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Abstract 

A prosthetic device aims to improve an amputee’s ability to perform activities of daily living, by 

mimicking the function of a biological arm. The use of a prosthesis has also been shown to minimise 

some of the issues facing amputees, such as poor posture and muscular skeletal pain. Active, 

myoelectric-controlled prosthetic arms have primarily focused on adults, despite evidence showing the 

benefits of early adoption in reducing the rejection rates and aiding in proper motor neural development.  

This work presents SIMPA, a low-cost 3D-printed prosthetic arm with a soft-gripper based end device. 

The arm has been designed using CAD and 3D-scaning and manufactured using predominantly 3D-

printing techniques. This all serves the aim of reducing cost and lead-time, both crucial aspects for 

prosthetic manufacturing, particularly with the rapid growth rates of young children.  

A voluntary opening control system utilising an armband based (surface electromyography) sEMG has 

been developed concurrently. This simple control system acts as a base for more advanced control 

structures as the child develops. Grasp tests have resulted in an average effectiveness of 87%, with 

objects in excess of 400g being securely grasped. Force tests have shown that the arm is performing in 

line with current adult prosthetic devices. The results highlight the effectiveness of soft grippers as an 

end device in prosthetics, as well as viability of toddler-scale 3D-printed myoelectric devices.  
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1 Introduction & Significance of Study 

The aim of this project is to design and realise a 3D-printed prosthetic arm for toddlers. This 

introduction will go over some background information and look at the significance of this study. An 

overview of the appropriate healthcare systems and relevant literature will also be reviewed, with the 

goal of defining the project further.  

1.1 Background Information  

Congenital upper limb reduction defects occur in 4.1-5.0 per 10,000 births [1], with transverse 

deformities effecting around 2.9/10,000 [2]. Other non-congenital deformities also affect infants, 

though there is limited work identifying the proportion effected; a 1988 to 1996 study found that 

dysvascular1, trauma-related, and cancer related conditions had a respective frequency of 2.25, 2.65, 

and 0.15 per 100,000 between the ages of 0-14 years [3].   

Upper limb amputation2 can be categorised based on the severity of the reduction, this ranges from 

transphalangeal (where part of one or more of the digits on the hand are missing) to forequarter (where 

the whole arm, including the shoulder socket is missing). For this project, the focus is on near elbow 

amputations, specifically high-level transradial, elbow dislocation and low-level transhumeral. 

Amputations are also categorised as unilateral (where a limb is missing from only side of the body), or 

bilateral (where both limbs exhibit a reduction defect).  

 

1 Amputations that are caused or acquired due to a limb’s poor vascular condition. 
2 In this work the term “amputation” will refer to both congenital and traumatic limb loss. 
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Figure 1.1 Types of upper extremity amputations [4] 

In cases of limb amputation, a prosthetic device is often used to replicate the function and/or appearance 

of its biological counterpart. For upper limbs, prosthetics can be classified as passive or active. A 

passive prosthetic hand is mostly used for cosmetic reasons [5], and as such will not typically have any 

grip functionality. Passive devices may also come in the form of tools, rather than a hand, and are 

designed to be specialised for certain tasks, such as griping the handlebar of a bicycle [6].  

 

Figure 1.2 Ottobock Passive Arm Prosthetic [7] 
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Conversely, active devices allow for end device to dynamically grasp an object. Active devices can 

broadly be defined into three subcategories [8], body-powered, myoelectric, and hybrid. A body-

powered device utilises the movement of the individual’s remaining limb and/or torso to open and close 

the end device. This end device may be hook like or designed to appear more like a human hand.  

 

Figure 1.3 Example of a Cable Driven Body Powered Device [9] 

An externally powered device is driven by an external source (i.e. a battery), rather than by the 

mechanical movement of the individual’s body. These devices are often controlled via 

electromyography3 (EMG), these are known as myoelectric prosthetics. These have the advantage of 

not requiring a complex system of straps/harnesses and are generally more discrete. Myoelectric devices 

are also often capable of performing a range of grasping gestures.   

 

3 The recording of the electrical activity of muscle tissue. 
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Figure 1.4 Overview of a Myoelectric Prosthetic Device [10] 

The final type of active device is hybrid prosthetics, these utilise a mixture of both external and body-

powered components, such as a body-powered elbow and a battery-powered end device. Typically, this 

style of prosthetic is used with high level amputation (transhumeral and above).  

1.2 Background Literature  

Congenital upper limb deficiencies, without the aid of a prosthetic, results in the patient recognising the 

stump as the end of the limb. This in turn during early childhood develops the motor neural skills and 

proprioception up to the base of the stump, resulting in the child developing their own methods of 

grasping objects [11], with later difficulty adapting to methods using a prosthetic device.  

Physical conditions as a result of limb loss are also present. Muscle atrophy occurs in cases where a 

lack of activity causes the muscle to weaken and reduce in size; this is apparent in amputees as the 

affected limb will normally be used less frequently and bare no or minimal load [12]. Targeted 

physiotherapy can reduce muscle atrophy, although this is not always readily available [13] and may be 

unworkable depending on the receptiveness of the child. The fitting of a prosthetic that allows 

functionally, such as grasping and lifting objects, can aid in the natural development of these muscles, 

though some reduction in muscle mass will likely still be present. This development can also provide a 

muscular base for the eventual fitting of a larger adult prosthetic.  

In the long term, amputation may also cause issues with posture and muscular-skeletal pain [14] due to 

an overreliance on the residual limb and off balance centre of mass [15][16]. This in adulthood can 

cause deformation of the spine, affecting many aspects of life. B. Greitemann [17] examined instances 

of unilateral upper limb amputation have been shown to result in asymmetrical posture and musculature, 
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concluding that properly weighted prosthetics can offset this tendency. If this is done in infancy, it may 

help to prevent such issues from ever occurring, as opposed to being corrective later in life.  

Furthermore, the fitting of an active prosthetic can take the strain off the residual limb side and promotes 

a more natural, balanced approach to grasping activities. 

According to [18], 20% of congenital limb deficiency (CLD) patents studied experienced phantom limb 

pain (PLP), with 42% of young amputees (under age 6 at time of amputation) reporting PLP. This study 

refutes the notion that congenital deformities are not subject to PLP and goes further to show that PLP 

is more commonly felt whilst not wearing a prosthetic, indicating a correlation between prosthetic use 

and reduced PLP in cases of CLD and young age amputation. The study does not explore this fully and 

further work would serve to highlight the true scale of the correlation; a focus on this as well as the 

effect different prosthetics have on PLP, could then feasibly provide meaningful data to aid in the design 

process.  M. V. Johnston [19] references PLP being associated with neural plasticity, as the brain  is 

developed areas prior to amputation that now must adjust; the disparity seemingly causing the pain. 

This could explain the reduction in PLP from prosthetic use seen in [18], however this study does not 

comment on it and it is thought no research on the subject has been published.   

Though the consensus across the literature is that wearing a prosthetic device is beneficial, there are 

still counter arguments that the generalised devices (rather than task specific tools) provide little day to 

day benefit, outside of helping with social acceptance [20].  It should be noted that this study only 

looked at children unilateral congenital below-the-elbow deficiency, and its findings may not be 

relevant for other higher level or bilateral cases. An estimated 90% of daily living tasks (ADLs) can be 

performed unilaterally [21], [22]. This may also point to why in one study found that  89% of those 

surveyed who rejected a prosthetic felt that they were “simply more functional without the prosthesis” 

[23].   

Still the consensus remains that prosthetic use is beneficial, however despite this prosthetic rejection 

rates are high, with various studies showing around 20% of upper limb amputees across all ages reported 

not using any prosthetic device [24], [25]. Looking across all prosthetic device types, there is a general 

consensus that early fitting reduces reduction rates  [26]–[28]. This reduction is seemingly quite 

significant, with one study showing a rejection rate for fitting before and after the age of 2 years of 22% 

and 58% respectively [29]. A 2002 study covering the use of myoelectric infant prosthetics [30], also 

found a correlation between early adoption and duration of daily use. The level of amputation was also 

found to influence the acceptance rate, with transhumeral correlating with increased usage compared to 

transradial. 

The question of whether a myoelectric device specially reduces rejection in comparison to a body 

powered or passive device is difficult to fully answer. A review of North American clinics showed a 

preference for fitting a passive device at 6 months, followed by an active device around 18 months [31]. 
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It is noted however that few clinics use objective tests to measure outcomes of fitting and does not cover 

the topic of rejection rates. One review study [24] found there was a mean rejection rate in paediatric 

populations of 45% and 35% for body powered and myoelectric devices respectively. This would 

suggest that from rejection rate standpoint, there is a benefit to fitting a myoelectric device. However, 

a long-term study from 2002 [32] in which patients were provided with a variety of prosthetic options 

at a young age, showed that only 15% selected the myoelectric device as their primary prosthesis. This 

study however, like many which look at this topic, was conducted over a decade ago and may not be 

relevant with more modern myoelectric prosthetics. A review study also concluded that there is 

insufficient evidence to conclude that myoelectric devices have a significant general advantage 

compared to body powered devices [33].  

One of the key factors in reducing rejection rates seems to be the child’s and family’s perception of the 

device as functional [34]. If there is a perceived benefit to using the device, and an adequate level of 

comfort is achieved, then the likelihood of rejection is reduced [25], [27]. An ongoing study in 

collaboration with the National Health Service (NHS) England, claims that function is the primary 

factor in rejection [35]. It also states that cost is the primary limiting factor and is exploring the use a 

new lower-cost 3D printed myoelectric device for patients aged 8 to 18 exhibiting transradial limb 

reduction.  

In comparison to passive devices, there is a substantial amount of maintenance and support needed to 

operate a myoelectric device, such as fitting the prosthetic, changing the batteries and encouragement 

to use the powered prosthesis.  This family support, alongside clinical training appears to be a key factor 

in whether or not the child will accept the device in the long term [28]; it was also shown in [30] that 

an intense training program significantly influences the acceptance rate. This study also showed that 

issues of weight, reliability and battery life of a myoelectric prosthetic were a primary concern for the 

parents surveyed. This points to how myoelectric devices can often be perceived as being too complex, 

expensive and heavy, particularly with young children. With the advent of more advanced 

manufacturing techniques such as 3D-printing, alongside improved electrical components and batteries, 

these apprehensions to myoelectric devices may be countered.  This is evident in the UK with NHS 

England’s recently policy update to “cover future production of smaller child appropriate multi grip 

hands and digits” [36], along with the ongoing study into the feasibility of additively manufactured 

paediatric prosthetics [35].  The proposed prosthetic arm in this work aims to highlight how these 

advancements could be used to produce a lightweight and functional myoelectric upper limb prosthetic 

for young children.  
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1.3 Healthcare Systems 

1.3.1 UK Healthcare Systems 

For the vast majority of people in the UK, the primary healthcare provider is the NHS. This is a universal 

public healthcare system that is segregated between the UK’s four countries. NHS England is the largest 

and will be the primary focus in this work. The policies between all countries typically quite similar 

due the budgetary restrictions in place at a UK level. In the UK, private healthcare makes up a small 

amount of the overall healthcare system, with it mostly being used for elective procedures, or by those 

unwilling to wait to have the procedure with the NHS. With regards to prosthetics, Bupa, one of the 

main private providers, does offer prosthetic and orthotic support [37], though this has a negligible 

impact compared to the NHS  

There are currently a number of systems in place within the NHS to provide care to those with limb 

deformities, with spending of around £60 million per year on these services [38]. Approximately 55,000 

– 60,000 patients make use of the prosthetic services, across 35 centres throughout England.  

The cost of a prosthetic currently is very high, as such the NHS is reluctant to provide them to infants, 

due to the rapid growth rate. This is particularly true for active prosthetics, with the cost being 

considerably higher than for a simple passive device. It is unlikely with the current political climate that 

a significant increase in NHS funding will become available [39], hence cost reduction is the most 

effective way to provide adequate support. 

As of 2017, NHS England began a trial using 3D-printed bionic limbs. The £5,000 limbs took just a 

single day to manufacture [40], compared to traditional active prosthetics that cost up to £80,000 and 

at least 12 weeks to be produced [41], [42]. A second trail is planned with SBRI Healthcare. The NHS 

also recently allocated funding for lower limb sports prosthetics, with an undeclared share of £750,000 

also being spend on developing bionic upper limb prosthetics [43]. 

1.3.2 International Healthcare Systems 

As this project will take place in the UK, the focus is naturally on the British healthcare system, however 

the nature of a cheap customisable prosthetic devices lends itself to healthcare systems in the low-

income nations [44]. 3D-printing and CAD allows for decentralised design; in areas where proper 

infrastructure and access to medical resources are limited, this approach would allow much of the 

engineering to be carried out remotely, with the device only requiring fitting on location. The cost of 

an active prosthetic in high-income nations, such as the USA, is upwards of $20,000 [45], with even 

simple cosmetic options costing around $3000-$5000. In low-income nations an expense on this scale 

for a custom fit prosthetic device is totally unfeasible, especially with many families already facing 

hardship as a result of the amputation [46]. By reducing the cost of these devices with 3D-printing and 

other advanced manufacturing techniques, it is anticipated that developing nations will slowly adopt 
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these practices. Even in high-income nations such as Canada, Australia, and Japan only 35-40% use a 

myoelectric prosthetic due to cost-driven restrictions on their healthcare policies [47].  

1.4 Additive Manufacturing Technologies 

Additive manufacturing or 3D-printing has emerged in recent years as a viable technology for producing 

prosthetic devices. There is a growing interest in researching this topic due to the low material and 

labour cost, rapid production, and high geometric complexity that can be achieved using additive 

manufacturing technology. Literature mostly focusing on upper limb prosthetics has been reviewed 

here, along with a brief overview of some of the current 3D-printed devices that are being produced.  

1.4.1 Literature Surrounding Upper Limb Prosthetics 

Kate et al [48] provides an overview of the use of 3D-printing within the confines of prosthetic 

production. 58 devices are examined in total, with the work noting the lack of resources in peer-

reviewed literature necessitating a wider scope, utilising websites and databases as sources. This same 

limitation is present within this literature review. Of the 58 devices looked at, 46 (79%) utilise fused 

deposition modelling (FDM), with the most common materials being acrylonitrile butadiene styrene 

(ABS) and  polylactic acid (PLA). The study highlights how these materials are non-compliant, lacking 

the subtleness of human skin as a grasping surface, resulting in a poor grasp. The use of soft materials 

in the end grip device would likely help to improve grip performance. It is now possible to print with 

such soft materials, opening up new possibilities.  

In [49] the design and realisation of a 3D-printed prosthetic hand is explored. The hand is predominantly 

made of 3D-printed components, with the rest of the arm being manufactured in a more traditional way. 

The scale is for that of an adult male and the hand has been given 6 degrees of freedom (DOF). The 

device has been tested on an amputee patient and reportedly is able to grasp a range of objects, though 

this is limited to 250g due to the grip strength.  

Patrick Slade et al [50] developed an open source 3D-printed hand, that again is scaled for an adult. The 

design of this hand is somewhat similar, though no consideration is given to the rest of the arm. This 

focus on a high DOF adult size hand is common across literature, with studies such as [51] and [52] 

presenting very similar designs.  

The process of designing, testing and manufacturing a custom prosthetic for a partial hand amputee 

patient in order to play the French horn was explored in [53]. The study notes how underutilised CAD 

and 3D-printing are within the development/manufacture of prosthetics in the UK, with ‘hand skills’ 

instead being preferred. The case report puts forward a process whereby 3D-scanning is first used, 

followed by 3D-modelling, finite element analysis (FEA), 3D-printing, and eventual product 

evaluation. The research highlights how in the UK a qualified person is responsible for specifying the 

design characteristics to the manufacturer of a custom prosthetic, who in turn is responsible for 
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producing appropriate documentation regarding design and performance. The use of CAD/computer-

aided manufacturing (CAM) and FEA could streamline the process and show that a product it is fit for 

purpose before manufacturing has begun. The study claims that a competent person, through online 

resources, could learn the CAD techniques needed for the showcased project, underlining how current 

prosthetists could be retrained with relative ease.  

Cabibihan [54] showcased a method of producing a 3D-printed passive prosthetic that closely matches 

the appearance of the residual limb. The study uses computer tomography (CT) images of the residual 

limb, mirrors them, and creates a detailed CAD model for the prosthetic. The stump on the affected 

limb is also imaged using a CT scanner so that a socket model can be created. The two models are 

combined to form a complete prosthetic design. The work argues the advantages of 3D-printings rapid 

specialised production and relative low cost are ideally suited to prosthetic design. Its most key aspect 

is the use of CT as a means of 3D-scanning a patient’s limbs. In developed nations, such as the UK, CT 

scanners are commonplace in hospitals and could be utilised for this application, mitigating the need 

for additional 3D-scanning technology to be acquired. The study is primarily concerned with the 

appearance of the device and as such mostly focuses on passive technology.  

Only one example of a myoelectric 3D-printed device with a life-like appearance has been found in 

literature. Yoshikawa et al [55], presented a 3D-printed prosthetic that has been shaped to match a 

human hand, allowing the fitting of a lifelike cosmetic glove. The design also features a socket suitable 

for transradial users. Tests centred on activities of daily living (ADL) showcased the viability of the 

system as a usable prosthetic. This device and many others in published literature focus on the low 

material and parts cost (US$1250 in this instance) but this fails to factor in the cost of labour and the 

cost of development and regulatory compliance; the “low-cost” aspect of such devices therefore should 

be scrutinised.  

