
hand

0.7 70 420 7 11 132 503,300

4.3. Function analysis

A function analysis was established early on with the purpose of defining the required
functions of the completed prosthetic hand. The main function of the prosthetic hand was to
replace a lost hand. This function could be divided into the sub-functions “able to make
gestures and grip” and “able to read muscle signals”.
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In order to be able to read the muscle signals of the human arm, the prosthetic hand needs to be
EMG-compatiable. In order to fulfill this function, the hand needs to be able to house the
required hardware components for EMG detection and analyzing.

For the hand to be able to make and retain certain gestures, the prosthetic hand needs to be able
to move its fingers, as well as perform sustainable grips.

Movable fingers is made possible by utilizing a set of actuators in the finger design process in
order to grant the fingers an adequate level of freedom of movement.
Sustainable grips in the prosthetic hand are achieved by allowing the hand to be able to lock its
fingers in any given position, to provide a certain degree of force and to use materials with an
adequate degree of friction in the fingertips.

While smart device functionality is not a function of a real human hand and not required for the
prosthetic hand to fulfill its minimum requirements, it is still a highly important function for the
prosthetic hand to optimize its functionality and provide a highly customized user experience.
It therefore serves as a supportive function. The smart device functionality is divided into
Bluetooth functionality as well as allowing machine learning functions. In order to allow both
of these functions, the hand need to be able to house the required hardware cards to be
compatible.

Figure 18 Function analysis

4.4. Specification of requirements

With the function analysis finished, a specification of requirements was established with the
help of OYMotion and their expertise in the field of prosthetic devices. The requirements are as
follows.
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 Dimensions
The dimensions of the prosthetic hand has to match the approximate dimensions of a
human hand.
Maximum dimensions for the hand with retracted thumb and extended fingers are set to
length 210mm, width 90mm and thickness 40mm

 Hardware cards
The palm has to be able to house the four hardware cards described in section 4.3.2.
with the following dimensions:

EMG signal amplifier - W30mm, L30mm, T2mm.
CPU card - W25mm, L80mm, T4mm.
Bluetooth card - W25mm, L80mm, T3mm.
Driver card - W25mm, L80mm, T5mm.

The palm also need to feature a hole making the button on the Bluetooth cards
accessible for the user.

 Weight
Maximum weight of the hand is set at 400g.

 Manufacturable parts
The hand should not consist of more than 80 parts to be manufactured.

 Finger DOF
Each finger should have at least a 3DOF movement span. Higher levels of DOF are
allowed in the fingers as long as the rest of the features function properly while
maintaining a humanlike appearance.

 Thumb DOF
The thumb should have a 3DOF movement span. Higher levels of DOF are allowed in
the fingers as long as the rest of the features function properly while maintaining a
humanlike appearance.

 Output force
Each of the 4 fingers should have an output force of at least 10N.

 Finger opening/closing speed
The maximum time used by the finger when opening and closing the hand is set to
1 second.

 Finger endurance
Each finger has to endure a force of at least 63N, representing a carried load of 6.4kg
with a minimum yield strength security factor of 3.

 Thumb endurance
The thumb has to endure a force of at least 45N, representing a carried load of 4.5kg
with a minimum yield strength security factor of 3 .
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 Palm endurance
The palm has to endure a force of at least 70N, representing a carried load of 7.1kg with
a minimum yield strength security factor of 3

 DFC
The hand should be as cost-efficient as possible while still fulfilling the other listed
requirements.

 Resemblance
The hand should aesthetically resemble a real human hand as much as possible while
also fulfilling the other listed requirements.

 GB standard
All screw holes should be made according to the national Chinese GB standards.

 Number of gestures
The hand has to be able to recreate a set of gestures found below in Table 4.
Flexion and extension movements in the TM joint are assigned as TMF.
Abduction and adduction movements are assigned as TMA.
Since the sizes of different objects vary, different variations of certain grips are required.
These may be added by the user of the prosthetic hand afterwards. The following grips
are therefore just predetermined requirements for the hands movement ability. Should
the hand’s thumb incorporate just 2 joints, the MCP joint has to compensate the lost
movement freedoms of the missing TMF joint.

Table 4 Required hand gestures

Gesture Little Ring Long Index Thumb

Closed fist
MCP
PIP
DIP

90°
90°
90°

90°
90°
90°

90°
90°
90°

90°
90°
90°

TMF
TMA
MCP
IP

45°
0°
30°
80°

Open palm
MCP
PIP
DIP

0°
0°
0°

0°
0°
0°

0°
0°
0°

0°
0°
0°

TMF
TMA
MCP
IP

0°
0°
0°
0°

Grip bottle
MCP
PIP
DIP

45°
45°
10°

40°
50°
10°

40°
50°
10°

45°
45°
10°

TMF
TMA
MCP
IP

0°
50°
20°
20°

Grip
tennis ball
MCP
PIP

55°
35°

45°
45°

45°
45°

55°
35°

TMF
TMA
MCP

0°
40°
20°
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DIP 10° 10° 10° 10° IP 30°

Pinch
MCP
PIP
DIP

0°
0°
0°

0°
0°
0°

45°
45°
10°

50°
45°
20°

TMF
TMA
MCP
IP

45°
40°
80°
10°

Point
MCP
PIP
DIP

90°
90°
90°

90°
90°
90°

90°
90°
90°

0°
0°
0°

TMF
TMA
MCP
IP

45°
0°
0°
0°

OK Sign
MCP
PIP
DIP

0°
0°
0°

0°
0°
0°

0°
0°
0°

80°
55°
15°

TMF
TMA
MCP
IP

45°
45°
45°
50°

4.5. Motor selection

With a deeper understanding in how a prosthetic hand system works, a selection of motors
could be initiated. The selection of motors had to be made early on in the design process since
the type of motor has a huge impact on the design of the hand.

In order to mimic the finger movement of the hand, two types of motors were considered. The
rotary and the linear. It was found that the linear was easier to install and provided a very good
output force as well as closing and opening speed. The problem was, however the fact that
linear motors are significantly more expensive than rotary ones of equal quality, and would
result in an expensive final product. The solution was therefore to design a mechanism that
would recreate the linear motion, but by using a rotary motor to provide a more affordable
alternative while also maintaining a good output force and movement speed.

Dimensions also played a huge role in the selection of motor components since a too large
motor would require a large motor compartment, which in turn could result in less humanlike
aesthetic features in the final product.

In order to make sure that a motor capable of meeting the required finger speed was chosen, a
calculation was made in order to determine the most suitable speed that would help determine
the most suitable motor option with respect to the requirements in section 4.5.

