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    Amputations are quite common and even modern prosthetic devices are plagued by 

problems. There are approximately 2 million people living with limb loss in the U.S. and on 

average 185,000 amputations occur yearly. Common attachment mechanisms for external 

prosthetic components to a residual limb, that is, sockets, pose numerous challenges. Issues include 

skin irritation, discomfort, socket fit issues, and immobility.  Issues include skin irritation, 

discomfort, socket fit issues, and immobility. Transcutaneous implants have great potential as a 

connection method for external prosthetic components to a residual limb but because the implants 

are typically solid, they correlate to extremely high infection rates at the skin interface. Only one 

such system is FDA-approved but is inadequate due to its corresponding high infection rates and 

suboptimal fail-safe mechanism. Highly porous transcutaneous technology potentially offers a 

solution to this problem via providing a permanent mounting point that bridges the skin and soft 

tissues while being anchored in the bone. However, a porous metal transcutaneous implant cannot 

be properly employed until a highly effective safety mechanism is engineered that prevents 

damage to the residual bone of the user when accidental loads are applied. Existing products on 

the market lack optimized fail-safe devices. A fail-safe mechanism is essential to release the 



 
 

prosthesis in both falls and more extreme circumstances, such as the device becoming caught, to 

prevent injury to the prosthetic device and the user’s residual skeleton and surrounding tissues. 

Hence, the present work, including manual calculations, finite element analysis, and mechanical 

testing, was undertaken to develop an optimized fail-safe mechanism to be incorporated into a 

porous metal transcutaneous implant system. 
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1  INTRODUCTION 

1.1 History of Prosthetics  

Prosthetics – devices, such as an artificial leg, that replace a part of the body – are often used 

after amputations due to causes such as traumatic injuries, diseases, circulation problems, and birth 

defects.1 Limb amputations date back more than 2500 years and are one of the most ancient 

surgical procedures.2 Though survival rates for amputations and related diseases would have likely 

been low before modern medicine, artifacts such as artificial toes have been uncovered from as 

early as 710 BC (Figure 1).3  

 

Figure 1. Artificial big toe thought to be the first functional prosthetic. Ref[4]. 

Other early prostheses have been discovered in the ruins of Pompeii and date back to 300 BC.5 

The oldest known prosthetic leg – the Capua leg – was created by Romans with wood, bronze, and 

iron (Figure 2).  
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Figure 2. The oldest known prosthetic leg (Capua Leg). Ref [5] 

Initially, wood and leather had been the most common materials used for prosthetic devices. 

However, wood and leather devices were often heavy for the user and difficult to clean, especially 

since leather absorbs perspiration. Heavy prosthetic devices are not ideal as they require increased 

energy consumption and lead to the development of sub-optimal gait habits. Through the Middle 

Ages (476-1000), peg legs and hand hooks were common. Between 1509 and 1590, technical 

standards for surgical amputations were established.5 In 1690, the first transtibial – below the knee 

– prosthesis was designed.5 The prosthesis comprised a copper socket, leather thigh corset, and a 

wooden foot. By 1865 an articulated prosthetic leg was created by J.E. Hanger, after he became 

the first amputee of the American Civil War (Figure 3).5,6 Hanger later went on to patent the 

prosthetic in 1871.  



3 
 

 

Figure 3. J.E. Hanger’s first artificial leg. Ref[6]. 

Throughout the next eighty years the development of patellar tendon-bearing sockets and 

quadrilateral sockets occurred. Patellar tendon-bearing sockets were designed to place the load of 

the user’s weight on the patellar tendon, which attaches the bottom of the patella to the top of the 

tibia.7 Quadrilateral sockets are rectangular shaped sockets that use opposing forces to keep the 

ischial tuberosity – a rounded bone extending from the ischium – on a weight-bearing ledge built 

into the socket.8 In 1970, the endoskeletal prosthesis was completed by the U.S. Veterans 

Administration, which comprised a socket, suspension system, foot, and knee unit (Figure 4).5,9  
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Figure 4. Endo-skeletal prosthesis (socket, suspension system, foot & knee unit) 

finalized by U.S. Veteran’s Administration. Ref[10]. 

Commencing in the 1970s, plastics, polycarbonates, resins, and laminates were introduced as 

prosthetic device materials. Carbon-fiber has also been utilized as a lightweight material. In the 

present day, highly specialized prosthetics are used, such as lightweight running blades (Figure 

5), responsive legs and feet, and motorized devices controlled by microprocessors. However, 

despite the numerous advancements made in the field of prosthetics, amputees still face challenges 

with current devices.  
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Figure 5. Highly specialized lightweight running blades. Ref[11]. 

1.2 Challenges with Current Prosthetic Devices 

Amputations are quite common and even modern prosthetic devices are plagued by problems. 

