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Executive Summary 

A Transradial Amputee (TRA) is an individual with a distal amputation below the elbow. As a result, they are unable 

to grasp objects with their residual limb, making participation in competitive rowing events, such as the Paralympic 

Games, impossible. Most Adaptive Rowing Equipment (ARE) available for professional para rowers consists of lower-

limb prosthesis adaptations, gripping aids and boats with stabilisers and seat restraints. The aim of this project is to 

design and develop an Upper Limb Prosthesis (ULP) which enables TRAs to compete in international rowing events. 

The final prosthesis design is capable of maintaining a firm grip on the rowing handle whilst it feathers the blade and 

is capable of withstanding a maximum tensile load of 920 N. The success of this project was measured against a set of 

design requirements where eight out of the nine outputs were achieved. Further developments should include further 

testing of the feathering functionality of the prosthesis in an actual sculling boat and obtaining qualitative feedback 

from prosthetists and Upper Limb Amputees (ULAs). Later stages should involve testing the prosthesis on TRAs with 

previous rowing experience. 
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1 Introduction 

A Transradial Amputee (TRA) is an individual with a distal amputation below the elbow. These individuals lack body 

parts from the forearm down, including their wrist and hand. Without the ability to grasp with both hands, most 

activities become a struggle, or in some situations, impossible. Since the Paralympic Games began in 1960, there have 

been numerous opportunities for disabled individuals to overcome their limitations through sport. However, not all 

disabled individuals share the same opportunities due to a lack of adaptive equipment available for a range of physical 

impairments, including TRAs.  

A telephone conversation with Ella Willott, the Paralympic Pathway Coach at British Rowing, revealed there are 

currently no rowing-specific prostheses available for Upper Limb Amputees (ULAs) that allow the rower to compete 

at an elite level. This may be due to the challenges associated with replicating the high functionality of the wrist, hands 

and fingers. Most Adaptive Rowing Equipment (ARE) available for professional para rowers consists of lower-limb 

prosthesis adaptations, gripping aids and boats with stabilisers and seat restraints as show in Figure 1. 

 

One of the most difficult aspects of rowing is the ability to feather the blade correctly. Feathering is the motion of 

twisting the oar 90ᵒ toward the body so that the blade (flat segment) is parallel to the water. Feathering occurs at the 

end of a stroke whilst the hands are pushing the handle down to extract the blade out of the water. The oar is then 

untwisted before the start of the next stroke in preparation to quickly drop the blades perpendicular into the water. A 

competitive rower is expected to be able to feather and square (unfeather) the blade within a single stroke for up to a 

thousand strokes in a given race. Reducing the blade surface area in contact with air minimises resistances and 

improves boat power efficiency. Optimal feathering of the blade will achieve faster boat speeds which is an essential 

part of competitive rowing. Since making a Paralympic debut at Beijing 2008 [1], para rowing has attracted increasing 

numbers of participants each year.  

The aim of this project is to design and develop an Upper Limb Prosthesis (ULP) which enables a TRA to compete in 

international rowing events, including the Paralympic Games. The intention is to replicate the functions of the hand 

and wrists in order to both feather and square the blade during a full rowing stroke via precise twisting of the handle. 

To enable ULAs to compete in elite rowing events, the rowing prosthesis design must meet the following objectives:  

i. Twist the blade exactly 90˚ toward the body, followed by the reverse motion. 

ii. Maintain a firm grip on the handle with no slippage. 

iii. Withstand a minimum tensile load of 920 N (766 N x 1.2 safety factor) 

The outcome of this project should produce a novel design of a ULP capable of rowing at a competitive level. The most 

suitable approach for this type of design project is the Define, Make, Analyse, Design and Verify (DMADV) method. The 

details of the method applied is summarised in section 3. A set of detailed design requirements and outputs are 

outlined in section 4 which are used to measure the success of this project later on in the Discussion (see section 11).  

Figure 1: Selection of adaptive equipment, including (a) LLP with foot restraint, (b) hand gripping aids and (c) boats with a fixed seat 
restraint and stabilising pontoons (Adaptive Rowing Equipment, britishrowing.org, 2018). 
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2 Background 

 Upper Limb Amputees 

Associated with limb amputation are a range of psychological and physiological side effects, including Post-Traumatic 

Stress Disorder (PTSD), Phantom Limb Pain (PLP) and Residual Limb Pain (RLP). However, participation in sport and 

recreational activities have been linked to successful rehabilitations 

through socialisation and exercise [2].  

The target user for the competitive rowing prosthesis is a 

Transradial Amputee (TRA).  A transradial amputation occurs at a 

point between the elbow and the wrist as shown by the shaded blue 

region in Figure 2.  