In order for the finger to be able to close its finger in 1 second in accordance to the specified
finger speed requirement, it had to be able to rotate 90 degrees in this time (see figure 19 and
equation below). A finger length of 8cm was assumed. In order to calculate the minimum load
speed, the following formulas were implemented:
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Figure 19 Linear speed in a circle(Mathmanmcq, 2018)

t
sv 

Where v represented the velocity, t the measured time of 1 second and s the rotational
distance.
S could be solved from:

1*4
2 rs 



And using the rotational distance:

ms 1257.0
1*4

16.0




The required linear speed was thus calculated to be 0.1257m/s. The minimum required
rotational speed in terms of revolutions per minute was then calculated:

rpm
D

vn 15
160

1257.0*60*1000*60*1000




With this information, it was established that the minimum rotational speed for the motor
should not be under 15rpm.

Table 5 Motor selection
Rotary motors

Name Max
length
(cm)

Rated Torque
(kg cm)

Load Speed
(rpm)

Price (CNY)

12GAN20-200
6V

3.6 0.4 100 50

12GAN20-298
6V

3.6 1.5 25 50

Polulu 100:1 6V 3.6 0.74 130 395
Polulu 250:1 6V 3.6 1.7 54 395
Faulhaber
1024K003SR 3V

2.39 1.6 312.5 850



30

Linear motors

Name Length
(cm)

Peak force (N) Load speed
(m/s)

Price (CNY)

Faulhaber
LM0830

4 2.74 1.8 3700

Actuonix PQ12
6V

6.8 18 15 500

The most suitable motor became the 12GAN20-298 6V. This because of its high torque value
in conjunction with its suitable load speed of 25rpm. A too high rotational speed would wear
out the gear system too fast, and 25rpm was considered to be an adequate value capable of
matching the specified requirements of the opening and closing speed of the fingers.

Figure 20 12GAN20-298 6V (AliExpress, n.d.)
With the motor selection finished, an encoder was selected suitable for the motor in order to
give it the possibility of sending a position and current feedback to the CPU card. The most
suitable was found to be the Polulu optical encoder. The encoder was suitable not only for
Polulus own rotary micromotors, but also for the 12GAN20 motor series. This because of the
large similarity between the motor systems(Polulu, n.d.).

Figure 21 Polulu optical encoder attached to 12GAN20-298 6V (Polulu, n.d.)
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4.6. Concept generation

With the motor type selected the generation of concepts could be initiated. The type of motor
selected played a large role, since a linear and rotary motor would require different types of
gear mechanisms. The generation of concepts was divided into separate design sections for the
gear mechanisms, fingers, thumb and the palm. This way, a more structured approach could be
made possible. The concepts where developed with the aim of getting an understanding on how
prosthetic hands works, the concepts in this report are the result of brainstorming together with
feedback from representatives from OYMotion.

4.6.1. Gear system concepts

A number of gear mechanisms (see Figure 22) were considered before choosing the most
optimal one.
The most suitable mechanisms to be tried for the prosthetic hand were found to be the straight
bevel, worm gear and pinion & rack. This mainly because they could be used to develop a
moving finger mechanism while not taking up too much space which would lead to an
unnatural appearance of the hand. One important factor of the gear selection was the intended
positioning of the motors. Many of the considered gear mechanisms could not successfully be
linked in such a way that the rotational movement could be harnessed to move the fingers in a
desirable fashion. The concepts were evaluated if they could achieve the required force and
speed outputs set at 10N and 15rpm.

Figure 22 Types of gear mechanisms (Engineerdog, 2017)
 Bevel gear
The first mechanism to be tried was the bevel gear mechanism. In order to connect the rotary
motor in such a way that the finger could be rotated, the motor was placed in a perpendicular
fashion to the rotation of the finger. A second gear was used for transmitting the rotary motion
so that the finger could move. A pair of roller bearings were implemented in order to smooth
the rotational motion and to decrease friction between the surfaces in the mechanism. All
components were divided into 2 separate compartments, which could later be developed into
one single compartment, should the gear function as wished for and be ultimately selected.
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Figure 23 Bevel gear system

In order to gain measurable data from the concept, a gear calculation was made to find out how
the gear concept would affect the output force and rotational speed of the finger.
Assuming a 2:1 ratio between the gears and the initial torque set at 14.73N from the motor, a
further calculation could be made assuming gear A is the driving gear connected to the rotary
motor, and gear B is the driven gear connected to the finger. Gear radius A is set to 0.3cm and
B to 0.6.

The relation between torque, force and radius was obtained from:

rFT *

Where T represents the torque value, F the force and r the radius.
The ratio was given from:

2
A

B

T
TR

Where R represent the gear ratio.

N
r
TRFTRrF
B

A
BABB 1.49

6.0
73.14*2*** 

The rotational speed was then calculated assuming the same ratio:

rpm
R

rpmrpm A
B 5.12

2
25



The rotational value proved to be too low for the finger to be able to close in 1 second.

A gear ratio of 1:1 was then tried with the same dimensions:

N
r
TRFTRrF
B

A
BABB 55.24

6.0
73.14*1*** 
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The rotational speed assuming the same ratio was thus:

rpm
R

rpmrpm A
B 25

1
25



These values were in the allowed range and could therefore be used for concept evaluation.

 Worm gear
The second mechanism considered was the worm gear mechanism. A similar compartment
tried with the bevel gear mechanism was used where the rotational mechanism would be placed
in a box with roller bearings attached to it to minimize friction in the process. In order for the
worm gear to affect the rotational gear, the motor compartment had to be situated slightly
higher up than previously in the bevel gear mechanism. A disadvantage discovered with this
principle was that the overall thickness of the hand would increase greatly, resulting in a less
humanlike appearance. The price of this concept would be similar to the price of the bevel gear
concept since it would require an equal amount of parts.

Figure 24 Worm gear system

The calculations used for the worm gear were as follows:

T

G

N
NR 

Where GN is number of teeth in worm gear and TN is the number of worm threads. A worm
gear and a thread gear were assembled in SolidWorks within the dimensional parameters in
order to assume realistic values. Gear radius was set to 6mm.

5.2
8
20

R

This ratio was then used for force calculation.

N
r
TRFTRrF
B

A
BABB 375.61

6.0
73.14*5.2*** 

The rotational speed was then calculated assuming the same ratio:
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rpm
R

rpmrpm A
B 10

5.2
25



It was found that the finger speed could not match the required values with the used ratio value
of 2.5. In order for the concept to be able to comply with the requirements, it would require a
large worm in order to fit the required threads and cause a maximum ratio of 1.5. This worm
would cause an unnatural appearance because of its required dimensions. The gear size would
also subsequently increase the overall thickness of the hand over the desired dimensions.