There are approximately 2 million people living with limb loss in the U.S. and on average 185,000 

amputations occur yearly.12,13 The main causes of limb loss include vascular diseases, trauma, and 

cancer.12,14,15 For lower-limb amputations, prosthesis use has been found to vary from 49 to 95%, 

but it has been reported that 11 to 22% of patients abandon their prosthesis within the first year.16,17 

Prosthesis abandonment leads to both physical and mental health problems, including reduced 

activity, reduced social participation, psychosocial problems, and further health effects due to 

inactivity.18 Limited literature is available to explain the likelihood of amputees to wear prosthetics 

and the inconsistent use rates. In addition, the existing studies are ambiguous.  

Research has shown the overall performance satisfaction of individuals with lower-limb 

prosthetics to be approximately 75%.19 However, about a third of these amputees expressed 

dissatisfaction with prosthesis comfort. Typically, lower-limb prosthetics are attached through 
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means of a socket mechanism, which is an interface between the residual limb and the prosthetic 

device.20 A successful socket design must maximize range of motion, provide stability throughout 

daily activities, and comfortably distribute forces exerted on the residual limb during movement 

and suspension. Unfortunately, amputees frequently report negative experiences with regard to 

prosthetics due to issues with the socket. The most common problems include discomfort, low 

stability, and reduced functionality.20 Amputees experience 65% more dermatological complaints 

than the general population.21 To add to this, skin lesions have been found to occur in up to 82% 

of lower limb amputees.22 The contact between the skin and components of a socket mechanism 

and resulting interfacial stress often causes tissue trauma due to excessive heat, friction, and 

tension. 

One challenge many amputees face is residual limb volume fluctuation. During the 12 to 18 

months following amputation, oedema reabsorption and muscle atrophy can significantly affect 

residual limb volume Oedema is the buildup of fluid in the body which causes swollen tissue, 

whereas muscle atrophy is the decrease in size and wasting of muscle tissue.23-26  Even beyond the 

18 month mark, volume changes occur. Vascular compromise, or reduction in blood flow, can 

affect the movement of bodily fluids to the residual limb and lead to volume fluctuation. Vascular 

compromise is caused by vascular disease, which is any abnormal condition of the blood 

vessels.25,27 Body weight fluctuation can also affect residual limb volume.28 Frequently a liner, 

socks, or both are applied to the residual limb before the socket and suspension sleeve.29 The 

suspension sleeve assists in holding the prosthetic device on the residual limb and works by 

wrapping over the socket and onto the residual limb to provide friction.30 The liner acts as a second 

skin and rolls beyond the socks so it can provide a seal when the suspension sleeve on the prosthetic 

overlaps it, while also being a barrier between the sleeve and skin of the residual limb. The socks 
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come in varying thickness, also known as plies, and can be worn over the liner to keep the socket 

fitting consistently, as it is common for the limb volume to change throughout the day. Using socks 

for an optimal socket fit is easy to implement and inexpensive, however inconvenient for the user 

as it requires removing the prosthesis, socket, and any outer clothing to remove or add socks to the 

residual limb.31 Additionally, though the liner and socks are intended to increase stability, rubbing 

frequently occurs which produces sweating, ingrown hairs, irritation, and smell.20 Another way to 

address residual limb volume fluctuation is through removing the socket periodically to help 

relieve socket pressures and facilitate limb volume recovery. Similar to using socks, the doffing 

method is inconvenient for the user as it requires removing the prosthesis and temporarily prevents 

mobility.31 Vacuum assistance, also referred to as vacuum assist or elevated vacuum, can be 

implemented into the socket to improve fit. The vacuum pulls the residual limb soft tissue outwards 

and helps to draw fluid into the residual limb.32 However, vacuum assistance requires a specifically 

designed socket. Additionally, even a small tear in the liner or sleeve material can cause a loss of 

vacuum pressure and therefore loss of socket fit. 

Another challenge lower limb amputees face is a pistoning effect – a vertical movement of the 

stump relative to the socket – which can cause abrasiveness. Pistoning occurs as a result of poor 

socket fit and inadequate suspension. Overall, one of the biggest challenges within lower limb 

prosthetics are interfacial stresses, which cause skin problems, ingrown hairs, and pain for the 

amputee. 

1.3 Current Prosthetic Mounting Mechanisms  

The most common means of attachment of a lower limb prosthetic is through a socket. A socket 

is tailored to the user and is often created through a casting process.33 First, measurements and a 

negative cast are taken of the residual limb. The cast is subsequently filled with plaster to create a 
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positive mold, which is then modified to optimize the socket fit by adding or removing plaster on 

the mold. The socket mold is then laminated with carbon fiber and a lamination resin to create a 

custom socket. Sockets can also be constructed employing fiberglass or nylon materials.  It can 

take multiple attempts to achieve a well-fitting socket. Though the length of the residual bone 

varies from person to person, there is a section of soft tissue at the distal end of the residual limb 

between the bone and skin, which can contribute to the challenges of adjusting to a socket. Over 

time, muscle atrophy and subdermal damage at the distal end of the residual limb from prosthetic 

loading can lead to fluctuation in residual limb soft tissue composition and therefore limb size.34 

Even after obtaining the right fit, it may take time for the amputee to adjust to the feeling of taking 

weight through the residual limb. 