Over 5,600 Upper Limb (UL) amputations occur in the United 

Kingdom (UK) each year [3]. According to the same source, TRAs 

make up 12% of all ULAs, therefore by extrapolating this data, it can 

be assumed that 672 individuals become TRAs every year. However, 

in the United States, the number of general amputees is expected to 

more than double by 2050 to over 3.6 million [4]. 

Since the 1970s, biomedical technology has advanced to the stage 

where traumatically injured individuals have a higher chance of 

survival. Where once these individuals would not have survived, they 

are now free to resume the life they once had before their injury 

through the development of a range of activity-specific prostheses.. 

With a range of adaptive sporting events, including the Paralympics 

and Invictus Games, there is scope for this project to significantly 

improve the quality of life for ULAs around the world through 

enabling wider participation in sport. 

 Upper Limb Prostheses 

The primary functions of the upper extremities include not only fine motor activities but also more complex 

combinations of activities, including self-care, interaction with the environment and others and self-expression [5].  

Artificial body parts can replace basic hand function, such as grasping objects, but most commercially available ULP 

are rudimentary in design. ULAs will often require activity-specific prostheses which have been designed for specific 

tasks. These tasks are often oriented around sports, recreation or hobbies which cannot be achieved with standard 

prostheses [6]. 

A general review of terminal devices that had been designed for grasping cylinders, including barbells and kayak 

paddles, provided insight into a range of handle attachment methods for consideration. Sport-specific prostheses were 

reviewed, especially devices designed for moderate load bearing, in order to assess the best method for safely securing 

the rowing device to the residuum.  

The three main prosthesis categories are outlined below: 

i. Passive – device act as a cosmetic that hides the residuum and presents an imitation of a hand but does not 

allow active movement [7]. 

ii. Body-Powered – device is activated by moving the body in a specified manner to tighten or slacken cables which 

are anchored to a shoulder harness (see Figure 3). 
iii. Externally-Powered – device is powered by batteries and runs on motors activated by electrical signals from 

muscles or body movements. 

Figure 2: Types of UL amputations with the distal 
residuum of TRAs located within the shaded region [5]. 
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As rowing is the main function of this prosthesis, a body-powered design is pursued as it is considered more reliable, 

exhibits a real time response to the user’s intentions and the lack of electronics makes it suitable for use near water. 

The wearer also receives immediate visual feedback from the device, allowing quick adjustments to be made via the 

cables. However, device functionality of a body-powered prosthesis relies on how well the socket stays fixed to the 

residual limb which is often irregular in shape and density due to soft tissue scarring and the presence of bony 

projections [8]. To prevent the translation or rotation of the prosthesis during use requires a custom socket which can 

cost up to thousands of pounds. The disadvantage of wearing a socket and shoulder harness for extended periods of 

time include RLP and muscle fatigue. Therefore, individuals with upper limb (UL) amputations are generally less 

satisfied by their prostheses compared to individual’s with lower-limb amputations [9].   

 Rowing Biomechanics 

Rowing is a high intensity sport that uses the entire body to propel a boat through water by transferring the rower’s 

power through a set of blades submerged in water via a pivot system. Up to 22.7% of the power in a rowing stroke 

comes from the arms [10]. Therefore, it is important to replace the function of the hands and wrist so that a TRA can 

apply their full body power.  

During the rowing cycle the wrist will flex, extend and deviate toward the ulna as summarised in Figure 4. For the 

purpose of this project, the prosthesis will only have one degree of freedom to accommodate the flexion and extension 

that occurs during feathering. This will ensure the prosthesis remains aligned during horizontal uniaxial loading during 

the drive phase. Although some ulnar deviation occurs at the catch in an attempt to gain more reach, the advantage of 

doing so is negligible.  

 

There are two types of rowing methods, sweep and scull. The former involves one large oar held by both hands and 

sculling requires control of two separate oars with one in each hand as can be seen in Figure 5.  This project will focus 

Figure 3: Arm movements associated with (a) closing and (b) opening a (c) body-powered hook prostheses [18]. 

 

(b) (a) 

(c) 

Figure 4: Wrist motions present in the rowing cycle [19]. 
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on sculling biomechanics as there are more events offered at international para rowing events as officially recognised 

by FISA, the governing body for rowing. 

 

The stroke cycle is a repetitive, continuous motion of the whole body. The stroke can be broken down into two distinct 

phases – drive and recovery. Each phase is separated by two distinct changes in hand direction that occur at the catch 

and finish. The sequence of these events are shown in Figure 6.   

At the catch, in this position, the legs are compressed, shins close to vertical and arms fully extended with blades 

perpendicular to the water. The drive phase occurs when the blades are submerged in water and the legs, trunk and 

arms are moving toward the bow (direction of motion). This phase ends at the finish where the blade is simultaneously 

extracted from the water and the blade made parallel to the water (feathering). The recovery phase begins when the 

hands move away from the body, leading the trunk up the slide followed by the legs until fully compressed. At 

approximately, halfway through the recovery, the blade is squared in time for re-entry into the water. 