 Pinion & rack
The third mechanism tried was the pinion & rack system. In this setup, the motors would be put
in a perpendicular orientation in relation to the previous motor positions. The rack would move
forward and backwards from the finger compartments. In this fashion, the gears could mimic
the movements of a linear motor more similarly than the bevel and worm gear mechanisms.
This opened up the possibilities of using finger rotational designs adapted for linear motors.
In order to fit the 4 motors in a fashion requiring a minimum amount of space, half of the
motors were placed upside down in relation to the other ones, and attached to the “roof” of the
palm compartment to be designed. This way, the racks of adjacent motors would not interfere
with each others motion. This setup would use a slightly higher number of parts than the bevel
gear and worm gear concepts since the connected fingers connected would still require its own
compartment. Due to the racks placements in the bottom and top of the proposed compartment,
some linear force would be lost depending on the angle when connecting to the fingers.
Furthermore, friction would also play a role.

Figure 25 Pinion & rack gear system

The pinion & rack calculation formulas were as follows when assuming no friction between the
rack and the surface it rests on and 3mm radius of the gear along with a 1:1 ratio:

N
r
TF
A

A
B 2.98

3.0
73.14*2*2



Where BF represents the force in the rack.
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Assuming a friction force of 5N and an angle of 45 degrees (assuming the connected finger
mechanisms are placed mid-level in the compartment) gives us:

NFB 2.9352.98 

And the total vertical force:

NFX 96.4845cos*2.93 

The rotational speed would then be equal to the motor speed due to the ratio in terms of rpm,
thus 25rpm.

Figure 26 Pinion connection angle

4.6.2. Gear system selection

Table 6 Gear mechanism selection
Max force output (N) Speed (rpm) Additional features

Bevel 24.55 25
Worm 61.375 10 Unable to meet functional

and aesthetic requirements
simultaneously

Pinion & rack 48.96 25 Allows for use of linear
motion-centered mechanisms

The calculated force and speed factors were then converted to an overall functionality factor to
be used in the Pugh matrix and be measured against the cost and aesthetics of the other
concepts. The higher the cost of the concept, the lower points it would obtain in the cost score,
since the points were used to define positive attributes.

Table 7 Gear mechanism Pugh matrix
Total points Cost

(1-5)
Functionality
(1-5)

Aesthetics
(1-5)

Bevel 9 3 3 3
Worm 7 3 2 2
Pinion & rack 10 2 4 4
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With the most overall points collected, the pinion & rack gear system was eventually chosen.
This opened up new opportunities when designing the fingers, since the rack and pinion could
simulate a linear motion that would otherwise require a more expensive linear motor.

4.6.3. Finger

With the gear mechanism selected, the finger design process was initiated. The concepts were
developed with respect to the specification of requirements (see section 4.4) as a result of a
controlled brainstorming process. The brainstorming process allowed for various finger
bending mechanisms as long as they allowed a minimum movement span of 3DOF and had a
human finger resemblance.
Ultimately, three concepts were considered. Two of which had a 3DOF movement span, and
one with 4DOF.

 3DOF-1
The first 3DOF concept features a mechanism that requires the rotation of a wheel for the
finger to bend. That way a rotational movement was required to bend the finger. A small box
housing the rotational compartment of the hand was utilized, also housing a pair of roller
bearings to smooth out the rotational movement. The concept incorporated a main
compartment of beams meant to recreate natural finger bending as well as a second set of
beams placed in the middle of the finger structure that allowed the finger to bend in an
appropriate way.

The finger would use cover parts on its sides to protect the interior mechanism from dirt as well
as a means to increase human finger resemblance. These cover parts did however not cover the
finger to its full extent to allow for movement in the internal mechanism required for the
bending motion.

The concept was found to have problems bending the MCP joint to its full desirable extent of
90 degrees, thus not allowing the fingers of the hand to form the gestures closed fist and point
successfully.
In addition to this limitation, the finger was found to use a large amount of parts, increasing its
total cost and weight.
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Figure 27 3DOF-1 concept

 3DOF-2
Since the pinion & rack gear mechanism allowed for a finger design similar to the one used in
the BeBionic3, another concept was developed loosely based on that design.
A linear motor-actuated 2DOF finger was first designed and then developed into a 3DOF finger
using a similar mechanism to the one used in the 3DOF-1 concept.

The design proved to have advantages over the 3DOF-1 concept in cost and functionality. The
cost could be reduced by using less parts in the design than required in the 3DOF-1 concept.
This was mainly because the concept allowed for using the exterior finger cover parts for the
internal mechanism. The cover parts could thus be used both for functional and aesthetic
purposes as opposed to the cover parts of 3DOF-1, where they were treated as a separate
components. This design is therefore more cost efficient since it requires less parts. The
functionality was also increased since the MCP joint of the finger now could bend to a higher
degree.

Finally, the aesthetic features of the finger remained at a similar level. The finger cover parts
were not fully circular since the 3DOF mechanism still required an open underside of the finger
to move properly.
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Figure 28 3DOF-2 concept

 4DOF-1
The 3rd finger concept to be designed was the a 4DOF finger design capable of abduction and
adduction movements in the MCP joint in addition to just flexion and extension. This was
made by using a rotational shaft and roller bearings under the motor compartments. Since a
motor proved to be very hard to link to this mechanism, the design suggested using physical
force to perform the adduction/abduction movements in a similar fashion to the thumb design
of the BeBionic3 hand (see section 4.2.1). By allowing this movement, the hand could mimic
the natural finger movement of the human hand to a higher degree.
The concept was eventually ruled out since it required movable motor compartments, which
would not support the selected pinion & rack gear mechanism. The concept was found to only
support the ruled out bevel gear and worm gear mechanisms and was therefore not viable for
further development.

Figure 29 4DOF-1 concept
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4.6.4. Finger selection

The most important aspects to be measured between the concepts were considered to be the
minimum number of required parts since this number would have a great impact on the
manufacturing costs of the fingers, as well as the number of the required gestures that the
concept was able to recreate.

Table 8 Finger selection
Minimum number of
parts required

Number of required
gestures possible

Additional features

3DOF-1 10 5 Unable to meet
functional requirements

3DOF-2 6 7
4DOF-1 12 7 Requires lots of space

in hand compartment

Similarly to the gear selection process, the functionality factor served as a median value for the
above measured functionality aspects of each concept.