With almost all the literature reviewed here, the focus is on adult devices which by now are starting to 

achieve a level of sophistication. A simple body-powered hand for children is explored in [56]. The 

open source hand is very basic in its design, being powered by the user moving their wrist to pull on 

cables within the fingers, as such it is only suitable for those with transcarpal/transmetacarpal 

amputation. The study does not give any details regarding validating the functionality of the hand, nor 

discusses the durability of the device. The work also does not state the age range that such a device 

would be suitable for. Zuniga et al [57] also looked at the development of a paediatric device. This 

body-powered prosthetic has been designed for patients with shoulder dislocation. The device is fully 

3D-printed and is one of few examples of a 3D-printed device featuring a shoulder joint. The device 

lacks the grip strength to be used unilaterally, however with bilateral tasks and as a transitionary device 

to prepare for a heavier more complex prosthetic, it appears to perform well. 
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Whilst there is a deal of excitement about the prospect of 3D printed prosthetics, it is important to look 

at them critically in the context being a viable medical device, rather than simply a research project or 

hobbyist creation. A 2018 review [58] looked at 8 papers which all reported human trials of 3D printed 

upper-limb prosthetics. The study found that whilst promising results have been shown, none of the 

trails have been conducted as long-term randomised trials, with most acting as a proof-of-concept rather 

than a rigorous assessment of the device. Metrics common for the analysis of traditional prosthetics, 

such as the Southampton Hand Assessment Procedure (SHAP), were not used in the validation of these 

3D-printed devices. Similar criticism of current 3D printing trials is found in [59], with the work 

outlining its own methodology for a yearlong trial, with a focus on user reported usage of the device. 

The results of this study have yet to be published.  

There are now a number of unregulated open-source devices which can be downloaded and produced 

by anyone with access to a 3D-printer. These open-source designs are not regulated and are often 

produced and fitted without the consultation of medical professionals [60]. Without this consultation 

and a strong regulatory framework, 3D-printed devices should not be considered acceptable alternatives 

to regulated devices. There is also a risk that a device may cause injury due to material failure, or that 

a user may be put off using a prosthetic because of inadequate support and training. The issue of 

manufacturer liability with 3D-printing is an ongoing debate [61], this potentially becomes even more 

problematic with medical devices such as prosthetics.  This is yet another area which needs to be 

considered in greater detail, particularly with regards to the open-source movement.  

1.4.2 Current 3D-Printed Paediatric Prosthetics   

Currently there are several 3D-printed active prosthetic options commercially available for children, 

including both myoelectric and body-powered devices; some of these are shown in Table 1.1. The 

traditional method of prosthetic manufacturing typically involves an end device unit being 

manufactured in set sizes to then be fixed to a custom cast constructed socket. There are very limited 

options for young children, with manufacturers typically concentrating on the more profitable adult 

market. The Otto Block Electrohand 2000 [62] is one example of a product that can be used for infants 

as young as one and half years old, due to its small size. Its high cost, along with the additional expense 

of other electrical components, wrist unit, and the socket means that often it is an unaffordable option.  
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Table 1.1 Examples of Currently Available Paediatric Upper Limb Prosthetic Devices 

Product name, 

manufacturer 
Design Actuation type 

Custom 

fit? 

Age range 

(years old) 

Team 

UnLimbited 

 

 

Figure 1.5 UnLimbited Arm [63] 

Body-powered Yes ~5 onwards 

Limbitless Arm,  

Limbitless 

solutions 

 

 

Figure 1.6 Limbitless Arm [64] 

Myoelectric Yes ~7 onwards 

Hero Arm, 

Open Bionics 

 

 

Figure 1.7 Hero Arm [65] 

Myoelectric Yes 8 onwards 

 

As a counter to the expensive traditional options, a number of small organisations have sprung up 

producing 3D-printed custom fit prosthetics, for both children and adults. All of these limbs are custom 

made and can be decorated to the user’s preference, such as having superhero decals or a football team 

logo; this moves away from the lifelike appearance prosthetics tend to follow.  

Team UnLimbited [63] is an open source charity organisation that provides tools to easily customise 

and manufacture their 3D-printed body-powered prosthetic. The design of the prosthetic is very simple 

and is attached to the affected limb with hook and loop straps. In cases where no other option is 

available, this device may prove useful, however the simplicity and relative flimsiness put into question 

the overall effectiveness of such a prosthetic. Without any form medical safety validation, there is a risk 

of injury present when using such a device  Such a safety risk has been brought up in an opinion piece 

by the Professional Standards Officer for the Australian Orthotic Prosthetic Association [66], the piece 

goes on to cover the multi-faceted risks that hobbyist medical professionals can present.   

The remaining two arms looked at in Table 1.1, the Limbitless Arm [64] and the Hero Arm [65] are 

both myoelectric controlled and present a sturdier socket design. Crucially both companies are working 

with governing medical bodies, in the USA and UK respectively, to ensure safety standards are met.  

Both showcase an affordable and functional prosthetic option, though there is still relatively little uptake 

as prosthetists are still unsure of the merits of additive manufacturing, though this appears to be slowly 

changing. The Hero Arm having been medically approved is now available in a number of high-income 

countries, including the UK, USA, and France. The cost of this device varies due to the custom nature 
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of each prosthetic, from between £3,000 ($4000) to around £10,000 ($13,300). This presents a 

substantial reduction from the $25,000-$70,000 (£18,500-£52,000) cost of other commercially 

available myoelectric hands [67], [68]. Unlike the papers reviewed in section 1.4.1, this is the actual 

market cost of the device; a rare but positive example of a 3D-printed device demonstrating a real cost 

reduction rather than one that is simply hypothesised from lower material/manufacturing costs.   

Across all the 3D-printed designs looked at, none are producing limbs for children younger than 5 for 

body-powered and around 7 for myoelectric. This is likely due to the additional space and weight 

constraints, along with the increased support required to introduce a prosthetic to a young child. As 

discussed in section Error! Reference source not found., early adoption is important for reducing 

rejection rates, with cost and lead times often being the primary factor in making infant myoelectric 

devices unviable. To this end a 3D-printed prosthetic aimed specifically at young children may be able 

to provide a functional and economically viable alternative to the current commercial devices.   

1.5 Soft Grippers 

A key aspect of upper limb prosthetics is the end grasping device; typically, this resembles a human 

hand, though this does not necessarily have to be the case. Work focusing on soft, flexible gripping 

devices that utilise 3D-printing and/or other advanced technologies has emerged, most of this focuses 

on robotics used within the agricultural sector.  

Slesarenko et al [69] scrutinised various designs for 3D-printing a cable driven soft actuator. The 3D-

printing method uses a multi nozzle print-head that allows for multiple materials to be printed together, 

this permits reinforcement at key points to ensure the cable deforms the gripper in the appropriate way. 

The study details different designs with slits and reinforcement, ultimately producing a gripper that 

maximised strength, whilst retraining a flexible grip. The work ends by demonstrating how the gripper 

can be used to pick up strawberries damage-free, without requiring a grip force feedback system, instead 

the design itself naturally applies a genital grip. The research does not mention a prosthetic application 

for such a system; however it is conceivable that such a technology could transfer over and provide a 

lightweight, flexible grasp device.  

A design for a cable-driven soft gripper is presented in [70]. The device is powered by a DC motor and 

utilises three finger-like grippers. The cable, when pulled, closes the fingers, thus achieving a grasp; 

when the tension is released, the gripper returns to its previous state by releasing the elastic energy 

stored in the material during bending.  
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Figure 1.8 The adaptability of the soft actuator mechanism [70] 

Tubes within the grippers allow the cable to move freely, this has the benefit of allowing one or more 

of the grippers to have a force acting upon it, whilst still allowing the other digits to move. This in 

practice allows for objects with non-uniform geometry to be grasped as the digits contract to various 

extents. The experimental procedure was designed to validate the performance of the device in 

achieving a stable grasp, with objects of various geometry being grasped successfully. Each digit has a 

135mm length and total hand weight (excluding the DC motor) of 110g. Clearly this scale is outside 

the realm paediatric prosthetic devices, though as the paper references it could be scaled down.  

Low et al [71] presented a soft actuator for use in prosthetics. The actuator created was 3D-printed and 

uses a pneumatic driven system. The design follows a pattern of reinforced segments to control the 

actuation. Pneumatic actuators, like those described in the study, could be integrated within a child’s 

prosthetic, the need for compressed gas however makes it undesirable compared to an electrically driven 

design; the complex control system required for such a device is also problematic.    

Polygerinos [72] explores hydraulic actuators. A glove was fitted with hydraulic actuators, to increase 

the wearer’s grip strength. This system appeared to achieve good results; however, it required the user 

to wear a belt containing pumps and a fluid reservoir. No published research regarding the use of 

hydraulic actuators in prosthetics has been identified. Much like pneumatic devices, the use of a 

hydraulic gripper would necessitate a complex control system.  

1.6 Control Systems 

In this subchapter the control aspect of active prosthetic devices will be investigated. Typically, active 

devices will be controlled using electromyography (EMG), in conjunction with a micro controller. 

Alternative methods of control have been proposed, some working in combination with EMG, though 
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these have not seen wide scale adoption. Electromyography or EMG is the process of recording 

electrical signals produced by muscles under flexion. The technique has been widely adopted in medical 

applications [73], including prosthetic control [74]. The recording is most commonly conducted with 

sensors on the surface of the skin, this is known as surface electromyography (sEMG). Another 

approach is intramuscular electromyography, whereby wire/needle electrodes are threaded into the 

muscle tissue; this can result in a superior recording [75]. Surface EMG is generally favoured due to it 

being a non-invasive procedure, especially with paediatric devices. Surface EMG can be broken down 

further into four subcategories: 

1. Single-site, single-action: this system uses a single detection site which once a single threshold 

is met preforms an action, e.g. opening a grasp. 

2. Single-site, multi-action: this is the same as the previous system however here the amplitude 

of the signal is considered, e.g. different grasps for low, mid, and high-level signals. 

3. Multi-site, single-action: here multiple sEMG sites are used to create a more robust detection 

system, only a single action would be performed with this method. 

4. Multi-action, multi-site: this is the most advanced method of sEMG, whereby multiple sites 

are used, each with a different action, e.g. different grasp types, wrist or elbow actuation, etc.  

Muzumdar [76] describes these methods as a potential paediatric EMG control systems. The 

recommendation for a child’s first myoelectric prosthetic is to use a single point, single action system, 

known as the “Cookie Crusher”. The method involves the hand being in a closed position by default, 

with the hand voluntarily opening with a detected muscle flex. Initially the sensitivity of the system can 

be set quite high, so that the child becomes aware of the hand’s movement. As they begin to master the 

gesture, the sensitivity can be reduced. The more advanced systems such as “single site two level 

sensitive” (where the system can exist in low, mid-point, or high position) can be introduced later, by 

reprogramming the control unit. The work only looks at simple surface EMG and does not reference 

any studies backing up its effectiveness, though the simplicity of this method means that it is like to be 

the initial control system regardless of the potential sophistication of signal acquisition method. Other 

studies also point to the ‘cookie crusher’ being the preferred means of control [77] for an introductory 

myoelectric prosthetic. 

Whilst sEMG prosthetic control is well adopted technique, many users find it difficult or frustrating 

[78], [79], with this potentially leading to rejection of the prosthetic.  This frustration may be due in 

part to several factors, including inconstant EMG response. There is a notion that a user is able to 

develop an EMG skill, improving the reactiveness of their prosthetic. One study [80] proposed a 

framework to assess the EMG skill of a user and the unpredictability of the signal acquisition in 
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comparison to daily prosthetic usage. Through this procedure it hoped that issues from either user skill 

or the signal acquisition can be identified, with a corrective procedure then implemented.  

The use of video games controlled via EMG to develop their ‘EMG skill’ has been examined [81]. The 

study compares 5 games, developed by visual art and design staff and students at the University of 

Central Florida. The games are controlled wholly or in part, through the use of a myoelectric sensor 

[82], with the aim being to teach children the appropriate muscle movements required for an ‘action’ 

signal to be registered. This ‘action’ signal would translate into a ‘grasp’ signal when using a single 

gesture prosthetic. The tests highlighted how players would often have trouble returning a muscle to a 

resting state, particularly with extended gameplay sessions. This requires more investigation but does 

seem to highlight the importance of training the muscle to relax as well as flex. A continuation of the 

study showed that child users of prosthetics indicated high usability and user enjoyment whilst 

controlling the games with EMG [83].  

One of the primary issues with sEMG is the requirement for a clear muscle signal recording. In the case 

of young children with underdeveloped musculature or instances where part of the recorded muscle is 

missing (i.e. in cases of limb reduction), the signal may be too weak for reliable use in a control system. 

Ensuring proper electrode contact and selecting the correct placement site(s) can aid in this, though in 

some cases the recorded EMG may still be quite weak.  This can be made worse in cases where the 

child is too young to understand verbal instruction to perform the flex/reaction needed. A proposed 

system whereby the threshold values of the EMG can be adjusted remotely has been shown to be 

effective, achieving 89% discrimination rate in children [84]. The system is design to aid in the critical 

training process and the adjustment can be performed parent of the user. As mentioned in section Error! 

Reference source not found., a strong training period has been shown to reduce rejection rates. A 

system such as this where a parent or medical professional can make adjustments to the control system 

during this training phase, may aid in the process of configuring the prosthetic, whilst also 

demonstrating the devices value to the child.  
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1.7 Project Publications 

The project has produced the three publications listed below:   

• D. De Barrie, R.Margetts, K.Goher. “SIMPA: Soft-grasp Infant Myoelectric Prosthetic Arm”, IEEE 

Robotics and Automation Letters (RA-L). (Published January 23rd 2019). 

 

• D. De Barrie, R.Margetts, K.Goher. “SIMPA: Soft-grasp Infant Myoelectric Prosthetic Arm”, 

International Conference on Robotics and Automation (ICRA 2020), Palais des Congrès de Paris, 

France, 31 May - 4 June 2020. (Accepted January 22th 2020). 

 

• D. De Barrie, K.Goher. “Conceptual Design of 3d-Printed Active Prosthetic Arm with Soft Grippers 

for Toddlers”, 22nd International Conference on Climbing and Walking Robots and the Support 

Technologies for Mobile Machines (CLAWAR 2019), Kuala Lumpur, Malaysia, 26-28 August 

2019. (Published). 
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1.8 Chapter Summary  

From exploring current literature, it is clear that there have been major advancements 3D-printed 

prosthetics, with some now starting to become commercially available. Despite this however, there has 

been little work focusing on devices for young children, despite evidence displaying the benefits of 

early adoption in minimising prosthetic rejection rates. A gap to investigate the feasibility of utilising 

these advancements and immerging technologies in the field of paediatric prosthetics has become 

apparent. The most up-to-date study on myoelectric prosthetic use in young children was conducted in 

2002 [30], since then there has been very little academic or industrial work in this area.  

The consensus across the published literature is that early adoption fosters a decrease in prosthetic 

rejection and an increase in the time spent in wearing the device. The limiting factors in ensuing early 

fitting identified include, but are not limited to, the following: 

• High initial financial cost,  

• Rapid replacement cycles due to the child’s growth, 

• Strict dimensional and weight restrictions, 

• Long lead-times, and 

• Limited functionality 

• An ineffective/frustrating control system 

This project’s intention is to demonstrate that filling this gap for a myoelectric prosthetic for toddlers is 

possible with advanced manufacturing techniques, such as additive manufacturing, being utilised to 

overcome many of the restrictions that have traditionally held back the mass adoption of infant bionics. 

This project will deliver a functioning prototype of a 3D-printed myoelectric device to showcase the 

viability of motorised toddler prosthetics.   

In the subsequent chapter the design process of the prosthetic arm and soft grippers will be covered, 

from the concept selection up to the realisation of the final prototype.  
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2 Prosthetic Design & Realisation  

This chapter will cover the design and realisation of the prosthetic, with the proceeding chapter focusing 

on the control aspects of the device. The design was based on specifications determined from the 

literature review process, predominately focusing on grasp effectiveness, low-cost, and ease of use and 

suitability for young children. A concept selection matrix was used to select the most effective of the 

five produced concept designs. The selected design is then described in three segments: the gripper 

design, the main arm design, and the socket design. The design was predominantly conducted in 

Autodesk Inventor (Autodesk Inc.) with the components, including all the prototypes, being 

manufactured using the Ultimaker S5 (Ultimaker B.V.) 3D-printer.  

2.1 Design Specifications 

The below specifications are based around information gathered during the literature review. Focus is 

given on producing a device suitable for the target audience of young upper limb amputees, that meets 

the project criteria of utilising 3D-printing and advanced manufacturing techniques in an effort to 

demonstrate a potential reduction in lead-time and production costs.  

• The primary focus will be on high level transradial patients: this is due primarily to 

available patient data. The original project outline was to conduct this research with a volunteer, 

this sadly was not fully realised, however the design still follows their biometrics. A 

transhumeral and elbow dislocation variant is considered but not developed. 

• The device must be suitable for children between the ages of 2 and 5 years old: the 

biometrics used in the design are from a 4-year-old child, the final design should also be 

scalable to work with other young children within this range. This focus on early stage 

paediatric devices follows the findings presented in section Error! Reference source not 

found. regarding early adoption reducing rejection rates.  

• The weight of the arm should not exceed the weight of a biological counterpart: for a 4-

year-old child this is around 400g. The centre if mass should also be located close to the sump 

as to reduce the moment of force.    

• Demonstrate low production costs and lead times: this should demonstrate as others have 

that 3D-printing techniques can offer low production costs. It is hoped that this could translate 

to a market cost saving compared to traditionally manufactured prosthetics as has been shown 

with the Hero Arm, though this is outside of the scope of this project. The low production cost 

is also with consideration for how the device could be utilised in low-income nations.  
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• Wherever possible additive manufacturing is to be utilised: the flexibility of design and 

rapidness of 3D-printing is to be taken advantage of for both for prototyping and with regards 

to final production specifications. This is in line with a growing body of work demonstrating 

the potential of 3D-printing prosthetic devices.  

• The arm will be printed as a single unit: the main body is to be printed as one single part, 

resulting in a fixed wrist. This is done as to maximise the structural integrity of the arm and 

reduce complexity. An adjustable wrist would add weight and it is not seen as overly beneficial 

in a device aimed at young children.  

• CAD, 3D-scanning, FEA and other computer aided technology will be used primarily: the 

project aims to show an alternative development and production method to casting and other 

traditional techniques. The digital design process also aims to demonstrate how a decentralised 

design may be used in cases where the user is unable to easily access a prosthetic clinic.  

• The prosthetic is to be controlled electronically via sEMG placed on the upper arm: the 

project aims to produce a myoelectric device, as to deliver high grasping functionality. Whilst 

other control methods do exist, EMG is the most widely accepted and utilised. The sensor 

placement on the bicep is due to the level of amputation, it is assumed that the bicep will 

generate better EMG signal than the stump of the remaining forearm.  