Feathering the blade is an important part of competitive rowing as it. Feathering is a vital aspect of competitive rowing 

as it helps to improve boat efficiency by reducing nearly 20% of the total air resistance compared to when the blades 

squared [11]. At a competitive level, rowers are taught to feather using both their fingers to rotate the blade handle, 

creating  a large enough gap above the legs to push the handle down at the finish. Should the blade not be pushed down 

sufficiently during the recovery phase, there is an increased chance of catching a crab. which. Catching a crab occurs 

when the blade catches the moving water as it is pulled out and is buried beneath the surface, often causing smaller 

boats to capsize. Therefore, it is imperative that the design of the prosthesis takes this into consideration when 

designing the the feathering mechanism and selecting a suitable socket attachment.  

3 Methodology 

Due to the novel design requirements of this project, the DMADV method is chosen to guide the development of the 

rowing prosthesis. The method stages are outlined in Figure 7. 

Figure 5: Comparison of rowing styles where (a) sweeping with one large oar (Sweep, usrowing.org) and (b) sculling with two smaller oars 
(Julian Finney/Men’s Double Scull, 2008). 

(b) (a) 

Figure 6: Breakdown of the full rowing stroke starting with the catch (Water Technique, rock-cafe.info, 2018). 
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Define 

Detailed research highlighted a distinct lack of suitable equipment for competitive rowing for individuals lacking hands 

and fingers. The need for a feathering feature was identified which is outlined in section 1.  

Measure 

User preferences were identified through background research into ULAs and ULPs whilst the design requirements 

were influenced by research into rowing biomechanics.  

Analyse 

A set of nine design requirements are summarised in column two of Table 1, followed by their respective desired 

outputs in column three. Design Calculations detailed in the Appendix under section 2 support the chosen outputs.  

Design 

Two prototype iterations were manufactured to aid in the detailed design of the final prosthesis shown in section 7.2. 

Verify 

The handle and socket attachments was manufactured from Polyamide 12 (PA-12) using Selective Laser Sintering 

(SLS) and the plunger was manufactured using Acrylonitrile Butadiene Styrene (ABS) via Fused Deposition Modelling 

(FDM). The prosthesis design was then tested in section 9 to verify the level of compliance with the requirements.   

4 Statement of Requirements 

Below is an outline of the design parameters chosen for this project based on personal experience as a competitive 

rower. The opportunity to liaise with a ULA rower did not prevail despite efforts made with British Rowing. 

No. Design Requirements Desired Output 

1 Quick Removal ≤10 seconds to detach prosthesis. 

2 No Harmful Surfaces Rounded corners, filleted edges + non-abrasive texturing. 

3 Withstand Maximum Tensile Load ≥920 N tensile load (1.2 safety factor for maximum load of 766 N). 

4 Spend within Project Budget Whole project costs ≤£100. 

5 Costs Less than Competition Complete prosthesis (excl. socket) costs ≤£1,000 to reproduce. 

6 Feathering of the Blade Oar rotates 90⁰ toward body from horizontal. 

7 Maintains Grip on Handle 
Handle attachment resists torque of 16.75 Nmm and grip on handle 
does not slip. 

8 Fits all Handle Sizes (sculling) Accommodates handle sizes ranging from 32-40 mm in diameter. 

9 Splash Proof  Compatible with water repellent coatings. 

Table 1: Six design parameters with details of desired outputs. 

Figure 7: DMADV methodology for novel designing with definitions. 
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If the prosthesis user were to capsize the boat, the socket attachment should allow for quick removal. ULA often require 

more than one prosthesis to complete everyday activities which can be very expensive so it is important to focus on 

costs. The prosthesis should adapt to any handle size can vary in diameter between 32 - 39 mm. Competitive rowing 

is typically perform on a body of water, suggesting the prosthesis should have some resistance to water. 

5 Initial Concepts 

Generally, devices with fewer moving parts require less maintenance and are less likely to fail. With this in mind, the 

following concepts focus on remaining as simple as possible whilst still achieving the required functions. As part of the 

design process, the current prosthesis design was achieved by designing three concepts for separate functions, 

including grip adjustability, blade feathering and attaching to the user’s socket. Note the socket attachment mechanism 

concepts are not original designs but rather a selection of mechanisms currently in use. 

Through prototyping outlined in section 7.1, a final design was achieved that incorporated both the feathering 

mechanism and grip adjustability into one design. To keep within the scope of the project, the socket attachment 

mechanism was omitted from the final part but could be easily incorporated at later stage of development when the 

prosthesis is ready to be tested on a TRA. 

 Grip Adjustability 

The handle attachment design must accommodate a range of handle diameters between ∅32-40mm which includes all 

sculling handle grip sizes and some of the grip sizes for the inside handle of a sweep blade [12]. The device will attach 

to both rowing blade handles and static indoor rowing machine handles. Each of the following concepts are assumed 

to have a minimum depth (into the paper) of 40 mm to ensure sufficient contact with the handle. 