Table 9 Finger Pugh matrix
Total points Cost

(1-5)
Functionality
(1-5)

Aesthetics
(1-5)

3DOF-1 8 2 3 3
3DOF-2 11 3 4 4
4DOF-1 8 1 5 2

With the most overall points collected, the 3DOF-2 was chosen for finger design. This since it
had good maneuverability while being relatively cost effective.

4.6.5. Thumb

In the thumb concept generation, three concepts were considered as a result of a separate
requirement-oriented brainstorming process for the thumb in order to ensure that suitable
concepts were achieved. All concepts were initially designed with the intention of resembling
a human thumb in appearance and functionality. After this step, additional internal mechanisms
were added to allow for the thumb concepts to rotate and be connected to a motor.
All of the concepts were based on similar designs featuring two bendable joints. The TM joint
was therefore not recreated in any of the thumb concepts since of its complex design proved to
be too challenging to construct in any economically feasible manner. The adduction and
abduction movements were thus moved to the MCP joint in order for the thumb to be able to
recreate the required gestures from the specification of requirements (table 4). Further on, the
flexion/extension levels of freedom from the now missing TM joint were added to the MCP
joint so it could compensate for the missing joint and still be able to recreate the required grips
and gestures described in the specifications of requirements.

 Double motor
The first thumb concept incorporated two motors for the two different types of rotations to
provide the thumb with fully automatic movement where no physical force was required for
any of the bendable joints. The flexion and extension movements of the IP and MCP joints
were both controlled by the same motor placed inside the thumb’s body. The rotational energy
was converted by using a rod connected to a bevel gear in contact with the rotational motor.
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The second motor was placed outside the thumb’s body, and inside the hand compartment
where more space was provided. The motor was connected to a worm gear that would be
connected to another gear to allow abduction/adduction rotation.

Figure 30 Double motor concept

 Single motor-1
A similar concept to the double motor concept was developed with the aim of reducing the cost
of one engine and decrease the required parts and space in the hand compartment. The motor
placed inside the thumb remained to provide flexion and extension movements. The same size
of the thumb’s body was therefore required in order for the thumb to house the motor inside.

The adduction/abduction motor was removed and replaced by physical force. Gears were added
underneath in order to increase friction of the movement so that it would not sway when not
used.
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Figure 31 Single motor-1 concept
 Single motor-2
Another concept using only a single motor was developed with the aim of being more cost-
efficient and smaller. The motor inside the thumb compartment was removed to make way for
a smaller body where the motor would not fit. The flexion and extension movements were
therefore made using human physical force instead of a motor. The same bending mechanism
remained however, linking the IP joint’s movement to the MCP joint’s movements and vice
versa for physical flexion and extension of the thumb.

Figure 32 Single motor-2 concept

4.6.6. Thumb selection

The cost factor was mainly affected by the number and sizes of the required parts in each
concept.
Since all concepts had the same level of mobility and movement freedom, the functionality
factor was affected by level of automation. The less physical force a concept required, the
higher its functionality value. The use of a Pugh´s Matrix was used to select the best option.
Aesthetics were greatly determined by used space of the internal mechanisms. This since the
less space a concept used, the more the concept could be shaped to increasingly resemble a
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human thumb without interfering with its mechanical parts required for it to function as
intended.

Table 10 Thumb Pugh's matrix
Total points Cost

(1-5)
Functionality
(1-5)

Aesthetics
(1-5)

D-motor 10 2 5 3
S-motor-1 9 3 2 4
S-motor-2 9 3 2 4

During the selection process it was found that the double motor concept was the most suitable.
This since it received adequate scores in both functionality and aesthetics, as well as not too
high cost scores in comparison to the other alternatives.

4.6.7. Palm

The design of the palm was a more straightforward process, since in its essence only had to be
able to facilitate the fingers, thumb, hardware cards and the gear mechanisms. In addition to
the required space for the internal components, the palm required openings for the finger and
thumb compartments, as well as to electrical wires between the hardware cards, motors and
external components such as the battery and the EMG sensor array. The palm was also required
to be as humanlike as possible to ensure the aesthetic requirements of the prosthetic hand was
met.

Some of the special features required in the palm was a hole for the thumb. The thumb needed
to be of appropriate dimensions to allow the thumb to move freely and perform the required
gestures. The hole could be hidden with a flexible rubber cover glove.

In order to fit the hardware cards, they were placed on top of the palm. The palm was rounded
in the corners in order to increase its humanlike aesthetics and reduce the number of
perpendicular and sharp edges.

Figure 33 Palm concept

4.7. Finger variations

Due to the different dimensions of human fingers, the fingers of the prosthetic hand were made
in different size configurations to match the respective fingers. The index and ring finger were
made in the same sizes due to their similar sizes in a real hand, thus reducing the four fingers to
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three unique configurations and reducing the overall number of unique individual components
required for manufacturing.

Figure 34 Finger body visualization

A summary of the different length configurations of the fingers can be found in table 11.

Table 11 Finger configuration specifications
Body 1 (mm) Body 2 (mm) Body3 (mm)

Index/ring 39 25 32
Middle 39 35 32
Little 34 25 32

A total of five unique and manufacturable body parts were therefore used for the three finger
configurations.

4.8. Finger calculations

The mechanism used in the fingers ensures that when the first body part of the finger has
rotated 90 degrees, the finger is closed (see figure 35).
In order to obtain the finger movement speed, a simplified calculation was made. The length of
the finger part was measured to be 3.9 cm from the model finger concept. Since the first body
part of both the index/ring finger and the middle finger were of the same dimensions, a finger
closing time calculation could be made for the three fingers.

First the rotational distance was calculated:

mrs 061.0
4
078.0

4
2




Then the velocity:

smnDv
D

vn /102.0
60*1000
*78*25

60*1000
*60*1000






And finally the time:

s
v
st

t
sv 607.0

102.0
061.0



Body 1 Body 2 Body 3
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Figure 35 Finger calculation length

The same calculation was then made for the little finger with a length of 34 mm for its first
finger body part:

First the rotational distance was calculated:

mrs 053.0
4
068.0

4
2




Then the velocity:

smnDv
D

vn /089.0
60*1000
*68*25

60*1000
*60*1000






And finally the time:

s
v
st

t
sv 595.0

104.0
062.0



The slowest time was assigned as the total time required for the hand to close or open all its
fingers. The time was set to be 0.6s
Further, the grip force of the hand when forming a fist gesture could be estimated by
multiplying the individual finger forces with the number of fingers:

The max grip force was thus given by:

N84.1954*96.48 

4.9. Material selection

In the material selection, various types of materials were considered for each type of
component in the hand. The material selection was divided into multiple sections due to the
different functions of the different components.
All data about the materials was collected with the help of the CES Edupack 2017 software.
The collected data included relevant information regarding the price, mass density, yield- and
tensile strength of the materials. The material selection would be followed by a Finite Element
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Analysis (FEA) in order to guarantee that the right materials were chosen in terms of required
strength. The full chart of collected material information can be found in Appendix B.