• The control system will be voluntary opening: the “cookie crusher” method as described in 

section 1.6, is the most wildly used for young children and acts as a starting point to accustom 

the user with myoelectric control. 

• Hand must be capable of grasping everyday objects: as discussed in section Error! 

Reference source not found.,  function is perceived as one of the most important factors in a 

prosthetic device. The hand should therefore be able to perform simple grasping tasks and basic 

tasks of daily living which would be typical for a young child.  

2.2 Concept Selection 

From the design specifications, five concept designs were produced. These designs exist only as basic 

free hand drawings, with the only the determined optimal design being worked on further, making the 

transition into a CAD model. All the below designs would have been produced using 3D-printing, with 

the electrical components being contained within the body of the arm once assembled.  Similarly, all 

designs would be controlled by the user via EMG of some kind.  The primary difference with all the 

designs is the end grasping device.  
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2.2.1 Concept A – Lever Driven Hand 

This design utilises a DC motor driven spring-toggle joint, similar to those found in plasterboard 

fixtures, which would operate the gripper. The grippers would be fixed structures with no joints for 

flexibility.  The spring toggle mechanism could likely not be 3D printed, though compliant mechanisms 

have shown some promise and could possibly be utilised in a design like this with some modifications 

of the spring-toggle concept [85]. 

 

 

Figure 2.1 Concept Design A 
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2.2.2 Concept B – Cable Driven Thumb Grip 

This concept would utilise a segmented “thumb”. The gripper would be threaded with a wire/string that 

when pulled would cause the “thumb” to close against the palm and static “fingers”, forming the grasp. 

An elastic material would be incorporated into the design of the gripper to return it to its extended state 

once tension is released. A second wire could also be used instead to drive the motor in the open 

position, though this method would not be preferred due to the additional complexity.  

 

 

Figure 2.2 Concept Design B 
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2.2.3 Concept C – Multi-digit Cable Driven Grip  

Concept C is a variation on Concept B, utilising a full set of articulated digits. The “thumb” design 

would remain the same, with a single joint at the midpoint of the gripper; conversely the “fingers” 

would have two joints, mimicking the design of human fingers. Two or four fingers could be utilised, 

giving a three- or five-digit hand. For cosmetic purposes, five digits would be preferred, though space 

restrictions may necessitate the use of a three-digit system. Once again, an internal elastic structure 

would likely be used to extend the grippers. The system could use one linear actuator for all the digits, 

or split the load between two actuators, one to drive the “thumb” and one for the “fingers”. 

 

 

Figure 2.3 Concept Design C 
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2.2.4 Concept D – Cable Driven Soft Grippers 

This fourth concept would use a similar approach to concepts B and C, incorporating a linear actuator(s) 

to pull on wires within the gripper. This design differs however as joints would not be used, instead the 

grippers would be made of a soft material, such as silicone rubber. The soft-grippers would be formed 

with 90° segments at ordinarily jointed points, to encourage bending around these points, similar to the 

design presented in [70]. As the grippers would already be made of a high-elasticity material, there 

would be no need for an additional mechanism to return the grippers to their extended state. A composite 

design could be incorporated using a tougher rubber on the outside face of the gripper to provide the 

additional elastic potential. The contact surface of the grippers should be subtle, with a feel mimicking 

human skin. This contact surface should have an increased performance compared to the use of jointed 

grippers, with hard contact pads. The soft grippers should also provide a flexible, highly adaptive grasp. 

Their use may also have a beneficial safety factor, due to the lack of pinch points in the joint-less design 

of these grippers.  

 

Figure 2.4 Concept Design D 
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2.2.5 Concept E – Pneumatic/Hydraulic Driven Soft Gripper  

This final concept design would also look to incorporate soft grippers, though rather than using a cable 

driven system, hydraulic or pneumatic grippers would be used. These grippers would contain pockets 

where either a pressurised gas or liquid would be propelled in, causing the deformation of the grippers. 

This style of soft gripper has appeared in literature, such as in [86], though no literature seems to have 

incorporated this into an upper limb prosthetic end device; work on an soft pneumatic glove [87] has 

been conducted, though this acts as grip assist, rather than as an independent grasping device. The 

complex control system required, as well as the need for a hydraulic/pneumatic reservoir, impacts the 

suitability for such a device to be used in paediatrics. The device would also likely be heavier than the 

other concepts, due to this hydraulic/pneumatic components. Should these difficulties be overcome, the 

flexible grippers should have a high grasp effectiveness by encompassing the object, as seen in robotics. 

The contact surface too would be malleable, increasing contact area when grasping objects.  

 

 

Figure 2.5 Concept Design E 
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2.2.6 Concept Selection Matrix 

With the concepts designed, there is now a need to compare them in a systematic manner. To this end, 

a selection matrix has been utilised here to rank the designs based on several weighted performance 

categories (Table 2.1). These several categories cover a range of facets regarding functionality of the 

prosthetic, these are based on studies such as [27], where parents were surveyed regarding the factors 

that result in prosthetic rejection. The most important aspect of the design is deemed to be the grip 

functionality, as this is where the worth of the device will be shown; conversely the production time 

and ease of manufacturing are deemed less important as these will not directly affect the end user.  

Table 2.1 Concept Selection Matrix Evaluation Criteria 

Evaluation Criteria Weighting  

Close to bio-equivalent-weight 15.00% 

Easily controllable 15.00% 

Appearance (life-like or bionic styling) 5.00% 

Low maintenance 10.00% 

Long battery life 10.00% 

Affordability 15.00% 

Easy to manufacture 5.00% 

Production time 5.00% 

Grip functionality 20.00% 

 

The designs were ranked on an unweighted 1-5 scale, with one being very poor and 5 being very good. 

Table 2.2 shows the rankings for each design concept, when determining the scoring, the weighting was 

not considered as this will be incorporated later. These criteria rankings are perceived, rather than based 

of measurable metrics. In some cases, there are relatively safe assumptions, such as concept E’s 

complex fluid-based system resulting in a heavier device compared to simpler motor driven concepts. 

Based on this unweighted score, the weakest design is concept E, with the remaining designs scoring 

approximately equally.  
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Table 2.2 Unweighted Concept Ranking 

Evaluation Criteria Concept 

A 

Concept 

B 

Concept 

C 

Concept 

D 

Concept 

E 

Close to bio-equivalent-

weight 
4 4 3 3 2 

Easily controllable 4 4 4 4 2 

Appearance  3 4 4 3 3 

Low maintenance 3 3 3 4 2 

Long battery life 3 3 3 3 3 

Affordability 4 4 4 4 3 

Easy to manufacture 4 4 4 3 2 

Production time 3 4 4 4 3 

Grip functionality 4 3 4 5 5 

Total 32 33 33 33 25 

 

Table 2.3 shows the results with the weightings into account. The frontrunner is concept D, the wire-

driven soft-gripper. The reason is mostly due to the high importance that is placed on grasp 

effectiveness, which it is believed the soft grippers would excel at. The same data displayed on a radar 

chart can also be seen in Figure 2.6, to further reinstate the difference in the performance of each design.  
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Table 2.3 Weighted Concept Ranking 

Weighted  

Evaluation Criteria 

Concept 

A 

Concept 

B 

Concept 

C 

Concept 

D 

Concept 

E 

Close to bio-equivalent-

weight 
0.6 0.6 0.45 0.45 0.3 

Easily controllable 0.6 0.6 0.6 0.6 0.3 

Appearance  0.15 0.2 0.2 0.15 0.15 

Low maintenance 0.3 0.3 0.3 0.4 0.2 

Long battery life 0.3 0.3 0.3 0.3 0.3 

Affordability 0.6 0.6 0.6 0.6 0.45 

Easy to manufacture 0.2 0.2 0.2 0.15 0.1 

Production time 0.2 0.2 0.2 0.2 0.15 

Grip functionality 0.6 0.6 0.8 1 1 

Total 3.55 3.60 3.65 3.85 2.95 

Rank 4th 3rd 2nd 1st 5th 

 

 

Figure 2.6 Radar Graph of Weighted Concept Ranking 
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As the soft gripper concept was selected as the optimal design, this will be the focus moving forward, 

with the proceeding subsections of this chapter focusing on the development and realisation of this 

design. It is worth noting that this selection process is bias to the authors assumptions taken from 

literature and does not present a wholly quantifiable process based on measurable metrics. A small 

change to the criteria rankings could easily result in a different concept being chosen. At the time of 

this selection process, no prosthetic device with fully soft grippers had been discovered in published 

literature; this too impacted the desire to explore concept D.  

2.3 Gripper Design 

In this subsection, the soft gripper design will be examined. This will cover the full development of the 

grippers from concept designs, to the final realised components.  

2.3.1 Initial Design 

The gripper design is loosely based on human fingers. The sizing of the gripper is based on 

measurements of a 4-year-old child’s hand. The extruding section of each finger is 50mm long and is 

comprised of three segments. The base extends a further 20mm, though this is purely to house the 

gripper within the ’hand’.  

The gripper contains within it hollow tubes that allow for a wire or string to be thread through. When 

the string is pulled back, the gripper will contract around the slots in the gripper. The total angular 

deformation of the tip is approximately 180°, due to the two 90° slots. Due to the nature of the flexible 

gripper, the exact deformation is difficult to fully quantify or model. Some lateral deformation is 

possible with this gripper, in cases where an obstruction occurs. 
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Figure 2.7 CAD Model of Soft-Gripper 

It was decided that the grippers would be constructed as a composite. The gripper is 10mm wide and is 

effectively spit in half (Figure 2.7), with a malleable contact surface (shown in black) and a stiffer 

silicon rubber that acts as a reinforcement for the gripper, as well as an elastic energy store (shown in 

blue).  For the contact area of the grippers, a malleable material with a feel resembling that of human 

skin is to be used. The justification for this is that the surface of the gripper would distort slightly around 

an object’s surface during a grasp, thus increasing the contact surface area as shown in Figure 2.8. The 

material chosen for the contact surface was Dragon Skin™ 30 (Smooth-On, Inc.). This silicon rubber 

is used in prosthetic makeup for its skin like appearance and texture; this skin-like property should be 

well-suited for this application.  
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Figure 2.8 Exaggerated Surface Contact Comparison for Hard and Soft Grippers  

The second component of the composite gripper is Smooth-Sil™ 960 (Smooth-On, Inc.). This material 

acts as an elastic energy store for returning the gripper back to its pre-deformation state. Smooth-Sil™ 

960 is a more rigid silicon rubber than the Dragon Skin™ 30 and is not intended to come into contact 

with an object during a grasp. The material also acts as a reinforcement for the gripper, with the base 

extension also being made from this material so that the gripper may be securely slotted into the ‘hand’ 

of the prosthetic.  

2.3.2 Prototyping 

The printing capacity at the time of this work being conducted did not allow for direct printing in a 

flexible enough FDM filament, because of this, the aforementioned silicon rubbers were used instead. 

Additive manufacturing was however utilised to produce the moulds for the grippers. The design for 

the mould was produced on Autodesk Inventor, using the mould tool to automatically create an inverse 

of the gripper design. A 3-degree taper was applied on the edges of the gripper in order to ease the 

removal of the gripper from the mould.  
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Figure 2.9 CAD Model of the Gripper Mould 

The material used was Ulitmaker’s TPU-95, a slightly flexible 3D-printerable material that allows the 

gripper to be removed easier than if the mould was completely rigid. An STL file was imported into 

Ultimaker Cura (Ultimaker B.V.), this software takes the geometry data and produces the g-code file 

that the printer will run. For this mould, the default settings were used, with a layer height of 0.1mm. 

The Ultimaker 2+ was used to produce the mould, as only a small build area and single material 

extrusion was needed.  
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Figure 2.10 Gripper Mould Imported into Cura 

The first stage of the moulding process is to insert plastic tubing into the holes within the mould. These 

will form the internal cavities in the grippers for the cable to be threaded through later. This procedure 

is extremely delicate and took a considerable amount of time complete. The loop at the end of the 

gripper was especially challenging, due to the small radius often causing the tube to buckle when bent.   

The next stage involves first poring the Dragon Skin 30 up to the halfway point (the top of the wedges), 

once this has set, the Smooth-Sil 960 can be poured on top, filling the mould. The completed gripper is 

easily removed from the mould, some finishing techniques are required however; this mostly consists 

of removing material excess near the tubes.  
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Figure 2.11 Silicon Rubber moulding Process 

2.3.2.1 Final Gripper Design 

Due to issues regarding the moulding and threading of the gripper (detailed in Appendix A1), design 

was altered so that the gripper width is doubled to 20mm. This larger width necessitates the need for 3 

digits to be used, instead of 5. From an appearance perspective, the use of 3 grippers would have been 

preferable as anthropomorphic styling is typically preferred in the field of prosthetic design, mimicking 

the general aspects of the human hand [88]. Ultimately anthropomorphic styling is deemed as a 

secondary consideration in the design of this device, with the emphasis being placed on the grasp 

effectiveness of the prosthetic. From a grip functionality perspective, the use of 3 digits in robotics has 

been shown to provide a grasp effectiveness of 90% [89]. This three point contact was deemed effective 

enough to move forward with a three-digit system and produce the updated 20mm grippers.  
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Figure 2.12 CAD Model of the 20mm Gripper 

The CAD design process simply involved editing the dimensionality of the previous version. The mould 

design and 3D-printing likewise followed the same pattern as before, with no noteworthy incidents 

occurring. Inserting the tubes into the wider mould was considerably easier than with the previous 

10mm version. The end loop did not tend to kink, and the plastic-coated wire was able to be threaded 

through the entire pathway, producing the first functional gripper. A slight air bubble is present in the 

gripper, this is likely from the pouring process. Slower pouring and lightly shaking the mould mostly 

negated this issue; ideally a vacuum chamber would be used in the future.  
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Figure 2.13 Threaded 20mm Soft-Gripper 

2.3.2.2 ‘Thumb’ Design  

A variant of the gripper was produced, using the same CAD, 3D-printing and moulding process. This 

version has 2 segments, rather than 3, mimicking the style of a thumb. The main reasoning behind 

including this variant gripper was to improve the biomimicry of the ‘hand’ to make it more cosmetically 

appealing. This gripper would only be used as a ‘thumb’ with the remaining digits acting as ‘fingers’ 

with 3 segments. The use of a 2-segment and 3-segment thumb will be compared for grasp effectiveness 

in later chapters 4 and 5. 

 

Figure 2.14 'Thumb' Style Gripper with Mould 
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Figure 2.15 'Thumb' Style Gripper - Side View 

This final gripper design will now directly feed into the design of the rest of the arm, particularly the 

hand. The proceeding subsection will focus on this.  

2.4 Hand Design 

The design of the arm is predominantly based on biomimicry, using the approximate dimensionally of 

the human arm to set the design parameters. Hand measurements were provided by a volunteer, giving 

the approximate hand dimensions of a 4-year-old male (Figure 2.16). 

 

Figure 2.16 Approximate Dimensionality of a 4-Year-Old's Hand [90] 

Further dimensionality of the arm was determined using reference data in [91].  Based on an average 

height of 105cm [92] and the proportionality of the arm, we get forearm length of 15.33cm. The width 

of the arm is based around the maximum width of the hand (50mm).   

0.146 ∗ 105𝑐𝑚 = 15.33𝑐𝑚 
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Figure 2.17 Proportionality of the Human Body [91] 

The initial focus of the design is centred on the ‘hand’, with the rest of the forearm being constructed 

later; this approach was taken as the most significant feature of the prosthetic is the end grasping device. 

As previously covered, the ‘hand’ will use 3 soft-grippers. Of these 3 grippers, 2 of them act as the 

‘fingers’, sitting side-by-side on the palm side of the ‘hand’. The ‘thumb’ is offset from the palm by 

45° in the initial design.  

The soft-grippers are cable driven. The method of preforming this action will be to utilise linear 

actuators, located in the forearm; this necessitates tubes to be incorporated into the design for the cables 

to be threaded through, two tubes for each gripper. The CAD drawing in Figure 2.18, shows the initial 

design for the ‘hand’. In this early stage, the cables were operated manually, in order to simulate the 

grasping mechanism of the hand.  



Page 52 of 175 

 

 

Figure 2.18 CAD Model of the Initial ‘Hand’ Design 

This initial prototype was able to successfully grab some small objects (Figure 2.19) and helped to 

verify the design of the hand and grippers. The opening width of the hand however has proven to be a 

limiting factor in the effectiveness of the grasping mechanism. To counter the issue of a restrictive grasp 

width, the angle of the ‘thumb’ offset was adjusted to 90°, from an initial 45; this is detailed in Appendix 

A2. The rest of the design remained unchanged. 
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Figure 2.19 Prototype 45° Hand Grasping a Plastic Bottle 

2.5 Component Selection 

Before any more work was performed on the design, the external components needed to be selected and 

sourced; this primary considered of electrical components. The outline for the circuit (shown in Figure 

2.20 and described in further in section 3.1) consists of a micro controller which takes input from an 

EMG sensor. This recording is processed and used to control two linear actuators, which in turn 

feedback to complete the control loop. The system is powered by a single rechargeable battery.  

 

Figure 2.20 Outline of Major Control System Components 
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One of the first components selected were the linear actuators. The Actuonix PQ12-P Micro Linear 

Actuator (Actuonix Motion Devices Inc.) was chosen. This device is one of the smallest linear actuators 

currently on the market and has been used already in prosthetic hands, such as the Youbionic Hand 

[93]. The linear actuator has several configurations available, the one chosen utilises a built-in 

potentiometer that can be used to determine the extension of the shaft. This allows for the gripper 

extension/contraction to be accurately controlled. The gear configuration comes in 3 variants, with the 

1:63 ultimately being chosen for its balance of extension speed and peak force. It was decided at this 

point that two actuators would be used, one for the ‘thumb’ and the other for the ‘fingers’.  

 

Figure 2.21 Actuonix PQ12-P Micro Linear Actuator [94] 

For the micro controller the Arduino board is to be used. There are many different variants under the 

umbrella of Arduino. The ultimately the Arduino Nano, a small board with architecture comparable to 

the Arduino Uno, was chosen for the final design, primarily due to its compactness.  