 

Concept 1.1 consists of a hook made from a flexible material that is subject to compression via the tip by an inelastic 

band. The grip diameter is adjusted by pinning the band into its appropriate slot via a metal pin.  

Concept 1.2 is an open-ended hoop with the ends compressed by a wing screw for easy diameter adjustments through 

tightening and loosening of the screw. 

Concept 1.3 is a closed loop design consisting of an eye-shaped body equipped with a spring-loaded hemispherical 

plunger to maintain a constant compressive force on the handle for a range of diameters.  Due to the complex geometry, 

this design would need to be made via Additive Manufacturing (AM) or Injection Moulding (IM). 

 Feathering Mechanism 

The feathering mechanism must be able to quickly rotate the handle 90⁰ clockwise then reverse the motion in order 

to prepare the blade for re-entry. As the chosen prosthesis type is body-powered, the following concepts incorporate 

a cable that can be pulled to create the desired motion. 

(b) (a) (c) 

Figure 8: Grip adjustability (a) concept 1.1 bends a hook tip via an inelastic band, (b) concept 1.2 compresses two ends of an open-ended 
hoop via wing screws and (c) concept 1.3 pushes the handle against the internal wall via springs. 
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Concept 2.1 contains two separate cables attached to pins that act as anchors located 90ᵒ apart as seen in Figure 9(a). 

To feather the blade the top cable is pulled taut causing the device to rotate until the cable is horizontal. Then to reverse 

the motion the bottom cable is pulled in the exact same manner. In both of the situations above the cable not being 

pulled must remain slack. 

Concept 2.2 is designed to utilise the upward force exerted on the handle by the weight of the blade about the gate 

(pivot point). The top surfaces of both the handle attachment and socket are tapered to ensure the two parts meet in 

the correct 90ᵒ orientation. To ensure the device returns to the horizontal position, a cable running underneath is 

pulled to cause an anticlockwise rotation and the motion is stopped by an extrusion under the pin. This design could 

benefit from additive manufacture techniques which could produce an ergonomic part with a square taper or other 

unique shape. The main benefit of additive manufacturing this concept is that the stopper mechanism and cable 

channels can both be manufactured in the same print.  

 Socket Attachment 

Socket mechanisms vary depending on the manufacturer, meaning there is no standardised method for attaching a 

prosthesis to its socket.  

 

Concept 3.1 is a shuttle lock mechanism designed by Otto Bock, a company that specialises in prosthetic equipment. 

With reference to Figure 10, the socket (a) equipped with a serrated pin is inserted into the lower limb prosthesis as 

shown in (b). The gold screw on the side of the prosthesis is then manually tightened to secure the pin via compression. 

Although, this mechanism has been applied to a lower limb prosthesis, the concept is applicable to ULPs as well.  

Concept 3.2 is an original design by Wolf Schweitzer, an amputee who was dissatisfied by commercial devices by Otto 

Bock. With reference to Figure 11, the ULP (a) is inserted into the socket (b) using the central locator pin then twisted 

counter clockwise to secure the prosthesis. The premise of this design is to make the attachment and removal process 

easier by incorporating a ‘twist to lock’ mechanism which is less likely to pull out under uniaxial loading.  

(b) (a) 

Figure 9: Feathering mechanism (a) concept 2.1 pulls one of two cables anchored 90⁰ apart depending on desired direction and (b) 
concept 2.2 uses upward forces to flick gripper back 90⁰ then pulls a cable underneath to bring to a horizontal position. 

Figure 10: Concept 3.1 connects when (a) the socket pin is inserted into (b) the lower limb prosthesis and tightened around the pin 
via a screw on the side (shuttle lock, ottobockus.com).  

(b) (a) 
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6 Concept Selection 

A Weighted Decision Matrix (WDM) was constructed to select the most promising initial concepts. Each design 

requirement from section 4 was given a weight of either 1, 3 or 5 depending on the level of importance. Then each set 

of concepts are measured against each requirement and given a rating of either 1, 2 or 3 depending on the level of 

compliance with the specific design requirement. For each concepts, the requirement weight is multiplied by the 

respective allocated rating. This is done for all nine design requirements then the values are summed to produce the 

total weight of a given concept. The concepts with the highest values are then selected for design development.  

The full WDM used to select the best concepts can be found in Table 2. The concepts with the highest total weight 

(highlighted orange) were 1.3, 2.2 and 3.2 which were further developed to produce the final design in section 7.  