4.9.1. Finger, thumb and palm mechanism

For the finger, thumb and internal palm mechanism components, a number of steel and
aluminum materials were considered. The mechanism parts included the internal beams found
in the finger used for the bending mechanism. See figure 36.

Figure 36 Mechanism components

The final material used for the mechanisms was eventually chosen to be the Aluminum 2024-
T361 alloy. This because of its low mass density when compared to the other steel materials in
the selection, which was rivaled only by the 2618-T61 (SS) alloy. The 2024 alloy proved itself
to be the more force-resistant alternative among these two, while also being sold at the same
price. See table 12.

Table 12 Finger and thumb mechanism material selection

Group Name
Price
(CNY/kg)

Mass Density
(kg/m^3)

Yield
Strength
(N/mm^2)

Tensile
Strength
(N/mm^2)

Steel
AISI 4130,
Normalized 4.58 7850 460 731
AISI 4340,
Normalized 5.65 7850 710 1110
Stainless Steel,
Austenitic, AISI 304 15.9 7850 690 1030
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1/2 hard
Stainless Steel,
Martensitic, ASTM
CA-15, Cast,
tempered at 315C 8.04 7560 985 1250

Aluminum 2618-T61 (SS) 13.6 2760 372 441
2024-T361 13.6 2780 395 495

4.9.2. Finger and thumb body

The materials considered for the finger and thumb bodies were lightweight materials consisting
of different types of plastics and aluminum alloys.

Figure 37 Body parts

The bodies of the thumb and the fingers were ultimately chosen to implement Nylon 6/10 due
to its lightweight and relatively high yield strength.

Table 13 Finger and thumb body material selection

Group Name
Price
(CNY/kg)

Mass Density
(kg/m^3)

Yield
Strength
(N/mm^2)

Tensile
Strength
(N/mm^2)

Aluminum 2618-T61 (SS) 13.6 2760 372 441
2024-T361 13.6 2780 395 495

Plastics Nylon 6/10 30.6 1400 139 142
PA Type 6 17.1 1120 90 103
PPS (General
purpose) 42.4 1060 50 64
PVC Rigid 9.3 1300 41 41
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4.9.3. Finger and thumb tip

A layer of soft materials was applied to the tips of the fingers and the thumb. This was made in
order to increase the friction when grasping objects. The materials considered for selection
were different types of rubbers and silicon.

Figure 38 SBR on the fingertip

The material to be used in the finger tip was chosen to be Styrene Butadiene Rubber (SBR).
This because of its cheap price and high yield strength factor while also being one of the
lightest materials in the selection (see table 14).

Table 14 Finger and thumb tip material selection

Group Name
Price
(CNY/kg)

Mass Density
(kg/m^3)

Yield
Strength
(N/mm^2)

Tensile
Strength
(N/mm^2)

Silicons Silicon 60.6 2280 120 120
Rubbers Styrene Butadiene

Rubber (SBR) 7.11 940 245 245
Natural rubber 9.83 960 20 20
Hard rubber
(Ebonite) 16.9 1080 60 60
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4.9.4. Palm body

The materials considered for the palm body were the steel and aluminum alloys. This since the
hand compartment needed a stable solidity in order to house all other components.

Figure 39 Palm body

The selected material was eventually chosen to be the Aluminum 2024-T361, also used in the
finger and thumb mechanisms.

4.9.5. Palm housing cap

The materials considered for the palm housing cap were then selected.

Figure 40 Palm housing cap
The material used for the housing cap was eventually chosen to be Nylon 6/10 because of its
strength, flexibility and weight.
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4.10. Finite Element Analysis

A Finite Element Analysis was conducted in order to analyze the solidity of the constructions
and to gather input information for the material selection. In the analysis, static forces were
used to represent carried loads on the hands components that they were required to handle. The
forces were applied from different angles in order to provide an in-depth analysis of the
construction strength of the individual components and since different objects require different
grips that may affect the fingers in different ways. Another purpose of the FEA process was to
investigate whether the material selection was appropriate and could sustain the components
under stress. A mixed mesh type with 75% detail accuracy was used in the simulations with 3
iterations to ensure that consistent results were obtained in the study. The applied forces were
distributed along the full surface of the components, and was therefore divided into smaller
forces on the contact points.

4.10.1. Finger analysis

In the first static finger analysis, the forces were first applied to the underside of the finger to
represent the carrying of a weight and its effect of the fingers. The finger analysis was applied
to the middle finger. The materials used in the finger were the 2024-T361 with a yield strength
of 395MPa in the internal parts, and Nylon 6/10 with a yield strength of 139MPa for the outer
cover parts. With a required strength capable of handling a load of 63N as stated in the
specification of requirements (see section 4.5) with a security factor of 3, a calculation could
give us the maximum possible stress:

MPa132
3
395

 for the internal parts

and

MPa46
3
139

 for the cover parts

Table 15 Finger analysis specifications
Type Force Mesh Iterations
Vertical underside 63N total Mixed mesh, 75%

fine
3

Horizontal 63N total Mixed mesh, 75%
fine

3

The first analysis applied a 63N vertical force on the underside of the finger to simulate a
carried load in an open palm where each finger is subjected to a share of the total weight. The
highest stress points detected were found to be in the screw holes of the finger. The maximum
stress in the simulation was found to be 35.92Mpa. This was within the given restrictions of
stress tolerance.
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Figure 41 Finger vertical simulation

The second simulation used the same force but from a horizontal angle to simulate a weight
being applied from the side of the hand. The maximum stress was found to be 62.29MPa.

Figure 42 Finger horizontal simulation

Both simulations showed that the yield strength of the Nylon 6/10 was insufficient to meet the
strength requirements of the loads. In order to meet the requirements, the material of the cover
parts was changed to Aluminum 2024-T361. This would induce an increase in strength, a slight
increase in weight, and a decrease in price. The maximum allowed stress was now set to
132MPa.
After changing the materials, the vertical and horizontal simulations were re-run.