 

Figure 2.22 Arduino Nano [95] 

As detailed in section 2.1, the sEMG system’s sensor will be placed on the bicep. This ruled out the use 

of pads embedded in the socket directly. It was ultimately decided that an armband-based device, rather 
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than individual pads stuck to the surface of the skin would be used. The reasoning behind this is to 

minimise the discomfort of wearing the device, as well as making it easy to fit/remove. A few devices 

are available on the market that serve this function; the one chosen here was the OYMotion Gravity: 

Analog EMG Sensor (OYMotion Technologies, Inc.). The device is specifically designed to work with 

Arduino boards and comprises of two constituent parts. Firstly, the armband itself which has three 

contact pads on the under-side, these detect the voltage difference in the muscles. A 3.5mm jack cable 

is then used to connect to the second part, a filter board that amplifies and filters the single from the 

sEMG; this second board then connects to one of the Arduino’s analog-input pins. 

 

Figure 2.23 OYMotion Gravity: Analog EMG Sensor [96] 

As the motor is rated 6V, the battery for the arm must at a minimum meet this voltage. The battery must 

also power the controller and EMG. A 7.5V Lithium Ion was utilised in the design. The battery has a 

capacity of 2.2Ah. The complete circuit draws approximately 2.5W when the motors are running and 

0.5W when stationary. In order to determine an approximate battery life, we can covert the battery 

storage to Watt-hours.  

𝐴ℎ ∗ 𝑉 = 𝑊ℎ 

2.2 ∗ 7.5 = 16.5𝑊ℎ 

We can then determine how long the system should run with the motors running: 

16.5

2.5
= 6.6ℎ 

And when they are unpowered: 

16.5

0.5
= 33ℎ 
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These calculations provide only an approximation and it is likely the actual performance will be lower 

than this; however, it verifies that the battery should, even under heavy use, be able to last a full day of 

operation between recharges.  

 

Figure 2.24 Rechargeable 7.5V Lithium Ion Battery [97] 

The other components purchased are detailed in Appendix D. The full list includes small parts, such as 

cable adapters and the motor controller. An overview of the circuit used will be covered in chapter 3.1. 

All these components feed into the design of the final prototype, which is detailed in the following 

subsections.  

2.6 Arm Design 

The rest of the arm was designed with the ‘hand’ as the basis, whilst incorporating the procured 

components. The arm has been designed in such a way as to keep all the electrical components within 

the structure of the prosthetic. The reasoning behind this is to reduce discomfort from having external 

components, for instance the battery being stored in backpack. The only component that is external is 

the sEMG armband, which would attach to the user’s bicep, necessitating it to be external.  As noted 

previously, two actuators would be used, one for the fingers and one for the thumb. This allows for 

independent control of the fingers/thumbs whilst also increasing the overall grasp strength. This will 

impact the weight of the device, however the actuators and other electronics used were selected to keep 

the arm under the design specified weight of 400g given in section 2.1.  

Figure 2.25 shows a rough model of the complete system with the forearm cover removed.  For this 

draft, the socket was modelled as a basic oval, to demonstrate how it would connect to the rest of the 

arm. The proceeding subsection 2.7 will focus on the socket design using a 3D-scan of a residual limb.  
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Figure 2.25 Early CAD Model of Full Prosthetic Arm 

2.6.1 Prototyping 

The design of the prosthetic arm must incorporate the features of the previously designed ‘hand’ as well 

as all the electrical components. The two main constituent parts will that be focused on here are the 

main arm structure (not including the socket) and the cover which is placed on the forearm of the device.  

There is also a small plate that fits on the back of the ‘hand’, though this will only be covered briefly. 

2.6.1.1 Arm 

The design presented here, took the 90° ‘thumb’ offset ‘hand’ presented previously and adds a forearm 

to the CAD Model. It was decided to use a fixed wrist, rather than an adjustable one. The justification 

for this is due to the intention for the device to be a child’s first active prosthetic, there therefore is a 

desire to keep the mechanisms as simple as possible. An adjustable wrist would add an additional layer 

of complexity to the device, which may frustrate the user. The small scale of the device and the desire 

to utilise 3D-printing, also adds attentional difficulties in producing an adjustable wrist. Some small-

scale passive wrist units are available on the market such as Ottobock’s MyolinoWrist 2000 [98] and 

work has been conducted on designing an active wrist mechanism [99], though this remains outside of 

the scope of this project. The fixed wrist segment of the arm was offset from the hand by a 10° angle.  
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Figure 2.26 Completed Forearm Design 

The design underwent numerous prototype interactions with subsequent small changes being made to 

the design. The most major of which was a redesign of the actuator housing. This prototyping procedure 

is described in detail in Appendix A2.  

2.6.1.2 Forearm Cover  

The second component of the arm is the cover. This effectively is the forearm of the device and will 

keep all the electrical components contained. The design is based on the dimensional requirements of 

the main body of the arm. This relatively simple component only underwent a single design iteration to 

accommodate additional internal space for the circuitry. The cover was non load bearing and therefore 

printed in a vertical direction to minimise the support material usage.  
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Figure 2.27 CAD Model of Revised Forearm Plate 

The sEMG fits firmly in the appropriate socket Figure 2.28. The cover also fits securely on the arm, 

when attached with the bolts. The soldered electrical circuit fits within the cavity of device, resulting in 

a fully confined system.  

 

Figure 2.28 sEMG Filter Board Housing 
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Figure 2.29 Final Printed Forearm Cover 

2.6.1.3 Hand Back-plate 

This simple component covers the open slot on the back of the hand used for fastening the cables to the 

linear actuators. The cover contains holes for M3 bolts to attach the plate to the ‘hand’. The word 

“SIMPA” imbedded in the blue of the forward-facing surface, as seen in Figure 2.30.  SIMPA, stands 

for Soft-grasp Infant Myoelectric Prosthetic Arm and is the name given to the device. The final design 

of the ‘arm’ and ‘hand’ is now fully defined, with only the socket remaining. 

 

Figure 2.30 'Hand' Back-plate 
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2.7 Socket Design 

The final part of the design process is to produce a socket for the residual limb stump. The traditional 

method of preforming this involves using a plaster cast of the residual limb. The process aims to 

faithfully capture the dimensional data of the stump, so that the fashioned socket fits exactly; failure to 

do so will result discomfort and slippage, rendering prosthetic unusable. Various studies have shown 

that socket fit ranks amongst one of the most important factors when rating the performance of a 

prosthetic device [100]. The casting process relies heavily on the skill of the prosthetist and on the 

stump being kept stationary during casing. In the case of young children, this lengthy casing process is 

often traumatic and uncomfortable, this in turn effects the quality of the cast as the child is likely to 

move around during the lengthy procedure. The high growth-rate too can prove problematic, as the by 

the time the socket has been produced, the child may have begun to outgrow it.  

This project proposes an alternative that utilises 3D-scanning and CAD modelling to design and 

manufacture the socket [101] without the need for the lengthy casting process. The use of 3D printing 

for producing prosthetic sockets has been around for some time and in recent years has gained traction 

as a viable alternative to casting. Devices such as the Prosfit Socket [102] and the UNYQ Socket [103] 

are ISO 103284 certified and are commercially available.  Both sockets are for lower limb prosthetics; 

examples of upper limb sockets include the Hero Arm [65] referred to in section 1.4.2. These sockets 

all claim to be able to rapidly produce a lightweight yet strong socket. The use of 3D scanning and 

printing for producing the socket could also benefit low income nations [104], with the rapidity, 

decentralised design and potential lower cost all having an impact.  

2.7.1 3D-Scan Procedure 

As part of the project, the 3D-scanning of the residual limb would have ideally been performed in the 

lab, bringing in a suitable subject on which to preform and validate the stump modelling. Unfortunately, 

this was not possible in the end, with the stump data instead being sourced externally. The residual limb 

scan is taken from the left arm of a 4-year-old male, who has undergone near-elbow transradial 

amputation as a result of dysvascular complications.  

The procedure of sourcing the 3D-scan would most likely be performed using a handheld 3D-scanner, 

such as the Artec Eva [105]. Alternatively, as proposed in [54], a CT-scanner may be utilised to obtain 

dimensional data of the residual limb. Devices such as this are capable of sub-millimetre accuracy, 

providing an accurate geometric model of the stump. The accuracy of the socket this now dependent on 

the skill of the CAD technician to convert this data into a socket and on the 3D-printer to accurately 

manufacture the designed socket.  

 

4 ISO/CD 10328 Prosthetics — Structural testing of lower-limb prostheses — Requirements and test methods 
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2.7.2 Socket Modelling 

Modelling such complex geometry on CAD has proved challenging prior to 3D-scanning and mesh 

tools, however with modern CAD packages such as Autodesk’s Fusion 360 (Autodesk, Inc.) it is a 

relatively simple process. Autodesk Design Academy has produced a guide on how to use 3D-scan data 

taken from a lower limb and design a prosthetic socket based on this geometry [106]. 

The process detailed in Autodesk’s design course is much the same as the one used in this project. The 

first step is to import the scan data into the CAD environment. This produces the meshed object shown 

in Figure 2.31. The next step is to enter the ‘mesh’ modelling environment. This process is broken down 

in detail in Appendix A3. 

 

Figure 2.31 3D-Scan of a Residual Limb 

The designed socket model needs to be joined to the rest of the arm assembly. It was decided that the 

socket and arm will be printed as a single component to minimise complexity and maximise structural 

integrity. A sketch was added to the base of the socket that matches the end of the previously designed 

prosthetic arm. This section here would in practice be adjusted so that the overall length of the limb 

matches the approximate biological length for the user. In cases of transhumeral amputees, an additional 

elbow unit would need to be incorporated. This has not been investigated by this project as the reference 

geometric data and 3D-scan are both from an individual exhibiting high-level-transradial limb 

reduction. There are already a number of passive elbow options available and the biomechanics of the 

joint are well understood [107], with manufacturing guides available for body powered devices [108]. 

There has also been work on active 3D-printed elbows [109], controlled by sEMG. It is therefore 
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assumed that incorporating an elbow unit into this design should not prove to be a significant challenge, 

given the large body of work covering this area.  

The final socket design model is shown in Figure 2.32. This model was then imported into Autodesk 

Inventor to be merged with the existing arm model. With the models joined, the CAD design of the 

prosthetic is completed. The full model, as shown in Figure 2.33, can then be converted into STL format 

for importing into Cura and eventual 3D-printing.  

 

Figure 2.32 Socket with Attachment Structure 

 

Figure 2.33 Full Arm CAD Model 
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2.7.3 Full Arm with Socket Manufacturing Process 

The manufacturing process for the full arm with the socket was much the same as the previous prints. 

The STL file was imported into Cura (Figure 2.34), where support blockers for the small holes and 

cavities were put in place. Due to the complex geometry of this final model, a large support structure is 

needed to ensure a successful print. As there is no flat surface in the correct orientation, a bed of support 

material is first printed. The ABS is then printed on this with full support, until no surface overhangs. 

The relatively large hollow cavity of the socket requires an internal support structure to minimise 

material sag and thus maximise print quality.  

 

 

Figure 2.34 Full Arm Cura Setup 

The final print has minimal issues with shrinkage, burn marks, or deformities as seen in Figure 2.35. 

This print will be used in the final working prototype, once assembled.  



Page 65 of 175 

 

 

Figure 2.35 Final Printed Arm 

2.8 Final Assembly 

The arm with socket seen in the previous subsection was assembled with the other components, 

including the completed electrical circuits, to form the first working prototype of this design. This 

prototype has been given the name: “SIMPA – Soft-grasp Infant Myoelectric Prosthetic Arm”. 

 

Figure 2.36 CAD Assembly 

The assembly was a trouble-free process, with all the printed components and the grippers slotting 

together securely. The linear actuators, sEMG, and the battery all fit securely in their respective slots. 

The soldered circuitry (covered in section 3.1), fits within the body of the arm, though due to the tight 
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space, it is delicate assembly process. A further design point moving on would be a custom build PCB 

control unit, which would slot cleanly into the body of the arm; this would not however directly affect 

the functionality of the device.  

 

Figure 2.37 Final Assembled Arm (front)  

 

 

Figure 2.38 Final Assembled Arm (side) 
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Figure 2.39 Final Assembled Arm (back) 

The print of the arm without the socket was chosen for use as a grasp test device. The test arm is 

connected to an Arduino Uno based prototype breadboard circuit, which utilises buttons, rather than the 

sEMG to control the opening and closing of the grasp mechanism.  It features the same ‘hand’ geometry 

as the final prototype; however its simplicity makes isolated testing of the grasp functionality easier.   
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Figure 2.40 Grasp Test Setup 

2.9 Chapter Summary 

This chapter has covered all the design and manufacturing aspects of the project, from initial design 

specification to production of a fully assembled prototype prosthetic arm. The presented arm shows that 

small scale, 3D-printed, myoelectric prosthetic devices are viable from a pure production standpoint. 

The total cost of producing the component, including prototyping was less than £500, highlighting how 

cost effective a solution such as this could be.  

The proceeding chapter will cover the development and implementation of the control system, as well 

as the electrical circuitry used.  
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3 Control System Design  

This chapter will focus on the circuit design and the control system that has been integrated into the 

prosthetic prototype detailed in the previous chapter. The chapter will detail the final control system 

design in full and make notes regarding the development steps where appropriate.  

A voluntary opening control system has been integrated the prosthetic. This system, sometimes referred 

to as the cookie cutter [76], utilises a single EMG sensor site. The system is Arduino based and 

programmed via Simulink (The MathWorks, Inc.). A grasp detection system is also to be incorporated. 

Figure 3.1 shows a finite state machine for the control system. It shows the three non-transit states the 

system can be in: 

• Closed: where the ‘hand’ is in a fully closed position.  

• Open: where the ‘hand’ is in a full open position 

• Grasp: where a grasp has been detected and the ‘hand’ is held in its current position 

 

 

Figure 3.1 Finite State Machine Model of the Control System 

3.1 Circuit Design  

The basic outline of the circuit design centres on an Arduino board acting as the controller. The primary 

input into the device comes in the form of the OYMotion Gravity sEMG, detailed in section 2.5. This 

input will be processed by the controller, so that a recorded muscle flexion sends a positive signal to 

the actuators, causing the grasp to open. The inverse is true when no flexion is recorded, with the grasp 

closing. The second input to the controller is from the linear actuators built in potentiometers. These 

provide a resistance value that correlates to the shaft position, this allows for grasp open and closed 

limits to be set, as well as the incorporation of a rudimentary grasp detection system.  
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Arduino EMG

Linear  Actuator 1 

(“Fingers”)

Linear  Actuator 2

(“Thumb”)

Potentiometer 

Feedback

 

Figure 3.2 Outline for the Control Circuit 

The circuit was prototyped on a solderless bread board, using an Arduino Uno as a stand in for the 

Nano. Three variations of the circuit were created: 

1. Push button controlled:  for developing the motor control and grasp detection system, and for 

use during the experimental procedures (section 4)   

2. Isolated sEMG: to develop the grasp detection system  

3. sEMG Controlled System: a combination of the two circuits, creating the final system that 

will be incorporated into the prototype prosthetic.  

3.1.1 Push Button Controlled Circuit 

The push button-controlled circuit uses two push buttons placed on a solderless breadboard to control 

the actuators, one each for the extend and retract functions. These buttons connect to the Uno’s digital 

input/output pins, with a high signal produced when the button is pressed.  

The linear actuators utilise 5 pins. The two power pins activate the motor, with the polarity controlling 

the direction of the shaft. The voltage and current draw of the motor exceeds the acceptable level for 

direct drive via the Arduino. For this reason, a motor-driver is constructed using a half-H bridge driver, 

the L293DNE in this instance. This allows for a separate power supply to drive the motor, whilst still 

being controlled by the Arduino.   

The remaining three pins are for the potentiometer. They consist of a +5V pin, a signal pin, and a 

ground. The +5V and GND connect to the corresponding pins on the Uno, via the breadboard power 

rails. The signal pin connects to an analog input pin. The Arduino can take an input voltage of up to 

5V, then utilising a built in DAC outputs a 10-bit value of 0 to 1023.  

This combination gives us the circuit diagram seen in Figure 3.3. The circuit is hooked up to a power 

supply unit, which provides the 6V required to drive the motor. The Arduino can either draw its power 

from the 6V supply or 5V via a USB connection to a PC, the USB also provides a serial connection to 

monitor the system in real-time.  
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Figure 3.3 Push-Button Circuit Layout
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3.1.2 Isolated sEMG System 

Developing a system which takes the sEMG recording and converts it into a digital output is one of the 

main challenges in developing the control system. To simplify the procedure the sEMG system was 

isolated on a separate Arduino circuit. The OYMotion Gravity (Figure 3.45) is made of two constituent 

parts, an arm-band and a signal processing board; the armband connects to the board via a 3.5mm jack, 

the board processes the signal and connects to the Arduino board via three pins: 

• +3.3V: this provides the power for the sEMG and is taken from the Arduino’s built in 3.3V 

output pin 

• GND: grounds the sEMG with the rest of the circuit 

• Signal: this provides a signal voltage that the Arduino can monitor via an analog input pin  

The sEMG chosen has been designed specifically to be used with an Arduino board, allowing for a very 

simple circuit design, shown in Figure 3.5. The signal from the sEMG can be plotted in real-time via a 

USB serial link, this proved to be of great use when developing the control system. 