 

Weight Design Requirement 
Grip Adjustability Feathering Socket Attachment 

1.1 1.2 1.3 2.1 2.2 3.1 3.2 

3 Quick Removal 2 1 3 - - 1 3 

1 No Harmful Surfaces 2 1 2 1 2 1 2 

5 Minimum Tensile Load ≥ 766N  1 2 2 1 3 1 3 

5 Spend within Project Budget 3 3 2 3 2 3 2 

3 Costs Less than Competition 3 3 3 3 3 3 3 

5 Feathering of the Blade 1 2 3 2 3 - - 

5 Maintains Grip on Handle 1 3 2 - - - - 

3 Fits all Handle Sizes (sculling) 1 1 3 - - - - 

1 Splash Proof  3 3 3 3 3 3 3 

Total Weight 53 69 77 43 54 36 48 

 

1.1 1.2 1.3 2.1 2.2 3.1 3.2

3 Quick Removal 2 1 3 - - 1 3

1 No Harmful Surfaces 2 1 2 1 2 1 2

5 Minimum Tensile Load ≥ 766 N 1 2 2 1 3 1 3

5 Spend within Project Budget 3 3 2 3 2 3 2

3 Costs Less than Competition 3 3 3 3 3 3 3

5 Feathering of the Blade 1 2 3 2 3 - - 

5 Maintains Grip on Handle 1 3 2 - - - - 

3 Fits all Handle Sizes (sculling) 1 1 3 - - - - 

1 Splash Proof 3 3 3 3 3 3 3

53 69 77 43 54 36 48

Weight : 5 - very important / 3 - good / 1 - not essential to have design feature.

Rating : 3 - very likely / 2 - possible / 1 - not likely to achieve desired requirement.

Socket Attachment
Weight Design Requirements

Grip Adjustability Feathering

Total Weight

Figure 11: Concept 3.2 connects via (a) six equidistant hooks arranged in a circle on the ULP and (b) a socket containing six equidistant 
metal rods [20]. 

(b) (a) 

Table 2: Weighted decision matrix of initial concepts for grip adjustability (1.1-1.3), feathering (2.1-2.2) and socket attachment (3.1-3.2). 
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7 Detailed Design 

 Prototyping 

Prototype 1.0 shown in Figure 12(a) was constructed from card, Medium-Density Fibreboard (MDF) and string. A 

broom was pivoted about a chair to simulate an oar and the feathering mechanism was confirmed to work. The upward 

moment force exerted by the broom caused the handle attachment to snap up as intended with minimal resistance.  

With the string attached above the elbow, the handle attachment returned to neutral (horizontal) as the arms 

straightened and the string became taut. 

 

Prototype 2.0 shown in Figure 12(b) was 3D printed from Polylactic Acid (PLA) using a Fused Filament Fabrication 

(FFF) printer by Ultimaker. This device was used to confirm the grip adjustability mechanism and rotational accuracy 

of the feathering. It was observed that the prosthesis only feathered 85ᵒ, a total of 5ᵒ shy of the desired angle. The 

plunger was easy to insert into the handle attachment and accommodated the maximum diameter of 40 mm just fine. 

However, alignment slot did not retain the plunger fully, suggesting design changes in the region. 

 Final Design  

The final prosthesis design in Figure 13 was influenced by the Finite Element Analysis (FEA) results in section 9.1 and 

observations made during prototyping. The red annotations show some of the main design changes made.  

 

A summary of the design changes made to the final handle attachment for the prosthesis is as follows: 

• Wall thickness reduced from 8 mm to 6 mm 

Figure 12: Prototype (a) 1.0 made from card, MDF and string feathered up to 73ᵒ and (b) 2.0 made from PLA using an FDM printer card 
feathered up to. 

(b) (a) 

Figure 13: Final part with (a) the cable anchors, squaring stopping mechanism and (b) total length of 174 mm. 

(b) (a) 
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• Two cable anchors placed below the handle opening 

• Two ∅1.2 mm tunnels starting at the anchors embedded along the bottom  

• Plunger slots on side include lip to prevent overextension 

• Curved internal surface of handle opening textured with ridges to prevent slippage 

A summary of the design changes made to the final socket attachment for the prosthesis is as follows: 

• 90ᵒ ledge created near the pin to prevent overextension of the handle attachment 

• Cable tunnel created at the top to direct cables toward the residual limb 

The equipment shown in Figure 14 are the other constituent parts the made up the full prosthesis assembly shown in 

Figure 24 of section 9.4.. The nylon fishing line was used as cabling and was lined by clear Polytetrafluoroethylene 

(PTFE) tubing to protect the user from friction burns. The tennis elbow support strap was used to anchor the cable to 

the body via the region above the elbow. Finally, the arm sleeve was designed to be placed over the residual limb to 

cover both the arm strap and cables.  

 

8 Final Part Manufacture 

 Additive Manufacturing  

Selective Laser Sintering  

The final handle and socket attachments were made from Polyamide 12 (PA-12), using a Selective Laser Sintering (SLS) 

system by EOS. SLS is a powder based Additive Manufacturing (AM) technique that applies a laser beam to a bed of 

powder to melt selected particles together to form a 3D part as outlined in Figure 15.  