The re-run of the vertical simulation resulted in a maximum stress of 32.92MPa, which was
within the allowed parameters.



51

Figure 43 Finger vertical simulation re-run

The re-run of the horizontal simulation with the new assigned material resulted in a maximum
stress of 60.47MPa, also within the new allowed stress parameters.

Figure 44 Finger horizontal simulation re-run

4.10.2. Thumb analysis

Because of its different design, the thumb was given its own analysis since the applied forces
would act differently on its surfaces.
The thumb analysis was like the finger, divided up into two types of simulations; the vertical
and the horizontal.
The total force applied was 45N for each type of simulation.
The allowed stress parameters were because of the initial material selection, the same as the
initial values for the finger analysis:

MPa132
3
395

 for the internal parts
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and

MPa46
3
139

 for the cover parts

Table 16 Thumb simulation specifications
Type Force Mesh Iterations
Vertical underside 45N total Mixed mesh, 75%

fine
3

Horizontal 45N total Mixed mesh, 75%
fine

3

The vertical underside simulation resulted in a maximum stress of 35.45MPa, within the
allowed stress parameters.

Figure 45 Thumb vertical simulation

The horizontal stress simulation gave a maximum stress value of 20.2MPa. Since this was also
within the allowed stress parameters, no change of material were required.

Figure 46 Thumb horizontal simulation
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4.10.3. Palm analysis

A single vertical analysis was conducted on the palm’s underside to simulate a carried load of
70N in the palm. Since the palm was made from Aluminum 2024-T361, the maximum stress
allowed was given by:

MPa132
3
395



Table 17 Palm simulation specifications
Type Force Mesh Iterations
Vertical underside 70N total Mixed mesh, 75%

fine
3

The maximum stress calculated with a 70N force applied to the palm’s underside was
22.66MPa. Since this was within the allowed stress parameters, no material change was
required.

Figure 47 Palm vertical simulation

4.10.4. Palm housing cap

Although no specified requirements regarding the housing cap strengths had been made, it was
tested with a force of 60N to gain additional information about the strength of the housing
cap’s structure.

MPa46
3
139



Table 18 Palm housing cap simulation specifications
Type Force Mesh Iterations
Vertical underside 60N total Mixed mesh, 75%

fine
3
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The analysis gave the maximum stress value to be 45.02MPa. In other words, the housing cap
is capable of carrying loads of 60N, or approximately 6.1 kg with a yield strength security
factor of 3.

Figure 48 Palm housing cap vertical simulation

4.11. Failure Mode And Effect Analysis

A failure mode and effect analysis (FMEA) was established by this part of the project in order
to foresee possible malfunctions and failures of the hand. The FMEA was divided into separate
sections for the palm, fingers and thumb components for a more structured approach.
It was found that the most common problem and failure mode was obstructions to the open
areas and force overloads.

The full FMEA can be found in appendix C in the appendices section.

4.12. Manufacturability

In order to manufacture the individual components of the hand, a manufacturing process had to
be assigned to each type of component depending on their materials. The manufacturable parts
considered did not include the standardized parts in the assembly. The parts considered
standardized were the used screws, roller bearings and gears. This since they could be bought
externally from local and regional mechanical part manufacturers.

The parts that did require manufacturing were made in plastic and aluminum. The plastic parts
included the palm housing cap and the thumb’s body parts, while parts used in the palm, thumb
mechanism, finger mechanism and the internal gear connector components were to be made in
aluminum.

Injection molding was chosen as the most appropriate method for manufacturing the plastic
parts. An injection model analysis was conducted in order to verify that the plastic parts of the
hand were fully manufacturable by plastic molding. The analysis eventually proved that the
plastic parts were manufacturable by injection molding. The results can be found in appendix D.

Casting was then chosen as the most suitable production method for the aluminum part since it
is the most common and cost-efficient procedure to form aluminum parts.
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5. RESULT

The following chapter describes the result and its features.

The completed hand was ultimately assembled using SolidWorks 2017. Due to the level of
freedom available in the fingers, the hand was able to recreate the required gestures as well as
grasping and gripping various objects. Mechanical assembly drawings describing the total
dimensions of the middle finger, thumb and the palm can be found in appendices E, F and G.

Figure 49 Gestures and grasping

The fingers were connected to the internal gear mechanism with a pair of rod connectors per
finger. The thumb compartment was placed in a manner that ensured free movement of the
racks without touching or interfering with them.
The racks of the gear system were connected to the fingers via two aluminum rods each.

Figure 50 Internal mechanisms
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5.1. Finger features

The finished finger now had one single aluminium rod connecting its DIP and PIP joint, instead
of two from the concept stage. This was made in order to increase strength and durability of the
finger by having a larger one replace the two smaller ones. The total amount of parts required
for manufacturing was thus slightly decreased.

Figure 51 Finished finger design

The finger features two springs in its PIP joint that facilitates extension of the finger. These
springs provide a slight resistance when flexing the finger and prevent the finger parts from
moving out of position during movement.

Figure 52 Finger springs
In order to decrease shock and wear in the finger, a damping mechanism was designed in the
first part of the finger. The purpose of this feature was to create a buffer area between the rods
connected to the motor and the finger body.

Figure 53 Finger damper
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The finished finger was ultimately made up of eight manufacturable parts connected with ten
steel screws of various dimensions. The eight unique parts featured four aluminum rods for the
internal mechanisms, three aluminum finger body parts, and one single aluminum finger holder.

Figure 54 Finger exploded view

5.2. Thumb features

The finished thumb underwent minor changes from its concept stage to its final stage. During
this refinement process the tip of the thumb was made slightly smaller, along with some minor
adjustments to prevent individual components from touching and affecting and/or damaging
each other.

Figure 55 Finished thumb

The internal mechanisms remained the same with one engine used for flexion in both the IP
and the MCP joints, and one separate motor used for adduction and abduction in the MCP joint.
See figure 56.
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Figure 56 Thumb flexion/extension mechanism

A bevel gear mechanism was used for the flexion and extension movement, while a worm gear
was used for the adduction and abduction (see figure 57). In order to facilitate rotations in these
parts, roller bearings were implemented to decrease friction between the moving components
of the thumb.
The thumb connects the 2 movements via 2 transmission rods inside the compartment.

Figure 57 Thumb gears

Figure 58 Thumb adduction/abduction mechanism
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The finished thumb features a total of ten manufacturable parts. four thumb body parts made
from Nylon 6/10, one thumb compartment holder made of aluminum, three aluminum rods, and
two aluminum holders required for the internal mechanism of the thumb. In addition, the thumb
features two motors, four roller bearings, four gears and nine screws(see figure 59).
By using a large amount of standardized parts in the thumb assembly, the manufacturing cost is
thus significantly decreased. The thumb is able to turn along the worm gear mechanism in a
total span of 100 degrees.