 

Figure 3.4 Gravity: Analog EMG Sensor by OYMotion [110]   

 

5 Figure 3.4 is sourced from OYMotion and is only indicative, in practice the sensor would be placed on the bicep 

as previously described 
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Figure 3.5 Isolated sEMG Circuit 

3.1.3 Final sEMG Controlled System 

The circuit that was integrated into the final prosthetic is a combination of the previous two (Figure 

3.6). The motor control circuitry is identical, however rather than using push buttons, the sEMG is used 

to control the system. The circuit just as with previous versions was constructed on a solderless 

breadboard; however, as this is the final circuit design, a soldered version on copper stripboard was also 

produced for installation in the final prototype prosthetic. This soldered board contains a 6V voltage 

regulator on the motor circuit, this is required as the battery produces 7.5V. The Arduino has a built-in 

voltage regulator and can be powered directly from the battery, components such as the sEMG will 

draw their current from the regulated voltage outputs on the Arduino. 
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Figure 3.6 Final sEMG Controlled Circuit
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3.2 Simulink Model Overview 

The programming of the system was performed using the Simulink Support Package for Arduino 

Hardware. This was chosen over the standard Arduino programming environment as block-based 

Simulink models provide an intuitive method to develop the system. The use of scopes and serial 

monitoring also allows for real-time performance analysis far beyond what is capable in the Arduino 

software. An overview of the entire system can be seen in Appendix B1. This can be broken down into 

three sections: 

A. The actuator control sections: 

1. The ‘finger’ actuator 

2. The ‘thumb’ actuator  

B. The grasp detection system 

C. The sEMG system 

The other parts of the model act to support these sections and will be explained where appropriate in 

the preceding subsections.  
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3.3 Actuator Control 

The Simulink model shown in Figure 3.7 and Figure 3.8 display how the actuators the drive the ‘fingers’ 

and ‘thumb’ respectively are controlled. The first block in the takes the potentiometer input from the 

actuator, this provides a 10-bit value between 0 and 1023, representing full retraction and full extension 

(20mm) respectively. The two constant blocks represent the limits for shaft extension and retraction. 

The unit conversion and if function blocks of the subsystem are detailed in Appendix B2.  

 

Figure 3.7 'Fingers' Actuator Simulink Model - A1 

 

 

Figure 3.8 'Thumb' Actuator Subsystem – A2 

In order to test this system and determine the limits for the actuators, a test-rig which holds a single 

actuator and gripper was produced via 3D-printing. This rig was implemented as a simple way of 

isolating the gripper and actuator system, the circuit used was the “Push Button Controlled Circuit” 

displayed in section 2.8. From this system the limits of 5mm-19mm for the ‘thumb’ and 0mm-19mm 

for the ‘fingers’ were determined.  
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Figure 3.9 Test Rig 

3.4 Grasp Detection 

The grasp detection system has been implemented to determine if an obstruction has occurred that has 

caused the actuator to slow to a near stall. This is to prevent the motor from burning out when an object 

is grasped, as ordinarily under sEMG control, the actuator would continue to be driven, attempting to 

retract until the limit is reached.  

The first step in determining if an obstruction is present is to measure the velocity of the shaft (Figure 

3.10).  For this the potentiometer signal is processed through a moving average filter, along with a 

necessary data conversion step. A 10-step delay is introduced on a separate path and subtracted from 

the real-time signal. This in effect produces a velocity value, as direction is not of importance, it is 

converted to an absolute value.  

 

Figure 3.10 Grasp Velocity Subsystem 

This velocity value will then pass to the next subsystem, where an interval test will determine if the 

value has exceeded the set limit.  If the value has been exceeded then the actuator is deemed to be 

moving without obstruction, producing a high output signal; should the value drop below this limit, a 

low signal is produced (Figure 3.11). The optimal threshold is determined to be 15, this equates to 

2.9mm/s or 19% of the motor’s published maximum shaft travel speed [111]. The EMG Signal Switch 

block will only activate the grasp detection once a high signal has been present for 10 steps; this is to 

allow to actuators to initially travel from a stationary position. 
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Figure 3.11 Threshold Subsystem 

Figure 3.12 shows the plot for binary output and the velocity detected. The two signals correspond with 

each other, with all significant periods of movement producing a high output. The AND gate links 

together the activation signal (from a button or sEMG), the shaft limits, and the grasp detection (Figure 

3.13). Only when all are high will the grasp retract. There is also a 30-step delay on the ‘thumb’, this is 

to allow the ‘fingers’ to close, with the ‘thumb’ then wrapping around them. Without this delay, the 

grippers collide with each other and are unable to form a fully closed grasp.  

 

Figure 3.12 Binary Output (top), Grasp Velocity (bottom) 
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Figure 3.13 AND Gate and Motor Output 

3.5 EMG 

Electromyography or EMG as described in section 1.6, is the process of recording electrical signals 

produced by muscles under flexion. As the purpose of the project is to provide a simple system that 

would be a child’s introduction to prosthetic control, the simplest system, ‘single-site single-action’, 

will be utilised. The control method can be setup as either voluntary opening or voluntary closing. In a 

voluntary opening system, the ‘hand’ opens when a high signal is recorded by the EMG, once the single 

stops the grasp retracts; in a voluntary closed system the reverse is true, with the ‘hand’ remaining open 

until activated. Voluntary opening (often referred to as “cookie-crusher”) was chosen in this instance 

due to its relative prevalence in literature compared to voluntary closing [77]. Should future research or 

the user indicate a preference for voluntary closing, the system could easily be converted to fall in line 

with this.  

The sEMG system integrated here uses an armband-based device that connects directly to the Arduino’s 

analog input. This is imported into the Simulink model with the “analog input” block. The signal is then 

processed (Figure 3.14), eventually producing a binary output. Scopes are placed at various points on 

the subsystem to highlight the process. All of the graphs in the following subsections are taken from 

Figure 3.14 the same reading, allowing for comparison between the steps.  

 

Figure 3.14 sEMG Signal Processing Subsystem 
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3.5.1 Raw Analog Input 

The initial raw signal from the sEMG is shown in Figure 3.15. The units displayed represent the 

Arduino’s built in 10-bit ADC (0-1023); for the purposes of this system the units can remain in this 

format, as only the amplitude of the signal is required. It is clear from looking at the plotted raw data 

where the periods of muscle activity are; however, there is a large amount of noise present and the 

signal oscillates rapidly.  

 

Figure 3.15 Raw sEMG Recording 

3.5.2 Normalised  

Some work was preformed using peak to peak amplitude, though this achieved unsatisfactory results. 

Instead it was decided to normalise the signal around 0, as well as converting the signal to an absolute 

value. This gives us the graph shown in Figure 3.16; here all of the periods of activity are in the positive 

blocks of activity, with the resting muscle signal hovering around 0.  
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Figure 3.16 Normalized sEMG Recording 

For the offset, an average value for the relaxed muscle signal was determined as 315; this value was 

taken and subtracted from the raw signal. As with all of the signal processing preformed here, the 

recording is taken from a single individual, a 23-year-old male of average build. Should the device be 

used on a different subject, the signal may vary due to differing levels of body fat, skin conductivity, 

muscular strength, etc. This would likely necessitate different offsets and threshold values to be 

incorporated. The use of Simulink and serial monitoring allows for this to be observed and adjusted 

easily. Were such a system to be used in a final wearable prosthetic, there would be an initial period of 

tuning the device to the individuals signal composition.  

3.5.3 Filter 

The next stage in the process is to filter the signal. There are numerous methods of approaching this, 

and many were investigated during the initial development stage of the system. Many of the methods 

tried ended up being too computationally demanding for the Arduino hardware, especially once 

integrated into the full system. The method eventually chosen utilises a moving average filter, which 

takes the average value of the signal over a given time window. The filter produces the signal shown in 

Figure 3.17. It is clear that a significant amount of the noise has been eliminated and critically the active 

periods of the signal do not intermittently drop to 0. This allows for an ‘interval test’ block to be used, 

which determines if the signal is above or below a set threshold.   
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Figure 3.17 Normalized and Filtered sEMG Recording 

3.5.4 Final Output 

The ‘interval test’ block produces a binary output; when the signal is above the set threshold, the signal 

is high, with the inverse being true when the threshold has not been met. This threshold value is easily 

adjustable within the block parameters. In this instance, a trial and error approach was taken to adjust 

the threshold value based on the subject’s EMG recording. It was eventually determined that 5 was the 

most effective value, with significantly higher or lower thresholds failing to activate during flexion or 

activating under non-control-specific motion, such as moving the elbow. Thresholds slightly higher 

tended to cause jittering on the output signal, due to momentary drops just below the threshold. 

Optimising this threshold is a major factor in the success of the system, proper initial fitting and tuning 

would help to ensure it maintains maximum effectiveness. It would also be possible to attach hardware 

inputs, such as a button or a potentiometer, which would feed a threshold value into a ‘dynamic interval 

test’ block. This would allow for the threshold to be adjusted whilst wearing the device. This may prove 

advantageous in situations where skin conductivity changes, such as when sweating.  

Following the parameter turning, the binary output in Figure 3.18 is produced. It accurately matches 

the periods of recorded muscle activity. The system was tested multiple times and would, with near 

complete accuracy, produce an output matching the flexion. Very occasionally there would be a jitter, 

either from an unintentional flexion of the bicep under normal movement, or during an opening when 
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the signal slightly drops below the threshold; the latter of which would normally only occur when the 

muscle signal is weakened from rapid repeated flexion.  

 

Figure 3.18 Final Binary Output 

3.6 Chapter Summary 

This chapter has covered the control system used on both the full prosthetic prototype and the grasp 

testing system. The final Simulink model provides a control system that can easily be adjusted to meet 

a user’s specific requirements based on their sEMG data. Grasp limits and thresholds are also easily 

customisable, should design changes to the grippers take place.  

In the proceeding chapter the push button control system and the grasp test prosthetic will be used to 

determine the effectiveness of the device, via a series of experimental procedures. Slight variants on the 

control system are used here, such as the grasp detection being disabled when determining maximum 

grasping force.  
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4 Experimental Procedures 

The prototyping phase of the project produced the full prosthetic that could be directly used by a patient. 

Alongside this, a second arm with the same design, absent of the socket and internal controller was 

produced. This second prototype was used throughout this chapter in order to verify and quantify the 

performance of the system from a grasp effectiveness perspective.  The prototype will be arranged in a 

configuration where all of the grippers are 3-segmented ‘fingers’ and in a configuration where the 

‘thumb’ is a 2-segment gripper, offset from the two 3-segment grippers acting as ‘fingers’.   

Four main tests were conducted using this prototype. The first assesses the grasping ability of the hand 

in securely grasping objects of various weights and geometric profiles. The next procedure involves 

attaching weights to various objects to show the maximum grasp capability of the ‘hand’ with regards 

to the weight of objects. The third test measured the grasp force of the ‘hand’ using a specialised device, 

allowing it to be compared with published results. The final test measures pinch force, again for 

comparison with published results, in this instance for maximum pinch strength in children and adults, 

as well as other prosthetic devices. 

These tests were chosen as a suitable volunteer was unable to be recruited to perform practical usage 

tests. This would have been the primary source of validation, using a method similar to the Southampton 

Hand Assessment Procedure (SHAP) [126], along with user/parental feedback likely in the form of a 

questionnaire. As this was not possible, the focus has been to conduct tests with a metric which can be 

compared to other comparable commercial and research devices.  

4.1 Object Grasps  

In this experimental procedure, a number of objects were grasped using the prosthetic test device, as 

shown Figure 4.1. Section 5.1 will cover the results and include further images of the various grasps. 

These objects vary in size, shape, and weight, comprising of geometric shapes and everyday objects. 

The test procedure was to grasp each object 10 times. The orientation of the grasp is varied and the 

successfulness of each is noted.  The objects are in almost all cases grasped directly from the workbench, 

in the case of the pen and wooden stick, some manual orientation is performed prior to a grasp. Once 

grasped, the arm is steadily shaken for a period of 10 seconds, this is to replicate the movement of the 

user whilst holding an object. If after this 10 second period had elapsed the object is still securely held 

within the ‘hand’, then the grasp is deemed to be successful. The experiment is performed with both the 

2-segment and 3-segment ‘thumb’ set-ups; the results for both are noted for later comparison.  
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Figure 4.1 Example of Grasp Test Procedure using a Plastic Toy 

4.1.1 Geometric Shapes 

This first batch of objects comprised of 5 common geometrically defined shapes made up of a cylinder, 

cone, cube, 4-sided-pyramid, and triangular-prism (Figure 4.2). These objects were 3D-printed using 

an open source6 STL file [112]. The parts were printed with a 10% infill and 0.2mm layer height (Figure 

4.3), as high structural integrity and a fine surface-finish are not necessary factors in this test.  

 

Figure 4.2 3D-Printed Geometric Shapes – from left to right: Cylinder, Cone, Cube, Pyramid, and Triangular-Prism 

 

 

6 Licensed under the Creative Commons - Attribution License 
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Figure 4.3 3D-Printing Process, Highlighting the Internal Structure 

The weight of each geometric object is noted in Table 4.1. In this instance the maximum weight of an 

object is only 20.4g and as such does not have a large impact on how graspable the blocks are. 

Table 4.1 Weight of Geometric Objects 

Object Weight (g) 

Cube 31 

Cone 9 

Pyramid  13.2 

Tri-Prism 13.2 

Cylinder  20.4 

4.1.2 Everyday Objects 

In this second part of the object grasp experiments, the prosthetic’s grasping ability with everyday 

objects is studied. The objects vary greatly. Most of the items are exemplary of ones that a young child 

might interact with, some, such as the set of keys, have simply been chosen to display the range of 

grasps available from the device.  
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Figure 4.4 “Everyday Objects” – from left to right: Plastic Bottle, Pen, Wooden Stick, Sponge Ball, Keys, Soft Toy, and 

Hard Plastic Toy 

The weight of each object was once again noted (Table 4.2). In this instance the maximum object weight 

was 270.6g, thought again the weight seemed to have minimal impact in this experiment.  

Table 4.2 Weight of 'Everyday Objects' 

Object Weight (g) 

Plastic Water Bottle (Empty) 20.6 

Plastic Water Bottle (Full) 270.6 

Pen 11.5 

Wooden Stick  2.7 

Sponge Ball 23.7 

Set of Keys 94.2 

Soft Toy 21.3 

Hard Plastic Toy  56 

 

4.2 Weighted Object Test 

Although the weight of the objects was noted in the previous experimental procedure, it was not the 

primary focus. In this second test a series of objects were 3D-printed again, this time with a loop on 

which weights can be attached (Figure 4.5).  
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Figure 4.5 3D-Printed Objects for 'Weighted Test’ 

A hook with attachable weights is used on each object (Figure 4.6). The weights are measured from 

0.1N to 5N and can be stacked to adjust the overall weight to the elected value. The experiment aimed 

to determine three characteristics from yeah of the grasped objects. 

1. The load point at which the gripper begins to deform laterally 

2. The point at which grasp slippage occurs whilst the prosthetic is steadily shaken 

3. The point at which absolute grasp slippage occurs with a stationary device  

During each test, the weight was slowly increased until a targeted outcome was met. At this point the 

total load is noted and the experiment is repeated an additional 9 times.  The recorded data was tabulated 

in Excel (Microsoft Corporation) to determine an average maximum load for each parameter on each 

object. Just as with the non-weighted objects, the experiment is performed using both the 2-segment 

and 3-segment ‘thumb’ configurations, for the purpose of comparison. 
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Figure 4.6 Example of Weighted Test 

4.3 Grasp Force Test 

For this test, a numerical value is obtained for the grasp force of the hand.  The test is performed on the 

Takei Physical Fitness Test: Grip-A [113]. This apparatus (Figure 4.7) has been shown to be an accurate 

method of measuring grip force [114]. The system uses an analog dial to display the grasp force in Kg. 

The force is applied by pulling the bar connected to the dial towards the base of the frame. This bar is 

adjustable in order to meet a range of hand sizes.  
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Figure 4.7 Takei Physical Fitness Test: Grip-A [113] 

The grasp test is conduced ordinarily by having the user apply their full strength, with the dial indicating 

the maximum force recorded. In the case of the prosthetic the same procedure is used, as shown in 

Figure 4.8. The bar is adjusted to size the prosthetic hand. The test is then performed by closing the 

grasp of the hand. Two variations of this are preformed, one using the grasp detection system and a 

second run where the system is temporally deactivated. For each configuration, the test is performed 10 

times to gain an average result. The markers of the apparatus, Takei Scientific Instruments, provide a 

table containing the average grasping force by age; this allows for comparison between the prosthetic 

and a correspondingly age-appropriate biological limb. The test was performed on both configurations, 

though there was found to be no discernible difference between the two, as such only the results for the 

3-segment ‘thumb’ have been noted and analysed.  
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Figure 4.8 Grasp Force Test 

4.4 Pinch Force Test 

This final experimental procedure determines the “pinch force” of the grippers. The intention is to 

compare with published results of both biological grasping force and other prosthetic hands. The test 

utilised a set of high accuracy scales, perched on a stand, which can be pinched by the grippers.  

 

Figure 4.9 Pinch Test Procedure 
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The pinch test is performed by closing the grasp of the prosthetic, thus applying a force that can be read 

on the scale. The test is performed under 3 system configurations: 

1. Actuators-on: under this configuration the motor is continuously powered during the grasp 

2. Actuators-off: in this instance, the grasp is performed then the actuators are powered down 

before is reading is taken 

3. Grasp detection system active: here the grasp detection system is active, automatically 

powering down the actuators once a grasp has been recorded 

The test, just as with previous examples was repeated 10 times for each configuration, with an average 

result being calculated from these readings. As the scale reading fluctuates slightly during a grasp, the 

noted reading is approximate to within ±10g. Much like the previous experiment, there was found to be 

a negligible difference between the ‘thumb’ variants, as such only the 3-segment configuration was 

recorded here.   

4.5 Activities of Daily Living  

Activities of Daily Living (ADL) is a term used to indicate tasks or actions that are commonly conducted 

or essential in everyday life. These tasks include simple things like feeding and bathing oneself and is 

a commonly used term in medical assessments. For the purposes of this project, three example ADLs 

are performed. This is done to highlight the ‘real-world’ applicability of the device, though it is limited 

to example tasks as an appropriate test subject to wear and use the arm could not be found, any further 

trials should aim to incorporate and build upon this ADL procedure.  