 

SLS was chosen as it is a fast, flexible and cost-effective method to fabricate highly complex monolithic polymer parts 

[13]. The unique shape of these parts would present huge manufacture challenges for conventional methods, requiring 

the parts to be broken down into several small segments. The reasoning for using SLS has been summarised below: 

i. Cheaper manufacturing option for low volume production compared to IM  

Figure 14: Feathering mechanism equipment including (a) 0.50 mm dia. clear nylon fishing line (aliexpress.com), (b) 1.2 mm dia. clear PTFE 
tubing (gapi.co.uk), (c) tennis-elbow support strap for anchoring cable to body and (d) arm sleeve to contain cables (amazon.co.uk). 

(b) (a) (c) (d) 

Figure 15: Steps of the Selective Laser Sintering additive manufacturing process from 3D CAD model to finished part [14]. 
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ii. Offers design freedoms that otherwise wouldn’t exist for conventional manufacturing methods 

iii. Eliminates the need for draft angles and split lines often found in moulded parts  

iv. High dimensional accuracy and surface quality ensures parts assemble as intended 

v. Production lead-time is significantly shorter compared to most other manufacturing options 

The final result of the handle and socket attachments process can be seen in Figure 16. Detailed drawings of the handle 

and socket attachment assembly can be found in the Appendix under section 4 CAD Drawings. 

 

PA-12, informally referred to as nylon 12, is a semi crystalline polymer chosen for the purpose of this project based on 

the following desirable characteristics: 

• High tensile strength of 48 MPa [14] 

• Low moisture absorption of ∼2% [15] 

• Low coefficient of sliding friction 

• Good fatigue resistance under high frequency cyclical loading conditions 

• Biocompatible according to EN ISO 10993-1 [16] 

Due to the cyclic nature of rowing, good fatigue resistance is crucial, especially when in a head race a large tensile load 

is applied every 2-3 seconds for up to 20 minutes. Rowing being a water sport will mean the prosthesis may come in 

contact with natural water, containing bacteria and other impurities. A low moisture adsorption helps to prevent 

deformation or failure of the device due to water damage. However, the final parts are coated in Thompson’s water 

seal which should provide sufficient resistance. 

Fused Deposition Modelling 

The plunger shown in Figure 17 was made from Acrylonitrile Butadiene Styrene (ABS) using a Fused Deposition 

Modelling (FDM) printer. The curved section has a radius of 20 mm to ensure contact is maintained for the range of 

grip sizes. At the back are two locator pins for each springs. On the sides are 5 mm diameter pins which are used to 

pull the plunger back during attachment and removal of the prosthesis. A detailed drawing for the plunger can be found 

in the Appendix under section 4 CAD Drawings.  

(c) (a) 

(d) (b) 

Figure 16: Final parts of the (a)(b) handle attachment and (c)(d) socket attachment in different positions. 
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 Machining 

The pin assembly shown in Figure 18 consists of a main body with a builtin cap on one end, a countersunk cap, an M8 

steel insert and an M8 countersunk screw. The main body and cap were manufactured from a rod of black nylon on 

the lathe. To prevent the M8 countersunk screw from shearing the nylon thread, a steel insert was lodged inside the 

main body. The total outer length of the pin assembly is 70 mm and the inner length is 60mm. A detailed drawings for 

the pin assembly can be found in the Appendix under section 4 CAD Drawings. 

 

9 Testing 

 Finite Element Analysis 

As part of the detailed design process, a Finite Element Analysis (FEA) was conducted on prosthesis 2.0 to confirm if 

the design would fail under a 920 N tensile load. Figure 19 shows the maximum tensile stress experienced was 8.22 

MPa which is significantly lower than the tensile strength of 48 MPa for PA-12 SLS parts [14], suggesting the design 

will not fail.  

For this simulation, the flat surface of the socket attachment was fixed in all three direction as indicated by the black 

triangles. The 920 N load was applied uniformly against the internal surface of the handle opening along the x-axis 

away from the fixed socket end. Finally, the pin assembly was modelled as a pin connector. 

 

Figure 17: Plunger with two springs attached at (a) front angle and (b) back view. 

(b) (a) 

Figure 18: Pin assembly made from black nylon and joined using an M8 countersunk screw and metal insert. 
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 Static Tensile Load Testing of PA-12 SLS Prosthesis 

The test rig assembly consisted of a 40 mm diameter steel tube inserted through the handle attachment and a 20kg 

weights bar suspended from the pin via a strap as shown in Figure 20. The assembly was then suspended form the 

weights rack and subsequent loads of 10 kg added to the bar until 60 kg was reached. Thereafter, the load increased 

by 5 kg until finally a load of 92.5 kg was attained. A detailed, step-by-step process is accessible via the processed risk 

assessment form in the Appendix under section 5. Due to a total of six clips being use to, both prevent weights from 

sliding off and aid the bar balance, an additional 1.5 kg is added, totalling 94 kg of weight. 