Figure 59 Thumb exploded view

5.3. Palm features

A number of holes were positioned under the cards in order for them to be able to establish
connections with each other, as well as the external battery unit and the EMG sensor array (see
figure 60).

Figure 60 Palm
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The hardware cards were placed over the palm and could be connected to the internal
components via the holes on the topside of the palm. The motor driver card required the largest
hole to be able to fit its motor connection ports in the palms interior (figure 61).

Figure 61 Hardware cards

In order for the hand’s components to be properly attached to each other, a number of drilling
holes were made in the palm. The dimensions of the screw holes were of the GB standard.
Because of the overall thinness of the palm, the palm had to be thickened in the areas where
screws were to be applied. The screw holes allowed for attachment of the two palm
components, the housing cap, the internal motor holders, the finger compartments, and the
thumb compartment.

Figure 62 Palm opened
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The palm consists of the two palm body parts, the housing cap, four aluminum motor holders,
four rotary motors, four pinions, and four gears. The whole compartment is fixed together with
twenty-seven screws.

Figure 63 Palm exploded view

5.4. Full setup

A digital version of the full prosthetic setup was made in SolidWorks featuring the finished
hand, socket, EMG sensor array and the powering battery.

Figure 64 Full setup
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5.5. Parts

A summary of the parts that are used on the finished product can be found below in table 19.

Table 19 Part list
Component Amount
Motors 6
Spring 8
Straight gears 6 mm diameter 4
Straight gears 8 mm diameter 1
Bevel gears 4 mm diameter 1
Bevel gears 6 mm diameter 1
Worm gears 1
Roller bearings 4
Screws 78
Total manufacturable parts 61
Number of unique
manufacturable parts

29

Hardware cards 4

5.6. Requirements fulfillment

The final specifications in accordance with the requirements for the finished hand are listed in
the table 20 below. All the measurable results are based on theoretical simulations and
mathematical equations and could therefore not be physically verified since no physical
representation of the hand exists.

Table 20 Specification table
Requirements Results

Weight (g) 400 349

LxWxD (mm) 210x90x40 196x87x34
DOF 15 15
Number of manufacturable parts 80 61
Time to open/close finger grip (s) 1 0.6

Motor output force per finger (N) 10 48.96

Number of gestures 7 7

Finger endurance (N) 62 Pass

Thumb endurance (N) 45 Pass

Palm endurance (N) 70 Pass
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A comparison was made to compare the reached results with the competing products analyzed
in the market analysis. The hand developed in the project, named OYMotion hand 1.0 proved to
have a number of advantages over competing products in selected functional areas such as
force, finger speed and weight (see table 21).

The final market price of the product could not be estimated due to the fact that there are too
many unknown factors to determine a final market price on the hand. The production cost is,
however estimated to be significantly lower than the measured competing prosthetic hands.

Table 21 Product comparison
Max
opening/closing
finger speed
grip
(s)

Max
grip
force
closed
fist
(N)

Weight
(g)

Number of
predetermined
gestures and
grip patterns

DOF Amount
of
manufac
turable
parts

Price
(CNY)

BeBionic3 1 140 570 14 11 94 75,100
ILimb Ultra
Revolution

1.2 100 462 24 11 119 116,100

Michelangel
o hand

0.7 70 420 7 11 132 503,300

OYMotion
hand 1.0

0.6 195.84 400 7 15 61 N/A
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6. ANALYSIS

The finished hand offers a higher degree of freedom along with a lower weight than many
competitors on the current market, while also being one of the lightest.
The disadvantages of the hand are visible in its limited aesthetics in some areas of the hand, as
well as somewhat exposed vulnerability due to its open mechanisms.

6.1. Research questions

The research questions defined in the beginning in the project were as follows:

 What mechanisms should be used?

The mechanisms used in the prosthetic hand to make it move and be able to convert rotational
energy from the selected motor component were first developed in the concept generation
section. The finger compartments featured relatively simple mechanisms as a result of keeping
down the cost and material usage of the fingers.

The thumb used a slightly more complex mechanism in order for it to have a 3DOF movement
span using only two motors. In order for the two motors to control the thumb’s 3DOF, two
joints had to be linked to each other in a similar fashion to the linkages used in the finger
designs.

One major disadvantage of using simpler mechanisms for the fingers resulting in one motor
affecting multiple joints is that the DIP and PIP joints will always move when the rotation is
initiated in the MCP joint. This results in the hand not being able to recreate some human
gestures where the DIP and PIP joints are not bending dependently on the MCP joint.
Examples of such gestures can be found in figure 65. These gestures do, however have limited
usage in daily life when comparing to the more essential gestures such as closed fist, point and
the OK gesture.

Figure 65 Impossible gestures
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Moreover, the fact that the finger mechanisms are limited to only flexion and extension
movement, a number of additional gestures are therefore lost. Some of the most popular of
these gestures are arguably crossing one’s finger and the V sign (see figure 66).

Figure 66 Adduction/abduction gestures

Furthermore, the hand implements the pinion & rack system which is generally seldom used in
prosthetic hands, and not used by any major competitor on the market. Some of the reasons for
this may be the difficult technical aspects of installing the system on a working hand due to
friction concerns, motor placement and connection to fingers.
The initial force output of the system proved to be significantly higher than the other
propositions in the concept selection. The force was eventually greatly reduced by the angle
created when attaching the racks to the motors.
The overall potential of implementing the pinion & rack system may still prove very effective
in future applications if designed correctly due to its high force output capabilities.

 Which materials are most appropriate?

A material selection process was dedicated to provide a detailed analysis over what materials
were the most suitable for the different components of the prosthetic hand. The most important
factors considered was the strength, weight and price of the material in order to use the right
material for the right application. The finite element analysis conducted in conjunction with the
material selection pointed out a faulty material choice in the finger. The Nylon 6/10 used for
the finger body was thus changed to Aluminum 2024-T361. The selected Aluminum alloy was
slightly heavier than Nylon, but also slightly cheaper. As long as the weight and strength
requirements of the hand was met, the slightly heavier Aluminum could be used in the finger.