4.5.1 Writing 

The first task looked at is writing. This was performed by placing a common ballpoint pen in the 

appropriate grasp to be held by the device (Figure 4.10). In order to write correctly, the pen must be 

place by the user as the prosthetic is unable to manoeuvre the pen if grasping it from a surface. The 

prosthetic is then held at the forearm in such a way as to allow for the pen to mark the paper. A few 

simple shapes are then drawn on the paper to highlight the possibly of the arm being used for this ADL.  
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Figure 4.10 Pen Grasped by the Hand in Writing Position 

4.5.2 Pouring Water from a Bottle 

The second ADL looked at is pouring water from the plastic bottle used in the object grasp test, into 

another container. Figure 4.11 shows the bottle and container used in this procedure. This test is 

designed to show how the arm copes with the shifting weight of the bottle as the water pours out. It is 

also indicative of ADLs such as drinking.  
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Figure 4.11 Bottle and Container used in ADL Test 

4.5.3 Object Placement  

This final ADL is used to demonstrate the device’s ability to grasp, manoeuvre, and place objects. This 

has applications in a wide variety of ADLs including feeding oneself and in the case of children, playing 

with toys. The procedure used matches a common shape pattern block toy, given to children to develop 

their motor and object placement skills. A block for the shapes was 3D-printed to match the geometric 

shapes used in a previous experimental procedure (Figure 4.12). The test simply involves grasping 

objects from the surface to then place then in the appropriate slot.  The object could only be grasped 

and oriented using the prosthetic during this test. 
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Figure 4.12 Block Placement Test Setup 

4.6 Chapter Summary 

The experimental procedures documented here are exemplary of kinds of grasp procedures used on 

prosthetic and biological limbs alike. The objects grasped are varied to show in an attempt to validate 

the assumption that soft-grippers will provide a highly functional grasp. The other tests to measure the 

strength of the prosthetics grasp attempt to provided numerical validation that the device performs 

competitively when compared to current active prosthetics. Due to limitations on lab equipment, the 

grasp tests are relatively basic in their design, but provide a basis for further validation. The proceeding 

chapter will examine the results of the aforementioned experimental procedures.  
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5 Results 

This chapter will cover the tabulated results taken from the experiments shown in the previous chapter. 

The results are to be displayed in tables and graphically where appropriate. There will also be comments 

on the performance to back up the numerical data and provide a clear picture of the device’s 

effectiveness. There will also be comparison to published results, taken from both biological limbs and 

other prosthetic devices.  

5.1 Object Grasps 

There is no singular agreed definition for grasp types, however in general terms grasps can be broken 

down into two categories, power and precision [115]. Power grasps typically involve the use of the 

whole hand to surround the object and is used in tasks such as unscrewing a lid on a jar. Precision 

applications conversely normally only use the fingers to hold a small point on an object, allowing for 

an exact action to be performed. These broad grasp types can be broken down further still. In the context 

of the present prosthetic, 4 grasp types that the device is able to perform have been identified (Figure 

5.1).  

 

Figure 5.1 Illustration of Grasp Types [116] 
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• Cylindrical: a style of grasp where the fingers are kept in line, offset from the thumb to 

encompass the object e.g. grasping a bottle 

• Spherical: a style of grasp where the fingers and thumb are spread to encompass the object e.g. 

grasping a round door handle 

• Tripod:  this grasp uses three fingers and often the palm to hold an object in a controlled manner 

e.g. writing with pen 

• Pinch: a grasp which uses just the fingers, generally the fingertips to grasp an object e.g. 

holding a key 

Figure 5.2 shows these grasps performed using the prosthetic device. In the proceeding subsections, the 

predominant type of grasp used will be noted. This is determined as the most natural or common way 

of grasping the object, for instance a bottle would normally be grasped cylindrically from the side, even 

though different types of grasp could also securely grip the bottle. In cases where the term ‘mixed’ is 

used, this donates that various grasp types can be used on the object with no definitive or obvious 

preference.  

 

Figure 5.2 Grasp Types as using the Prosthetic 
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5.1.1 Geometric Shapes 

In this procedure, 5 geometric shapes were 3D-printed to be grasped by the prosthetic. Table 5.1 shows 

the results of the test across all 5 objects: 

Table 5.1 Result of Geometric Shapes Test 

Test Object 
Predominate 

Grasp Type 

Three Segment 

Thumb 

Two Segment 

Thumb 

Cube  Mixed 100% 100% 

Cone Mixed 60% 50% 

Pyramid  Mixed 60% 60% 

Tri-Prism Cylindrical & Pinch 80% 80% 

Cylinder  Cylindrical 100% 100% 

Mean 

Average  
 80% 78% 

 

From the results a combined average grasp success rate of 79% is noted. Of the failures, the majority 

come from grasps attempted on the angled sides of the cone and pyramid. When the slanted sides of 

these objects are grasped using a pinch approach (Figure 5.3, Figure 5.4), they have a tendency to slide 

free after a few seconds; other grasp approaches (Figure 5.5, Figure 5.6) provide a secure grasp on the 

object. The triangular prism also experienced slippage when pinch grasped on the slanted sides. 

  

Figure 5.3 Cone under Failed Pinch Grasp 

 

Figure 5.4 Pyramid under Failed Pinch Grasp 
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Figure 5.5 Cone under Successful Cylindrical Grasp 

 

Figure 5.6 Pyramid under Successful Pinch Grasp 

Figures 5.7-5.11 show the various objects being securely held in a grasp. The figures only display the 

grasp using the 2-segment thumb as the images are indicative of the performance for both gripper 

configurations. 

     

Figure 5.7 Pyramid  

 

  Figure 5.8 Cylinder  

   

 Figure 5.9 Cone 
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   Figure 5.10 Cube  

 

 Figure 5.11 Triangular Prism 

 

Figure 5.12 Geometric Objects Grasp Success Rate by Item and Gripper Configuration 

Figure 5.12 compares the effectiveness of both gripper configurations with regards to each object. The 

overall difference is just 2%, with the 3-segment and 2-segment ‘thumbs’ achieving a success rate of 

80% and 78% respectively.  
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5.1.2 Everyday Objects 

This experimental procedure examines the devices ability to grasp several everyday objects. Table 5.2 

displays the results for the grasp procedure. Just as in the previous section, the table compares the 

different gripper configurations and notes the type of grasp predominately used. 

Table 5.2 Result of “Everyday Objects” Test 

Test item 
Predominate 

Grasp Type 

Three Segment 

Thumb 

Two Segment 

Thumb 

Plastic water bottle 

(Empty) 
Cylindrical 100% 100% 

Plastic water bottle 

(Full) 
Cylindrical 100% 100% 

Pen Tripod 100% 100% 

Wooden stick  Pinch 60% 60% 

Sponge ball Spherical 100% 100% 

Set of Keys Cylindrical/ Spherical 80% 50% 

Soft Toy Mixed 100% 90% 

Hard Plastic Toy  Cylindrical 90% 80% 

Mean Average   91% 82% 

 

The results note that the combined mean grasp effectivness of 86.5%. with the more geometically simple 

objects, such as the plastic bottle, a 100% grasp effectivenss is observed. The set of keys had issues 

with slippage in instances where the keys are picked up from a flat surface using only the prosthetic 

(Figure 5.13), this is esspaically true with the 2-segment ‘thumb’. In instances where the keys are 

bundled and presented to the device, a secure clindrincal grasp is achived.  
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Figure 5.13 Attempted Grasp of ‘Set of Keys’ from a Flat Surface 

Similar issues with the wooden stick occurred that lead to a low grasp success rate with this object. 

When the sick is placed flat on a surface (Figure 5.14), the device struggles gain any grip on the stick, 

resulting in a failed grasp. Presenting the object to the hand conversely results in a successful pinch 

grasp.  

 

Figure 5.14 Attempted Grasp of ‘Wooden Stick’ from a Flat Surface 
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Figures 5.15-5.21 showcase the objects being securely grasped by the prosthetic device. Just as in the 

previous subsection, the different gripper configurations are not shown, with only the 2-segment 

‘thumb’ being displayed here.  

   

             Figure 5.15 Bottle (Empty) 

 

     Figure 5.16 Pen 

 

  Figure 5.17 Wooden Stick 

   

Figure 5.18 Sponge Ball 

 

       Figure 5.19 Set of Keys 
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Figure 5.20 Soft Toy 

 

  Figure 5.21 Hard Plastic Toy 

 

Figure 5.22 ‘Everyday Objects’ Grasp Success Rate by Item and Gripper Configuration 

Figure 5.22 compares both gripper configurations with regards to average object grasp effectiveness. 

The overall difference is larger here than it was in the previous subsection, a difference of 9%, with the 

3-segment and 2-segment ‘thumbs’ achieving a success rate of 91% and 82% respectively. This 

difference is largely down to the issues picking up the keys from a flat surface using the 2-segment 

grippers.  
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5.2 Weighted Object Test 

The experimental procedure presented here used 3D-printed objects with weights attached to them to 

determine the lifting capacity of the device.  The first point of interest is the weight required to deform 

the grippers laterally. 

Figure 5.23 and Figure 5.24 show the gripper deformation when performing the test with the triangular 

prism and 45mm cylindrical block respectively. The test was performed on all four objects, using both 

gripper configurations to produce the results in Figure 5.25. 

 

   

Figure 5.23 Gripper Deformation (Tri-prism)  

     

     

     

     

     

     

     

     

     

     

     

     

     

  

     Figure 5.24 Gripper Deformation (Cylinder)    
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Figure 5.25 Load at Point of Deformation 

The results differ from the previous tests, with the 2-segment grippers performing stronger than their 3-

segment counterparts. Table 5.3 shows the data for this procedure. The average across all the objects is 

3.87N and 3N for the 2-segment and 3-segment configurations respectively, a difference of 0.87N.  

Table 5.3 Deformation Test Results 

Object 2-Segment Thumb (N) 3-Segment Thumb (N) 

45mm Cylinder  3.86 4.36 

22.5mm Cylinder  3.7 2.2 

Triangular Prism  6.27 4.27 

Pinch Grasp  1.66 1.16 

Mean Average  3.87 3 

 

The pinch grasp also has by far the lowest threshold, with a combined average of just 1.41N. This is 

likely due to the impact the moment of force has on the pinch grasp, where the object is supported by 

only the fingertips, as displayed in Figure 5.26. In other grasps, the object is exposed to more contact 

area and is often held against the ‘palm’.  
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Figure 5.26 Weighted Test - 'Pinch Grasp' 

The next experiment shows the value required to cause the object to slip from the grasp under steady 

movement. Table 5.4 and the graph in Figure 5.27 display the results of this test. The results again show 

that the 2-segment thumb-gripper outperforms the 3-segment configuration. The mean difference 

between the two configurations is 0.83N, fractionally less than in the previous test. Part of the reason 

for this due to the increased contact area using the 2-segment gripper. This can be seen by comparing 

Figure 5.28 and Figure 5.29. 

Table 5.4 Slippage under Movement Test Results 

Object 2-Segment Thumb (N) 3-Segment Thumb (N) 

45mm Cylinder  4.86 4.96 

22.5mm Cylinder  4.2 3.3 

Triangular Prism  7.77 5.27 

Pinch Grasp  2.16 2.16 

Mean Average  4.75 3.92 
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Figure 5.27 Load at Point of Slippage under Movement 

 

Figure 5.28 Grasp of 22.5mm Cylinder using 3-Segment Thumb 
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Figure 5.29 Grasp of 22.5mm Cylinder using 2-Segment Thumb 

The final test procedure examines the point of absolute slippage that occurs when the arm is kept 

stationary. Table 5.5 and Figure 5.30 display the results from this experiment. Just as with the previous 

tests, the 2-segment ‘thumb’ displayed a heightened performance. The mean difference in this 

procedure was 1.6N, almost double that seen in the previous two experiments.   

Table 5.5 Absolute Slippage Test Results 

Object 2-Segment Thumb (N) 3-Segment Thumb (N) 

45mm Cylinder  5.36 5.36 

22.5mm Cylinder  5.7 3.7 

Triangular Prism  9.77 5.77 

Pinch Grasp  2.76 2.3 

Mean Average  5.9 4.3 
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Figure 5.30 Load at Point of Absolute Slippage 

5.3 Grasp Force Test 

This experimental procedure focuses on the grasp force produced by the device. Figure 5.31 displays 

the results for the device with actuators continually powered and with the grasp detection system active. 

It unsurprisingly confirms the assumption that the motor actively being driven will produce a greater 

grasp force than when the grasp detection system active. The grasp detection is designed to power down 

the actuators when a grasp occurs as not to burn the motors out and to save power. This does however 

limit the amount of force that can be applied. Adjustments to the threshold values would allow the 

maximum force to be increased; though as grasping objects is the devices main purpose, the values 

remain at those previously determined in section 3.4 to maximise grasp detection effectiveness.  

 

Figure 5.31 Maximum Grasp Force with and without Grasp Detection - Takei Grip Test 
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Table 5.6 presents the complete results for all 10 runs of the experiment. With the grasp detection system 

disabled the results remain constant at 4.91N (500g); conversely with the system active the results 

fluctuate between 1.96N (200g) and 2.94N (300g), giving an average of 2.35N (240g).  

Table 5.6 Takei Grip Test Results 

Run 
Motor Active 

(N) 

Grip Detection System 

Active (N) 

1 4.91 1.96 

2 4.91 1.96 

3 4.91 2.94 

4 4.91 2.94 

5 4.91 1.96 

6 4.91 2.94 

7 4.91 1.96 

8 4.91 2.94 

9 4.91 1.96 

10 4.91 1.96 
 

  

Mean Average 4.91 2.35 

 

The “Takei Physical Fitness Test: Grip-A” produces a guide with grasp force data sorted by age (Figure 

5.32). It states that for a 3-year-old child the grip strength is 6.5kg (63.8N) and 4.4kg (43.2N), for males 

and females respectively. This represents a difference of 6Kg (58.9N) and 3.9Kg (38.2N) for males and 

females respectively when compared to the results with the motor active, with the grasp detection 

system resulting in a difference of 6.26Kg (61.4N) and 4.16Kg (40.8N). The main constraint on 

grasping force is the motor, with each actuator producing a maximum rated force of 30N. Due to the 

tight size and weight restrictions in place, the grasping power will be limited. This continues to be an 

issue, even with larger adult devices. 
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Figure 5.32 Average Grip Values by Age [117] 

In [118] grip strength with reference to age and sex in also observed. This study uses a different 

technique where participants grasp a Lode dynamometer. The study shows the average grip maximum 

strength for children ages 4 to 12 years. Mean strength for boys at 4 is given as 65.9N, this increases to 

84N by age 5 and continues to increase yearly. The data for girls aged 4 displays a mean strength of 

48.6N, around 30% lower than the male subjects. The data also continues to follow the same trend, 

increasing to 64.1N at age 5.  This is approximately in line with the 63.8N and 43.2N given by the Takei 

Physical Fitness Test, with a difference between the two results of 2.1N and 5.4N for males and females 

respectively.  

5.4 Pinch Force Test 

This final quantitative experimental procedure measures the pinch force of the device. Figure 5.33 

displays the results for all three metrics, the actuator powered, unpowered, and grasp detection system 

active. The results predictably show that the motor when continuously powered produces the highest 

pinch force. The unpowered test initially uses the full strength of the motor, but then settles to a lower 

value as the motor shuts off. The lowest value is when the grasp detection system is active, just as in 

the previous test this value could be increased by adjusting the parameters of the system.  
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Figure 5.33 Average Pinch Force by Configuration 

Table 5.7 breaks down the full results of the experiment. The results here fluctuate more, possibly due 

to the increased granularity of the measurement device used compared to the “Takei Physical Fitness 

Test: Grip-A”.  

Table 5.7 Pinch Force Test Results 

Run # Motor (powered) Motor (unpowered) Grip Detection 

1 8.63 5.84 3.82 

2 8.78 5.64 3.73 

3 8.88 5.89 3.94 

4 8.49 5.45 3.78 

5 8.42 5.49 3.85 

6 8.56 5.74 3.93 

7 8.29 5.25 3.87 

8 8.39 5.40 3.92 

9 8.26 5.15 3.76 

10 8.63 5.59 3.96 
 

   

Mean 8.5 5.5 3.9 
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The results presented can be compared to published results for other prosthetic devices. The presented 

device performs competitively when compared to published literature on the pinch force of adult 

prosthetic hands, with the pinch strengths for these devices ranging between 1.71N and 16.11N [50]. 

Figure 5.34 is taken from the study and notes the speed of the finger movement in degrees per second, 

as well as a breakdown of the various pinch forces for each device. The average speed across all the 

devices noted is 89.8°/s. The 3-segment grippers fitted to the prototype have an average retraction time 

of 2.3s and extension time of 2.1s. As the grippers angular displacement is 180°, the average speed can 

be given as 81.8°/s; this works out at 8°/s below the referenced average, a difference of 9.34%.  

 

Figure 5.34 Data from Current Prosthetics [50]. 

Looking at published data for pinch forces, there is limited work focused on young children. One study 

looks at ages 6-19 years [119]. Converting the given forces for age 6-7 years into newtons produces the 

results shown in Table 5.8. Looking at the overall average of 43.79N compared to 8.5N, the maximum 

pinch force recorded on the device, a difference of 35.29N.  
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Table 5.8 Pinch Force for Age 6-7 Years [119] 

 
Male Female 

 
 

Non-Dominant 

Hand 

Dominant 

Hand 

Non- Dominant 

Hand 

Dominant 

Hand 

Pinch force (N) 43.25 45.90 41.68 44.33 

Average (N) 44.57 43.00 

Combined 

Average (N) 
43.79 

 

Another earlier work looked at pinch force in children aged 5-12 years [120]. This work gives a lower 

pinch force value of 26.5N for a 6-year-old male. This results in a difference of 18N when compared to 

the prosthetic. Interestingly the force given for a 5-year-old male is higher at 28.5N. This is closer to 

the approximate age of the user and as such may be more value as a reference point. If adult data is 

looked at, then we can see that currently available prosthetics shown in Figure 5.34 are considerably 

lower than the right hand average of 463.9N presented in [121]. This highlights how grip strength 

remains an issue even with adult devices and is unlikely to change without significant advancements in 

small scale actuator technology.  

5.5 Activities of Daily Living 

This final procedure does not provide numerical results and mostly acts as a demonstration for how the 

device may be incorporated into the daily life of the user.  The tasks were performed with both 2-

semgent and 3-segment ‘thumb’ gripper configurations, though as there was no notable difference 

between the performances of the two, only the 2-segment is shown in this section.  

5.5.1 Writing  

This task requires a secure and stable grasp of the pen. With correct positioning the device is able to do 

this, with the pen secured strongly enough to apply the pressure required to mark the paper Figure 5.35. 
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Figure 5.35 Writing Task 

As the prosthetic is being gripped at the forearm in order to mark the paper, the accuracy letter ‘A’ 

drawn is Figure 5.36 is suboptimal, though this is down to the operator rather than the inadequacies of 

the device. Overall, the performance in this task is deemed to be highly satisfactory, with the primary 

task objective met.  