 

Figure 19: FEA of prosthesis 2.0 under a 920 N tensile load using SolidWorks 2018. 

Figure 20:  Display of testing rig and all equipment used to perform the static tensile load testing. 
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 Tensile Testing of PA-12 SLS Dog Bones 

In the same batch of prints as the handle and 

socket attachments there were four dog bones 

printed along the floor of the powder bed. 

Typically, the mechanical properties of SLS 

parts vary depending on the proportion of 

virgin powder used in a given mix so dog bones 

are tested to obtain the mechanical properties 

of the other parts in a given batch. 

Therefore, to obtain the tensile strength and 

modulus of the handle and socket attachments, 

three of the dog bones were subject to tensile 

testing. Figure 21 shows the third dog bone 

being stretched followed by the location of 

failure.  

The tensile data was then compared to data 

from other literature to confirm the reliability 

of the tensile properties. The data obtained 

was used to simulate stress tests on the 

prosthesis using CAD software. 

 Feathering Functionality 

The rowing system in Figure 22 was used to test the feathering functionality and is equipped with a partial length 

sweep oars. This means the handle extrudes further out from the gate (pivot point), aligning the prosthesis with the 

arm furthest from the pivot, in this case the left arm. The modified oar is approximately 40% shorter than a full length 

sweep oar which typically ranges from 3.62 -3.78 m in length [17]. Due to this imbalance, the upward moment force 

experienced at the handle is significantly reduced.  

 
Figure 22: Rig used to test the feathering functionality (swingulator, rowinginnovations.com). 

Figure 21:  PA-12 SLS dog bone (a) in tension and (b) elongated after fracture. 

(b) (a) 
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10 Results 

 Static Tensile Load Testing of PA-12 SLS Prosthesis 

In Figure 23, both the handle attachment and pin assembly successful withstood the minimum tensile requirement of 

920 N (94 kg suspended). The diameter of the handle opening measured 42 mm before and after testing, resulting in 

no plastic deformation. Due to lack a of space on the barbell, testing was concluded after 92.5 kg of weights were 

loaded. In future, it would be useful to test until failure to confirm the ultimate tensile strength of the prosthesis.  

 

 Tensile Testing of PA-12 SLS Dog Bones 

The tensile strength and modulus data obtained from testing three dog bones were averaged and compared in Table 

3 to the material properties provided by two companies, Materialise and EOS (refer to section 3.4 of the Appendix).  

 Dog Bones Materialise EOS 

Tensile Strength / MPa 50.3 48 48 

Tensile Modulus / MPa 1816.8 1650 1650 

 

 Feathering Functionality 

During testing, the imbalance caused by the partial oar resulted in a lower upward force at the handle than was 

calculated and designed for. This made it difficult to overcome the resistive forces present at the gate and fully rotate 

the oar 90⁰. However, with some assistance from the other hand, the prosthesis managed to rotate exactly 90⁰ with no 

slippage as shown by the rotation of the extrusion circled in red in Figure 24. Therefore, further testing using 

appropriate equipment is required to fully assess the feathering potential. 

Figure 23: Frontal view of handle attachment and pin suspended by a total static load of 94 kg. 

Table 3: Comparison of the tensile strength and modulus of PA-12 SLS dog bones to properties provided by Materialise [14] and EOS [21].  
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11 Discussion 

Table 4 summarises the level of compliance achieved for the three main objectives outlined in section 1. 

Table 4: Demonstration of compliance with main objectives outlined in section 1. 

No. Objective Met Supporting Evidence Notes 

1 
Rotate handle 90⁰ 
toward body. 

Yes 
Figure 13 shows handle attachment 
designed to prevent over-rotation as 
supported by Figure 24(b). 

Required assistance to get there. 
Upward handle force calculations 
(Appendix section 2.2) suggest 
sculling oar will rotate better. 

2 
Maintain a firm grip on 
the handle with no 
slippage. 

Yes 
Extrusion on oar (circled in red) in 
Figure 24 rotated 90⁰ with handle, 
suggesting no slippage occurred. 

Testing rig did not represent on-
water sculling conditions; 
incorrect oar length and weight. 

3 
Withstand minimum 
tensile load requirement 
of 920 N. 

Yes 
Figure 23 shows 92.5 kg of weights 
and 1.5 kg of clips suspended from 
prosthesis; 94kg x 9.81 ms2 = 920 N.  

40 mm diameter steel tube may 
have provided structural support 
for handle attachment.  

Table 5 provides a summary of the level of compliance achieved for each design requirements outlined in section 4. 

Table 5: Demonstration of compliance with specific design requirements outlined in section 4. 