Aluminum was the material used for most small components. The components utilizing
Aluminum had to have high strength and durability features since they would be placed in
moving mechanism compartments. The Aluminum alloys were chosen over steel with similar
strength and durability features due to its mass density being significantly smaller, resulting in
a lower total weight. The compromise of Aluminum was that it comes at a higher price. This
compromise was accepted in the end in order for the weight of the hand to not exceed 400
grams.
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Nylon 6/10 was used in components not enduring too high tensions in order to decrease the
total weight of the hand, such as the thumb’s body and the housing cap. The Nylon was applied
after validating that it could meet the strength and durability requirements of the hand.

Finally, Styrene Butadiene Rubber (SBR) was applied to only certain parts of the fingers where
friction was required for a stable grip functionality.

 What compromises between functionality, appearance and cost are required in order to
meet the requirements?

A number of compromises between functionality, appearance and cost were made during the
project where specific decisions had to be made. The concept development was designed in
such a way that different concepts would represent different prioritized features such as
functionality, aesthetics and cost. By having this approach, a deeper understanding of what
compromises between functionality, appearance and cost could be reached.

The thumb concept which was eventually chosen was the most expensive one was the most
suitable option according to the Pugh’s matrix. The other thumb concepts considered were both
lighter, cheaper and could be made more humanlike in aesthetics. The Pugh matrix selection
did, however show that the high functionality scores of the two motor thumb was the best
overall choice. In this compromise, the high functionality aspects of the two motored thumb
proved to compensate for its lack of aesthetics according to the values analyzed in the Pugh’s
matrix. The features that make up the functionality factor are therefore important to consider
since they are used to assign favorable features. A functional aspect that all thumb concepts
shared was the absence of the TM joint, since it proved to be too difficult and excessive to
design in a humanlike manner.

A generally low number of total components were used in the finger designs.
By using concepts with a small number of parts, the total number of components used in the
hand was brought to sixty-one. Had the 3DOF-1 concept been chosen as the suitable finger
design, the finished hand would have a total number of sixty-nine manufacturable parts. Since
the four fingers would share design and bending mechanism, the addition of a single part to a
finger would have added four new parts to the total assembly. The 3DOF-2 concept was,
however a much better choice since it offered both better functionality along with a lower
number of parts and therefore lower weight and price.

The selection of gear system filtered out the bevel gear and the worm gear in favor of the
pinion & rack. The worm gear mechanism proved to have either inadequate functionality or
inadequate aesthetics depending on the ratio used. A ratio capable of meeting the force and
speed demands required a gear size too large to fit inside the required dimensions of the palm.

In the motor selection, the cheapest motor was also found to perform excellent in the functional
scores with a very good output force value. The speed was also chosen in line with the required
finger closing speed calculated before the selection. Motors with higher speed had often lower
torque than their counterparts and vice versa. It was therefore important to make detailed
calculations in the gear system selection to guarantee maximum utilization of the selected
motor.
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The aesthetics of the hand were slightly less prioritized overall in comparison to cost and
functionality. This since advanced humanlike features proved to be time costly during a limited
given time for the project. Some examples of where aesthetics could have been further
improved are the open fingers exposing their mechanisms in stead of being completely closed.
The open design was allowed in some degree for the internal parts to have freedom of
movement, but could if given more time, be made more aesthetically pleasing.

One interesting observation made during the market analysis was how few hands were using
finger with 3DOF. All the major hands analyzed in the current market used fingers with two
parts and only 2DOF and were still able to recreate most gestures. One may therefore make the
argument that the 3DOF finger design is excessive when comparing to the finger designs of
BeBionic3 and I-Limb Ultra Revolution since it requires slightly more parts while ultimately
recreating the same amount of gestures.
The most optimal solution here would ultimately be decided by the customer and analyzed
through consistent use of market and customer analyses since every amputee lives in different
and separate conditions.

The validation of the quality of the product could only be made with theoretical simulations
since no physical model had been assembled. Similarly, the quality of the motor components
used could also not be fully validated since this study did not conduct a specified analysis on
the motors investigated.

In conclusion, the varied usage and balancing of cost, functionality and aesthetics in the
concept development resulted in a varied selection of both conventional and unconventional
designs to be developed. More alternatives could have been made within these parameters in
the concept development if given additional time. By assigning different features by
prioritization in the concept selection and the requirement specification, further products with
individual market advantages may be developed.

6.2. DFX

 DFA
The product followed the DFA scheme to simplify the assembly processes. The finger and
thumb components are easily assembled with the help of easily accessible screw holes. This in
turn makes the production cheaper and keeps the assembly cost down. Keeping the cost down
will eventually result in a lower market price.

 DFM
The individual components to be manufactured had simple designs. The plastic components in
the hand were to be manufactured with injection molding. A plastic analysis was made in order
to guarantee that these components could effectively be molded and did not require redesign.
The Aluminum components in the hand were chosen for Aluminum casting manufacturing.
Another aspect affecting the manufacturing of the hand was the finger length configuration
allowing parts of identical dimensions to be used multiple times in the fingers.

 DFC
A design for cost mindset was utilized in various parts of the hand by using a large number of
standardized parts, a relatively small number of parts required for manufacturing and relatively
cheap motors.
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7. CONCLUSIONS AND RECOMMENDATIONS

The project was concluded with a finished and fully-manufacturable prosthetic hand with some
advantages and disadvantages compared to the current market products.
A deepened understanding about prosthetic hand design and development was obtained by
studying the market, EMG, machine learning applications, hardware, gears, finger mechanisms,
and materials. By balancing concepts between cost, functionality and aesthetics, a structured
reasoning could be used to prioritize certain aspects of the developing of the hand.
The completed hand fulfills the required specifications and functions after undergoing a
number of analyses conducted in order verify material strength and mechanism functionality.
Further grip strength analyses and calculations were excluded from the study due to the limited
available time given.

Follow-up development on the 4DOF concept is further highly encouraged, since an
economically feasible configuration of the concept may prove hugely advantageous on the
current prosthetic hand market. By using a smaller motor for flexion/extension, the motor
compartment could fit inside the fingers in a similar fashion to the thumb design. The freed up
palm space could then be utilized for housing abduction/adduction mechanism. Two variations
of this concept could implement motor-less physical movement and motor-driven automatic
movements respectively.

Finger grip capabilities could furthermore be developed by extensive research in soft materials
to be applied on the fingertips. This could greatly enhance the motor skills and precision
capabilities when grasping small objects and doing delicate movements.

Further long-term use and wear analyses are also highly anticipated in order to provide
amputees with a product with a long life-span.

Lastly, sound analysis is also highly encouraged in the hand with the aid suitable softwares to
gain information about the loudness of the used motors and the used mechanisms.
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