 

Figure 5.36 Letter "A" Drawn using the Prosthetic 
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5.5.2 Pouring Water from a Bottle 

This next task required a bottle to be grasped using a standard cylindrical grip. The bottle is then tilled 

over a container and the water is poured in (Figure 5.37). The test requires the hand to have a secure 

grip of the bottle, especially as the mass and centre of gravity shift during the pour. The prosthetic in 

both gripper configurations the arm is able to grasp the bottle and pour the liquid without any issues. 

This performance is likely indicative of the device’s ability to perform other ADLs such as drinking 

from a vessel.   

 

Figure 5.37 Water Pouring ADL 
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5.5.3 Object Placement  

This final procedure shows the prosthetics ability to accurately place objects. Across all of the objects 

and gripper configurations, the arm is able to perform the task with ease. The device is able to grasp 

from multiple angles and as such the grasp can be positioned in such a way as to place the objects in 

their appropriate slot (Figure 5.38-5.40).  The procedure highlights how the device might be used in 

everyday grasping tasks.  

 

Figure 5.38 Object Placement ADL Test – Cube 
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Figure 5.39 Object Placement ADL Test – Cylinder 

 

Figure 5.40 Object Placement ADL Test – Pyramid  
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5.6 Chapter Summary 

This chapter covered the tabulated results of the experimental procedures presented in chapter 4. The 

results highlight the grasp effectiveness of the device, with success rates between 78% and 91% in grasp 

tests. The force test concurrently show that the device is able to support objects below 400g comfortably 

when using a power grasp, with up to 995g being possible with certain objects. The grasp force of the 

prosthetic, which whilst limited by the performance of the actuators, does perform in line with currently 

available prosthetic devices. The ADLs presented aim to showcase how the device might be used in 

everyday tasks.  

The following chapter will discuss the project in detail, making comments on strengths and weakness, 

as well as noting areas for future consideration.  
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6 Discussion 

This penultimate chapter will explore the projects successes and shortcomings. The chapter will be 

broken down into several subsections, with each examining a different aspect of the project. 

6.1 Use of Additive Based Manufacturing  

The prosthetic was designed with the intention of showcasing the use of advanced manufacturing 

techniques, such as 3D-printing, in the production and development of paediatric upper limb active 

prosthetics. In this regard the project has been successful. The prosthetic device produced is 

predominantly 3D-printed, including crucially the socket. The soft-grippers, whilst not directly 3D-

printed, were set using moulds produced via additive manufacturing. Almost of the other components 

are readily available consumer electronics.  

A key reason for the use of 3D-printing in the project is to reduce the cost and lead-times associated 

with prosthetic devices. This is implemented out of a desire to encourage healthcare providers such as 

the NHS, to consider the adoption of a policy based around early prosthetic fitting in order to reduce 

rejection rates.  Currently cost ranks among the top reasons for active prosthetics not being fitted as 

soon as the child has developed enough to use such a device.  The material cost of producing the device 

was around £500 (US$660), including scrappages and prototypes. This may represent a significant 

reduction in cost compared to the current production myoelectric devices, though it is worth noting that 

the overheads have not been considered in this instance. The final cost on the device would vary slightly 

depending on the specific configuration based around the end user and the production scalability of 

standard parts, such as the grippers. There may also be a labour cost reduction thanks to the speed at 

which 3D-scan based socket modelling can be performed and the predominantly automated process of 

3D-printing. This low production cost however does not factor in the developmental and regulatory 

expenses that a market device would have to factor in. Currently available additively manufactured 

prosthetics, as covered in section 1.4.2, are presently offered at a significantly lower price point than 

other comparable devices. This highlights how this reduction in manufacturing costs may translate to a 

lower market price for a device such as the one presented in this work. There is also an assumed 

reduction in lead time for a 3D-printed device, though this a difficult to demonstrate within the scope 

of this project, outside of the general rapidness of 3D-printing techniques.  

The other major reason is the often-poor performance of paediatric devices. With the primary focus, 

even within scientific literature being on adult devices, their paediatric and in particular toddler sized 

counterparts are often neglected, with no significant improvements in design over the last few decades. 

Adult and adolescent scale devices have started to make use advanced technologies such as 3D-printing 

to improve on past designs. Similarly, the topic of robotics has developed greatly in a number of ways. 

With regards to this project the adoption of cheap, small scale control units such as Arduino boards and 

the upcoming field of “soft-robotics” are of particular interest. The present design takes the concept of 
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3D-printing myoelectric devices, using Arduino based control and soft-grippers, to produce a prosthetic 

that is highly capable whilst remaining low cost, highly customisable and easy to manufacture.  

6.2 Soft-Gripper Performance  

The use of soft-grippers as a prosthetic end device is thought to be unexplored within current literature.  

The use of the grippers in this project was intended to allow for a flexible grasp which also utilises a 

malleable contact surface. To this end, the grippers have worked as desired. Looking at the results in 

section 5, it is observed that the grippers are able to grasp all of the objects available. On some of the 

objects, such as the plastic toy, the grippers can be seen to deform around the object, increasing the 

contact area and thus improving the grasp. Using a banana as an example, this adaptive grasp can be 

seen in Figure 6.1. An additional value to the use of the grippers is the safety factor. In more traditional 

grippers, joints would be used to facilitate the movement. These joints can create pinch points, which 

would present a hazard to the user, particularly as the target audience is young children. The soft 

grippers remove the risk posited by pinch points. The grasp detection mechanism, along with the soft 

material of the grippers, also reduces the risk of injury should the user accidently grasp a part of their 

body.  

 

Figure 6.1 Soft-Grippers Adapting to the Shape of a Banana 
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From experimental data, a mean average grasp effectiveness of 87% and 82% respectively for the three-

segment and two-segment thumb has been demonstrated. For the weighted objects the two-segment 

performed better, with a mean grasped weight of 5.9N, compared to 4.3N with the three-segment 

variant. In the other grasp force test, the measured difference was negligible.  The superior performance 

in the weighted tests, as well as the close grasp effectiveness in the object tests have formed the 

conclusion that the more aesthetically pleasing and biologically similar two-segment thumb is the 

preferred configuration.  

The basic ADL tests performed served to highlight the less quantifiable, but arguably more important 

aspects of prosthetic use. In the tasks the arm performed well, though in order to truly validate the 

device as one well suited for ADLs, an end user should perform these tasked under monitored 

conditions. This remains the biggest shortcoming of the project, as a suitable volunteer was not found. 

And further verification of the grippers should now focus on ADLs and user experience, rather than 

grasp force metrics or other means of verification.  

With regards to the manufacturing process of the grippers, there is the potential for improvement. 

Currently the process involves inserting 2mm diameter polymer tubes into slots within the mould. This 

process is very fiddly and if performed even marginally wrong the resulting gripper will be defective. 

Some work was carried out to improve upon this, though the results were unsatisfactory. As it currently 

stands several successful grippers have been produced and the process has been shown to be viable. 

Soft-3D-printable materials are a growing field and it may hold a solution to this issue, as well as allow 

for a fully 3D-printed device.  

6.3 Biomimicry and Kinematics 

The design process set out with a desire to mimic the structure of a biological hand. This objective has 

partly been achieved. However, manufacturing constraints as a result of the small scale of the device 

necessitated the use of 3 grippers, instead of the true biomimicry of 5 digits. An alternative model to 

realism would be to stylise the device to the user’s or their guardian’s taste, for example one 3D-printed 

prosthetic recipient was given a custom “Iron Man arm” [122] stylised to mimic the superhero 

character’s exoskeletal arm. Some level of decoration was shown on this prototype by having the name 

of the device, “SIMPA”, on the hand back-plate. This could be extended into a fully customisable device 

in terms of colour and simple decals. As this project is in effect a proof of concept for producing toddler 

specific devices, appearance customisation has not been explored. If the work continued further, 

quantified feedback on the appearance from prosthetic users could be gathered for incorporation into 

revised versions of the prosthetic.   

With regards to the kinematics elements of biomimicry, the soft-grippers approximately matches the 

jointed approximation of the phalanges. The lack of articulation in the palm means that the metacarpal 

kinematics are not fully exhibited in the device. With respect to  
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Figure 6.2 and Figure 6.3, the distal interphalangeal joint and the proximal interphalangeal joint are 

both modelled by the slots present in the soft-gripper. Clearly due to the inherent and desired flexibility 

of the grippers, the model will not be an exact fit, rather it approximates the joints’ movement. The 

metacarpophalangeal joint (S1) is not directly modelled in the design of the grippers; however passively 

defined lateral deformation is possible, effectively adding an additional range of movement to the digit. 

This limited lateral deformation is approximately ±15°. The thumb gripper is modelled the same as the 

fingers, with 𝑙2 and θ2 equalling 0.  The thumb gripper does not take into account the range of 

articulation present in its human counterpart. The complexity required to control a fully articulated 

thumb is outside of the scope of this device, as it assumed that a young child’s first prosthetic should 

remain as simple to operate as possible, whilst remaining functional. With reference to the results, the 

performance of the end device is deemed to be effective, despite this divergence from pure biomimicry.   

 

 

Figure 6.2 Segmentation of the Human Hand 
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Figure 6.3 DOF of the Human Finger 

The following equiations model the kinematics of the gripper as a ridgid body:  

𝑥 = 𝑙0𝑥 + 𝑙1 cos(θ1) + 𝑙2 cos(θ2) 

𝑦 = 𝑙0𝑦 + 𝑙1 sin(θ1) + 𝑙2 sin(θ2) 

 

Figure 6.4 Kinematics of the Soft-Gripper 

The variables used are shown in Figure 6.4. The kinematic equations are not factoring into account the 

lateral deformation and serve as a simple approximation of the grippers’ range of movement. For the 

two-segment thumb, the equation can remain the same by having 𝑙2 and θ2 to equal 0. Figure 6.5 serves 

to demonstrate the movement of the complete end device in both configurations. The device is shown 

at approximately 50% open and in a fully closed position.  
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Figure 6.5 End Device in "Closed" and "Partly Open" Formations 

The feel of the device does mimic that of human skin tissue, thanks to the Dragon Skin™ 30. This, 

whilst difficult to quantify, does appear to serve its intended function in that it provides a supple, 

textured grasp contact surface. 

6.4 Grasp Force 

One limitation of the grasp effectiveness is the maximum force produced by the micro-linear actuators. 

The maximum force recorded during the pinch test was 8.5N with the motor continuously powered.  

Comparing this to each motors’ maximum rated output of 30N demonstrates the losses within the 

system required to deform the grippers. The contact area deformation too is thought to hinder the 

application of the force, as some of the energy will be stored as elastic potential, rather than directly 

acting on the grasped surface. Comparisons to biological grasp strength highlights the stark inadequacy 

of the actuators, with the study examined in the previous chapter showing a mean average of 43.79N 

for a 4-year-old child [119]. Examining the “Takei Physical Fitness Test: Grip-A” again shows a large 

discrepancy between the prosthetic end device and its biological counterpart, with a difference of 6Kg 

(58.9N) and 3.9Kg (38.2N) for males and females respectively when looking at given data for a 3-year-

old child. This discrepancy will only be overcome if small scale actuators develop in such a way as to 

provide these heightened force outputs. Perhaps a more beneficial comparison is to look at data for 

current prosthetic devices. In [50] pinch strengths ranging between 1.71N and 16.11N are given for the 

range of devices examined. This puts the present device at approximately the median average. It is 

worth factoring in that these devices are all adult size and as such have slightly more flexibility in their 

approach to actuation; it also would seem appropriate that adult prosthetics should have a higher grasp 

strength than their paediatric counterparts. As such the grasp strength of this device is deemed to be 

appropriate, given the hardware limitations. The grasp tests also showed that despite a relatively low 

grasping force, the grippers perform well.  

6.5 Control 

The control system integrated, whilst simple, has been shown under lab conditions to be effective. One 

of the advantages of soft-grippers is the ability to simplify the control structure, allowing the grippers 

to deform and naturally perform a stable and secure grasp.  
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6.5.1 EMG 

The system presented is a simple single-site single-action voluntary opening setup. This system from 

reviewing literature, has been shown as an effective simple means of introducing a user to EMG based 

prosthetic control [30], [76]. The Simulink model could easily be adjusted to incorporate a second 

detection site. The device itself could also with relative ease, be able to incorporate a multisite system. 

It is still assumed however that toddlers would still initially use the single-site system, hence this 

projects approach to control. The approach was not validated on a appropriate subject, again 

highlighting the projects fundamental weakness of not having a volunteer present during the verification 

phase. 

The Simulink model created for EMG recording and processing allows for the system to be monitored 

and tuned to the individual user. Under test conditions the EMG performed extremely well once the 

parameters were optimised for the test subject. One major issue with validating the approach is the lack 

of an appropriate user on which to test the system. The scale of the project has sadly not allowed for an 

age-appropriate user, ideally with a limb reduction, to use the system in order to verify its design. 

Currently only able-bodied adults have tested the system. Young children will evidently have smaller 

musculature, likely resulting in weaker sEMG recordings. This may be propagated further with a limb 

reduction present. It is hoped however, since there are other instances of young children using EMG 

control, that adjustment of the various control parameters would allow for these weaker signals to be 

recorded and correctly identified.  

The use of an EMG armband, rather than incorporating recording site into the socket should allow for 

a more optimal placement of the sensor. It also allows it to be easily placed/removed unlike sites that 

require adhesion to the skin. The armband is designed for adults but is small enough in scale that it 

would still fit comfortably on a child’s arm.  

6.5.2 Grasp Detection 

The grasp detection system demonstrated, whilst simple in its design, has proven to be an effective 

method of determining when a grasp has occurred. As seen in the grasp force results, there is a reduction 

ultimate gripping force when the system is activated, though this reduction in grasp force does not seem 

to have a great impact with regards to objects interaction. The benefits of its incorporation are that the 

motors do not continuously run whilst grasping, which would undoubtedly decrease the working life of 

the actuators. The stability of the grasp has also been improved. With continuously closing actuators, 

objects tend to shift even after being securely grasped. This is especially prevalent in cases where an 

object has tapered surfaces. 

Moving forward, this grasp detection system might be improved upon with the incorporation of strain 

sensors within the soft-grippers. This may work in conjunction with or replace the current actuator shaft 

position-based system. Grasp detection using this force measurement approach has yet to be 
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incorporated into a consumer device. There has been some work on printable soft-sensors [123] and it 

is assumed that such a system could eventually be used in concurrence with the presented soft-grippers.  

6.6 Project Management 

At the start of the project, a Gantt chart (Appendix E) was produced detailing the approximate timeline 

for the project. Overall, the actual timeline of the project deviated slightly, though this was mostly to 

cover the additional early publication and conference attendance not considered at the project’s 

inception.  

6.7 Chapter Summary 

This chapter has discussed the findings of the project in detail. In terms of the design and performance 

of the device, great promise has been shown and initial aims of the project have been met. The 

subsequent final chapter will conclude this thesis and provide suggestions for further work should the 

project be continued in the future. 
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7 Conclusions and Further Work 

This work has presented SIMPA: Soft-grasp Infant Myoelectric Prosthetic Arm. The present device is 

developed specifically with the intention of showcasing the viability of an active prosthetic device 

suitable for young children. The device is thought to be the first myoelectric prosthetic arm for children 

under 5 to be 3D-printed. It is also first prosthetic arm found in literature to incorporate soft-grippers, 

even when adult devices are explored.  

The main reasoning for the additive manufacturing approach is to significantly reduce both the cost and 

lead-times associated with the production of prosthetic devices; both factors that that have a heightened 

impact when considering the paediatric market. The overall material cost, including prototyping of the 

device is <£500. Should the device be developed further, this cost may be reduced with the addition of 

standardised parts, such as the grippers. Overheads and labour costs would need to be factored in to 

provide an accurate production cost. Additionally, the development and regulatory expenditure of 

bringing a product such as this to market would increase the price, though it is hoped that like other 

current 3D-printed devices, this would still translate to a reduction in the final cost.  

The results from the experimental procedures presented provide early validation that this novel 

approach to prosthetic design is plausible and may be advantageous, particularly in the case of small-

scale paediatric devices.  Due to limitations on the project, the design validation process was not 

optimally comprehensive. This the primary issue upon the completion of this project. Moving forward, 

appropriate user validation across all facets of the device would be essential to further its development 

and to justify the approach taken.  

In conclusion, the project achieved its aim of showcasing an active prosthetic arm for toddlers by 

presenting a low cost and rapidly produced 3D-printed alternative to traditionally produced myoelectric 

prosthetics, almost exclusively aimed at adults and older children. In doing so it is hoped that the topic 

of paediatric prosthetic arms is re-evaluated in line with the advanced manufacturing techniques 

highlighted in this work.  

7.1 Recommendations for Future Work 

7.1.1 Design  

The largest limitation on the project was a lack of an appropriate volunteer to on which to base the 

design and verification process on. Future design revisions should start and end with an appropriately 

aged subject presenting an upper limb reduction as the focus. This approach, using the design and 

manufacturing techniques highlighted in this project should deliver a prosthetic device that can be 

operated by a young child, who in turn would be able to assist in the verification and refinement of the 

design.  This concept of involving the user and other key stakeholders in the design phase is known as 

co-creation [124], [125]. The aim of this is to merge the knowledge of multiple stakeholders, with 
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research data to address the research-practice gap. This concept has gained traction in recent years, with 

the World Health Organisation (WHO) [126] and NHS England [127] both advocating the adoption of 

co-creation/co-design techniques in the implementation of new health care models. Implementing this 

co-creation concept in practice is non-trivial, but its implantation can prevent the large research-practice 

gap that exists in medical devices. Any continuation of this project should follow these principals of 

co-design/co-creation, bringing together stakeholders including the end user, parents/guardians, and 

relevant medical professionals to ensure that the project does not further contribute to this research-

practice gap.   

The methodology whilst designing the device was predominantly based around the use of 3D-printing 

to prototype and refine.  This approached worked well for this initial proof of concept, however further 

refinement should factor in simulation and analysis techniques such as finite element analysis (FEA). 