No. Design Requirement 
Method of 
Compliance 

Met Notes 

1 Quick Removal Observe Yes Chosen socket design requires a simple twist and pull.  

2 No Harmful Surfaces Observe Yes All edges filleted and no sharp parts. 

3 
Minimum Tensile Load ≥ 
766 N  

Test Yes See Figure 23. 

4 Spend within Project Budget Calculate Yes 
Total project expenditure was £45.71 (see Appendix 
section 1.3). 

5 Costs Less than Competition Calculate Yes 
Total predicted production cost is estimated at 
£82.41 (see Appendix section 1.4). 

6 Feathering of the Blade Test No <90⁰ rotation, needed assistance from other hand. 

7 Maintains Grip on Handle Test Yes See red circles on Figure 24. 

8 
Fits all Handle Sizes 
(sculling) 

Test Yes Fully extended plunger accommodates ∅15-40 mm. 

9 Splash Proof  Observe Yes Thompson’s water seal applied to PA-12 SLS parts. 

 

Figure 24: Feathering functionality testing where the prosthesis is (a) being attached to the handle and (b) fully rotated 90⁰ with handle.  

(b) (a) 
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Overall, the prosthesis has been very successful in complying with eight out of the nine design requirements outlined 

for this project. However, the feathering functionality results highlight areas where the design could be improved. 

Below, are the main design limitations of the prosthesis followed by suggested design improvements based on the 

findings in this report: 

i. Cable tunnels unusable due to blockage of excess PA-12 powder. 

• Could enlarge tunnel diameters to make excess PA-12 powder removal more feasible 

• Could replace full length tunnel with several smaller tunnel segments located a few centimetres apart 

making it easier to remove excess powder, even for very narrow hole diameters 

 

ii. Cables wedged between the handle and socket attachments at the pin interface cause rotational stiffness.  

• Could incorporate more tunnelling along the handle and socket attachments to ensure sufficient guidance  
 

iii. Aligning prosthesis exactly perpendicular to blade plane is challenging. 

• Could modify grip on the handle to allow for a locator pin to be designed on the inner surface of the handle 

opening, ensuring the prosthesis remains in the correct rotational position throughout  

12 Cost Benefit Analysis 

Production costs of manufacturing parts using SLS are compared to IM, a conventional method capable of producing 

complex parts out of PA-6. 

The predicted production cost for one prosthesis is £82.41, discounting delivery costs and bulk prices. The full 

breakdown of production costs is outlined in the Appendix under section 1.4. Therefore, to externally manufacture the 

handle attachment, plunger and socket attachment from PA-12 via SLS costs £59.89 through i.materialise.com.  

To manufacture a single part using IM, initial costs to get started is £4,256 which includes the tooling cost and 25 

samples. Thereafter, the minimum order volume is 1,000 units at £2.18 each, resulting in an additional cost of £2,180. 

Therefore, the total minimum cost to manufacture 1000 units is £6,436, meaning it would cost £19,308. However, the 

unit price for one part would be £6.44, resulting in a total unit price of £19.31.  

Overall, IM costs 32.2% less per unit to manufacture compared to SLS. However, the investment cost excluding 

machinery for IM is at least £19,308 whilst for SLS it is only £59.89. Considering the rowing prosthesis is a very niche 

device with a limited user market, it would be more cost efficient to produce at a much smaller volume of 10 units not 

1,000. Most importantly, SLS provides the opportunity to amend the design based on the user’s needs such as a longer 

socket attachment length for an amputation located closer to the elbow than the wrist. IM offers no scope for tailoring 

the prosthesis to the user, immediately eliminating this manufacturing method for the purpose of this design. 

13 Conclusions 

Through analysing all the information contained in this report, the following conclusions can be drawn about the 

successes and limitations of the current rowing prosthesis design: 

i. Predictions of a growing amputee population, suggests activity-specific prostheses will be in higher demand 

as participation in adaptive sporting events, such the Paralympics and Invictus Games, become more popular.  

 

ii. PA-12 SLS parts show excellent potential for other prosthetic applications undergoing moderately high tensile 

loads of up to 920 N. 

 
iii. Cost analyses show it is feasible to independently reproduce this prosthesis for under £100 which is 

significantly cheaper than other activity-specific prostheses currently available on the market. 
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14 Future Work 

Should this project be pursued further, the following recommendations have been made regarding future work of the 

rowing prosthesis: 

 

i. Tensile load testing the device until failure, will provide the ultimate tensile strength and maximum yield stress 

of the prosthesis which can be used to optimise the geometry of the PA-12 SLS parts. 

 

ii. As the handle attachment did not fail under a 920 N static tensile load, there is potential for geometrical 

optimisation (ie lattice structures) which may lead to lower manufacturing costs. 

 

iii. Feedback by prosthetists and transradial amputees should be sought, as this will provide qualitative data 

regarding the comfort and feasibility of the rowing prosthesis. 
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