Some early work has been carried out in this area (Figure 7.1), though due to the complexity of 

accurately modelling the composite silicon grippers and the 3D-printed arm with its intricate internal 

structure, the work provides little value to the project, hence its exclusion in this work. FEA in further 

research would be key in validating the structural integrity of the design, with a focus on user safety. 

 

Figure 7.1 Basic FEA Stress Analysis Performed on the Prosthetic Arm CAD Model 
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7.1.2 Manufacture 

During the course of this project, the capability of the lab’s available 3D-printers has improved 

significantly. It is now feasible to print materials with a Shore Hardness of 60A. Such flexible, near 

silicon soft materials open the possibility directly printing the grippers. This would not only simplify 

the manufacturing process, but also enhance the flexibly of the gripper design, as moulding would not 

need to be considered. There is a plan in place for a short publication to explore this concept.  

The assembly of the device could be improved, with an increased focus on modularity and 

interchangeable parts. At present, the main 3D-printed components are all held together with visible 

screws, ideally these should be either hidden or a different fastening technique be used.  

The socket in its current design does not have a lining, meaning that the residual-limb sock would be in 

direct contact with the hard ABS plastic. The use of a softer material such as TPU or TPE, could add a 

cushioned layer to the socket, whilst maintaining a good fit. This could be done as a single print if a 

dual-extrusion printer is used or as a separate sleeve that slots into the hard outer-socket.  

The current control system is based around an Arduino Nano, with the rest of the components simply 

being soldered to a stripboard. In future designs, a custom PCB, incorporating these parts would 

simplify the internal wiring and make for a more robust prototype.  

7.1.3 Control 

Just as with the mechanical design, the control system now requires an appropriate subject in order to 

verify the approach taken and likely improve upon it. The effectiveness of the sEMG system has not 

been proven on age and limb reduction appropriate subjects. This remains the biggest risk in the 

project’s approach to control and it is critical that the effectiveness of the approach taken can be verified 

in order to determine whether the sEMG system should be developed further or abandoned in favour of 

an alternative technique. It is assumed that the user, with an appropriate training period, would be able 

to operate the device with relative ease providing an adequate EMG signal is recorded. There would 

also be an ambition to incorporate video games in the training period, such as those devised in [81] & 

[59]. This would also allow for a refinement of the sEMG system, based on the device’s performance 

with the numerous users.  

The possibility of incorporating a strain gauge into the grippers was not explored in this project. This 

topic could be explored as an improvement on the current grasp detection system. There is the 

possibility to 3D-print flexible sensors [123] which may be an avenue of interest, though the 

implementation of feedback loops in soft grippers remains a challenging topic and should perhaps not 

be the primary focus of any further work.  
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7.1.4 Verification  

Further revision to the mechanical design should incorporate the use of simulation, particularly FEA, 

in verifying the load baring capabilities of the devices and assessing the issues of safety prior to user 

based testing. The device would also have to be validated to meet ISO and other standards.  

The approach that should be taken for further performance verification would centre on the user 

performing ADLs that a toddler would normally be able to accomplish with an able limb. The 

framework for these test should follow the example of the Southampton Hand Assessment Procedure 

(SHAP) [128], with clearly defined tasks featuring various recordable metrics. A preliminary study 

confirmed that the SHAP approach is suitable for children, if scaled appropriately [129]. This approach, 

rather than further grasp force or other dynamic analysis, should verify that the prosthetic is fit for the 

purpose of replicating the function and capability of a biological limb as best possible.  

Should the project be developed to a sufficient level, there is a desire to incorporate a method of logging 

the daily usage. This approach to usage data-collection, should in conjunction with questionnaires, 

provide a detailed account of how the device is being used and where areas for improvement might be.   

7.1.5 Clinical Transition 

With the limited scope of this project, there was not a plan in place for clinical transition. A continuation 

and expansion of this project would look at gathering clinical evidence in order to translate the 

engineering knowledge generated into clinical benefit.  This continuation would look to use SIMPA 

and the knowledge generated during the design process as a foundation on which to co-design a refined 

prototype with input from end users and other key stakeholders. With a refined and lab tested prototype, 

research would shift towards the to develop a general design framework on which to produce a bespoke 

prosthetic for a given patient, ensuring appropriate ISO and other standards are met. A clinical study 

with a healthcare provider, like the collaboration with NHS England described in [35], would provide 

the clinical validation needed for the device to translate from a research project to something which has 

real clinical benefit.  
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Appendices 

Appendix A 

Appendix A1 

Version 1 

The first print of the gripper mould was unsuccessful due to warping. This was likely the result of a 

lack of adhesion to the print bed, the cause of which is unknown. For the next print, the print bed was 

cleaned and a layer of PVA glue was applied to help with adhesion. The second attempt at printing the 

mould was a success. There was minimal warping present and the overall print quality was deemed to 

be enough for moulding.  

 

Figure 0.1 First Mould Print Displaying Warping 

 

 

Figure 0.2 Mould, Soft Gripper, and 5mm LED for Scale 
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Figure 0.3 Side-view of the Soft-Gripper 

This first prototype showed promise, however the kink in the end loop needed to be resolved in the next 

iteration.  

Version 2 

This second attempt at producing a gripper uses the same design as the previous attempt, with a slight 

modification to remove the kink in the tubing. As part of the moulding process, plastic tubes are placed 

in the mould. The end of the tube forms a loop, which due to the tight radius kinked when the silicon 

rubber was poured into the mould. To counteract this, a segment of wire was inserted into the tube, to 

act as a reinforcement preventing the loop from developing a kink.  

 

Figure 0.4 Gripper with Threaded End-Loop 

 

Figure 0.5 Gripper with End-Loop Highlighted 
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The gripper was moulded in the same method as before, again requiring finishing techniques to remove 

excess material. The first attempted moulding however was unsuccessful, due to one of the tubes 

coming loose when the silicon rubber was poured. A second attempt was successful and produced a 

gripper without a kink in the end loop, however the same issue with the thread not passing though the 

loop occurred. The reason seems to be that the radius is simply too tight to be threaded. A range of 

threads were attempted ranging from flexible Kevlar string to stiffer plastic-coated wire. None of these 

were able to pass through the loop. This second version of the gripper must also be deemed a failure 

due to this threading issue.  

Version 3 

A revised 20mm wide version of the grippers was able to be threaded. The production process still had 

some failures, mostly due to the tubes slipping from the holes in the mould during the process (Figure 

0.6). Some experimentation with 3D-printed flexible insets (Figure 0.7) was unsuccessful, as the 

material was still too rigid to be used in conjunction with the grippers. Ultimately the malleable plastic 

tubing is still the best method found for producing the grippers, though this area is a weak spot in the 

production process, particularly with the long set-time of the silicon rubbers. Should further work be 

carried out, this aspect of the project should be refined. One possible option would be to directly 3D-

print the grippers using an ultra-soft filament.    

 

Figure 0.6 Soft-Gripper with Extruding Internal Tubes 
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Figure 0.7 Gripper with 3D-Printed Inserts 

Appendix A2  

Hand Prototyping  

This CAD model was imported into Cura to be manufactured on the Ultimaker S5 (Figure 0.8). The 

material used was white acrylonitrile butadiene styrene (ABS), a material commonly used to create 

functional 3D-printed components. The material is quite rigid and relatively durable, a full breakdown 

of the material specification can be found in Appendix C1. The other material considered was polylactic 

acid (PLA) due to its comparable properties, however as the material is made from biomass, it will 

degrade when exposed to sunlight. As the prosthetic may be used in a range of environments, including 

outdoors under direct sunlight, the decision was made to manufacture using ABS. The print did not 

require support material and took approximately 5h to complete, with a layer height of 0.15mm and 

default Cura print parameters for ABS.  
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Figure 0.8 'Hand' Prototype Sliced using Cura 

The print was successful, requiring a minimal finishing. There was some shrinkage present and this 

prevented the grippers from being slotted into the ‘hand’. By removing some material from the sides of 

the gripper insert, the grippers were able to fit. Future prints were scaled by +2.5% to accommodate this 

shrinkage. The tubes for feeding the cables through printed successfully, there was a slight worry due 

to the small diameter that a blockage may occur, though this proved unfruitful. 

 

Figure 0.9 Successful Print of Initial 'Hand' Prototype 
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Figure 0.10 'Hand' Prototype with a Single Gripper Installed 

To counter the issue of a restrictive grasp width, the angle of the ‘thumb’ offset was adjusted to 90°, 

from an initial 45°. The rest of the design remained unchanged. The other print parameters remained 

the same, with the print again taking approximately 5 hours to complete. The grippers fit securely into 

the slots and all the cables once again were easily threaded. A series of basic grasping tasks were 

performed to demonstrate the effectiveness of this design. The wider grasp allows for a far larger range 

of objects to be grasped. This improved range verifies the design update and it will now be the basis 

going forward. Whist the design of the hand is basic, it is the intention that the soft-grippers will achieve 

a level of grasp flexibility that does not necessitate features such as articulated ‘thumb’.  
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Figure 0.11 Grasping a Plastic Block 

 

Figure 0.12 Grasping a Disposable Cup 

 

Figure 0.13 Pinch Grasp of a Wooden Stick 
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Arm Prototyping  

Version 1 

Using the previously developed hand as a basis, the wrist is constructed of an oval segment, 40mm wide 

and 50mm high. The ‘Sweep’ tool is then used with this oval wrist area and a rectangular drawing offset 

100mm from the wrist: this forms the forearm of the prosthetic (Figure 0.14). The use of the rectangular 

shape is to make space for the battery and other components, the ‘Sweep’ tool automatically smooths 

the transition and additional fillets are in place to further improve on this.  

 

Figure 0.14 Initial Forearm Block 
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Figure 0.15 Slots for Electrical Components Added 

The forearm in its current form is a solid block. Outlines for the motors and battery are drawn on the 

surface of the forearm and reverse extruded to create slots for these components (Figure 0.15). 

Additional slots for the cables, fixtures, and actuator shaft are also added to the design. Other design 

details added include holes and slots for nuts and bolts that will join the three parts together in the final 

assembly of the arm. These holes and slots are designed for M3 bolts.  

The complex nature of the design required the use of support material. Ulitmaker’s polyvinyl alcohol 

(PVA) material was selected as the support, due to it being a water-soluble polymer which can easily 

be removed by submerging the printed component in water. The use of the material does lead to some 

added complexity with the 3D-print process, with most of the failures being down to the PVA material 

becoming jammed midway through printing. The PVA support material is very sensitive to water. If 

kept incorrectly the material will become saturated and as such will be very difficult to print with. 

As with all the previous parts, the CAD design was imported into Cura for slicing. The support was 

generated automatically anywhere where an overhang is present. The main structure of the arm was 

also printed in white ABS, just as with the previous prototypes. In order to maximise strength, the print 

is oriented perpendicular to the load vector. Print orientation is major consideration, due to the non-

isotropic structure of the components produced under FDM. The optimisation of print orientation has 

been explored within literature [130]. At its core, theory dictates that an object expected to be under 

tension should have layers parallel with the load; conversely a structure under a flexural (bending) or 
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moment load should have layers perpendicular to the load direction (Figure 0.16). In the case of a 

prosthetic arm, the load comes from the weight of the object being grasped. This force acts as a moment, 

centred around the socket of the arm.  It is for this reason that the layers are constructed in the way 

shown in Figure 0.17. 

 

 Figure 0.16 FDM Layer Orientation Under Load [131] 

 

Figure 0.17 CAD Model in Cura with Layer Direction Highlighted 
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The initial print was successful, with minimal warping or shrinkage. There are some burn mark and 

warping on the support material, as well as some issues with print bed adhesion; however, the ABS 

component was still manufactured to an acceptable standard. In order to remove the PVA support, the 

part was submerged in water for around 24 hours. Most of the material simply dissolves in the water, 

with some of the larger pieces being removed manually once softened by the water. Cura automatically 

created a support structure for all overhanging surfaces, this includes the small 2mm channels for the 

gripper cables. This caused an issue, as the material became jammed within the tight crevasses, even 

after additional soaking. The 3mm holes likewise had a similar issue (Figure 0.18), though this material 

was eventually removed.   

 

Figure 0.18 Bolt Hole with PVA Blockage 

The grippers all fit securely in their appropriate slots, though due to the tube blockage, they could not 

be threaded. The battery too fit securely in its appropriate slot. There was however an issue with the 

installation of the motors due to the actuator shaft slots on the wrist of the device (Figure 0.19). The 

angle was too tight for the motors to be inserted into their slots, without excessive force that would have 

likely damaged the actuators. The slot design proved to be an oversight in the initial design. In 

subsequent versions these slots will be redesigned with the installation of the motor considered.  
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Figure 0.19 Actuator Installation Issue 

Version 2 

This second version of the arm aims to correct the main issues found in the previous version, primarily 

the blockages and the installation of the motor.  To correct the actuator fitting issues, the slots for the 

shaft were widened and filleted (Figure 0.20), this allowed the shaft to be angled correctly during the 

installation of the motors. There are also a few small changes to the design, such as fillets on the battery 

slots. These were the only design changes made on the CAD model, all the subsequent changes took 

place on Cura and relate to the manufacturing processes.  
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Figure 0.20 Actuator Slot Design Changes 

The issues with the tube blockage are due to support material becoming trapped in the narrow holes. In 

order to avoid this, ‘support-blockers’ were used in Cura (Figure 0.21). These blockers prevent support 

material from being printed in the selected region. In the case of the 2mm tubes and the 3mm holes for 

the bolts, no support material is needed as there is not enough overhang to cause significant issues. For 

this reason, ‘support-blockers’ were used in these locations to prevent support material from being 

printed there.   

 

Figure 0.21 Support Blocker on Bolt Fixture 

There was an issue during the print process, where the PVA material stopped extruding. The ABS 

continued to be extruded and the arm was manufactured. However due to an inadequate support 

structure, the quality of the print was poor. This was particularly concentrated around the actuator and 

gripper slots, due to their overhang. Some finishing techniques were attempted (filing and sanding), 

however the quality was still too poor for the device to be functional.   



Page 158 of 175 

 

 

Figure 0.22 Failed Print due to lack of Support Structure 

Version 3 

This final attempt is the exact same design as in version 2. The issue with the previous print was likely 

due to the PVA absorbing water due to incorrect storage. This softens the material, causing it to become 

stuck in the material feeder. Before a second print attempt was conducted, the PVA material was dried 

out by placing it on the print bed, with the bed temperature set to 50°C. The material was left for 3 

hours, with a subsequent hour for cool down. The print process was then repeated, with the same use 

of support blockers for the tubes and bolt holes.  

This print with the now dried PVA support filament was successful. There were minimal flaws present 

in final component. The support material printed correctly in all the required spots. As intended, the 

bolt holes and tubes did not have any blockage from the support material. The actuators, with the slot 

design modification, were able to be installed securely within the ‘arm’. The grippers too were secured 

correctly in the ‘hand’. They were then threaded, with the thread tied around the appropriate actuator 

shaft. By setting up a basic circuit and running a simple extend-retract Arduino script, the performance 

of the grasp mechanism was verified.  
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Figure 0.23 Actuator Test  

Appendix A3 

A circle with a diameter slightly larger than the stump is used as the basic shape (Figure 0.24). This is 

then extruded into a thin walled cylinder (Figure 0.25). The initial cylinder is made up of an 8 x 8 mesh, 

which must be extended to cover the entire height of the stump. This process of extending can be 

performed by adding additional mesh segments or by increasing the size of the pre-existing ones. The 

level of granularity was considered sufficient to simply increase the segment size in this instance (Figure 

0.26), with the option to create a finer mesh in later stages should this be desired. 
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Figure 0.24 Initial Set Drawing for Mesh 

 

Figure 0.25 Base Cylinder with 8x8 Segmentation 
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Figure 0.26 Extended Cylinder 

With the basic cylinder completed, the shape must now be moulded to match the stump. This can be 

done completely manually by dragging and resizing the individual points, lines, and segments; however 

the use of the “pull” tool automatically wraps the base mesh around the scan geometry, as shown in 

Figure 0.27. From here it is fairly simple process of adjusting the mesh to provide a good fit for the 

stump, using the drag techniques (Figure 0.28).  The base of the stump is automatically sealed using the 

“fill-hole” tool; this closed region is then adjusted manually to best fit the stump. 
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Figure 0.27 Mesh after using the 'Pull' Tool 

 

 

Figure 0.28 Fine Tuning of the Mesh Structure 

Towards the top of the stump, a wide section is created to allow for its insertion during fitting; this too 

was created with the manual manipulation tools. With this completed, there is no further adjustment 

required within the mesh environment. When entering the solid model environment, the model shown 

in Figure 0.29 is displayed. This model is a thin plane model and does not have a defined thickness. 
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Using the ‘thicken’ tool allows for the model to be converted into a true 3D-model of the socket. A 

thickness of 3mm was used in this instance to give the model shown in Figure 0.30.  

 

Figure 0.29 Socket Design in Solid Model Environment 

 

Figure 0.30 Socket with 3mm Wall thickness
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Appendix B 

Appendix B1 

 

 

 

Figure 0.31 Full Simulink™ Model 
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A2 

C 
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Appendix B2  

The unit conversion takes place within the subsystem (Figure 0.32). The analog input is multiplied by 

a constant valued at 20(mm)/1023, to produce a potentiometer reading in millimetres. This 

potentiometer reading is then subtracted from both maximum and minimum limits.  

 

Figure 0.32 Actuator Control Subsystem 

 

Figure 0.33 Conversion Block Parameters 

Within these blocks there is a logic test to determine if the recorded value is within the set limits. The 

‘if’ block determines whether the input signal is greater-than or lower-than 0, a greater-than results in 

a positive output, whilst the inverse is true for a lower-than or equal-to result.  
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Figure 0.34 Extend/Retract IF Subsystem 

The output signal for extend and retract then each respectively join an AND logic gate. If an input signal 

from the buttons or sEMG is sent to the AND gate and the shaft is within the extension limits, then the 

actuator will move accordingly. Two digital output pin blocks are used for this and are connected to the 

motor-driver on the circuit, retracting or extending the actuator accordingly.  
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Appendix C  

Appendix C1  
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Appendix C2 
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Appendix C3 

 



Page 171 of 175 

 

 



Page 172 of 175 

 

Appendix D 

 



Page 173 of 175 

 

 



Page 174 of 175 

 

Appendix E  
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