Other socket-fabrication methods include computer-aided design (CAD) and additive 

manufacturing – a computer-controlled process that produces three dimensional objects by adding 

material in layers. Polypropylene is commonly employed in additive manufacturing for socket 

production due to its exceptional flex fatigue resistance, making it well suited to socket 

manufacture.35 However, polypropylene can be problematic due to its chemical inertness and 

resultant challenges in bonding to other materials. Polylactic acid (PLA) is another commonly used 

material for additive manufacturing and has been employed for socket production.36 The Modular 

Socket System (MSS) is one example of CAD and additive manufacturing of sockets and entails 

creating the socket directly on the user’s residual limb.37 The MSS differs from traditional socket 

fabrication methods in that it is created through direct lamination on the residual limb of the 

patient. Lamination is a manufacturing method that uses multiple layers, typically bonded  together 

by cohesion or adhesion.38 First, a casting liner is placed on the residual limb followed by the 

addition of dressings of silicon insulation sheets. Next, carbon fiber is layered, and then more 
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silicon insulation sheets. Finally, an injection gun is used to inject a material such as a carbon-fiber 

resin. The cast is left on the residual limb for 10 minutes before being removed to be assembled 

with other components. Compared to the more common casting process the MSS is significantly 

less time consuming, but unfortunately much more expensive.39  

Utilizing CAD and additive manufacturing for sockets is beneficial for customization, but 

issues can arise over time such as delamination and deformation due to long-term wear and heat. 

Adjustable-volume sockets are an alternative to casting and additive manufacturing as they are 

produced in common sizes and allow for fit alterations without having to remove the socket from 

the limb.40 Several adjustable technologies are available, including ones with air-inflatable inserts, 

liquid-filled bladders, and magneto-rheological liquid systems. Air-inflatable inserts are placed at 

the interface between the residual limb and prosthetic socket and are managed by the user to 

replace lost volume in the residual limb. The inserts are controlled by an air pump commonly 

placed within the socket wall; as such the user has access from the outside to inflate or deflate the 

device. Air-inflatable inserts are typically only effective over a narrow volume range due to the 

fact that air is compressible.27 Because water-based solutions are incompressible, liquid-filled 

bladders do not present the same challenges as air-inflatable inserts. Liquid-filled bladder systems 

utilize a passive mechanical control system to adjust the fluid volume which is regulated 

dynamically by the intrasocket pressure.41 However, there is risk with ineffectively filling the 

bladders.27 When the fluid volume is too low, the user risks instability and falling. When the fluid 

volume is too high, the user risks tissue dehydration and soft-tissue injury. Magneto-rheological 

liquid systems employ smart materials which can transform the rigidity of the socket to 

accommodate movement and alignment changes.42 The smart materials’ viscosity and yield stress 

is controlled and changed by the presence of an externally applied magnetic field. Unfortunately, 
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magneto-rheological liquids are challenging to prepare and store, and may change viscosity when 

subjected to stress over time.43,44 Adjustable sockets are appealing because they account for the 

prevalent issue of residual limb size changes, however they are still relatively new and require 

reimbursement reform. Overall, the casting process remains the most common for the creation of 

sockets.  

Attachment of a socket to a residual limb can include additional components for improved 

stability and fit. Additional components may include a locking pin liner or a suspension sleeve. A 

locking pin liner mechanism comprises a liner that slides onto the residual limb and a pin on its 

distal end that attaches to the prosthetic device (Figure 6). Liners may be employed for  

replacement of, or in combination with, socks. Liners are often made from thermoplastic 

elastomer, polyurethane, or silicone.45 Liners are intended to minimize friction between the 

residual limb and prosthesis but can still lead to sweating and rubbing.  

 

Figure 6. Locking pin liner mechanism for attachment to a prosthetic device. Ref[46]. 
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A suspension sleeve is attached to a prosthetic and rolled onto the residual limb, creating a seal 

to hold the prosthetic and limb together (Figure 7). The suspension method may be used as the 

primary attachment method, or in combination with other methods. Sleeves may be made from 

neoprene (synthetic rubber), a gel (such as silicone), or other fabrics (Figure 8).47  

 

Figure 7. Gel suspension sleeve for prosthetic attachment. Ref[48].  

 

Figure 8. Neoprene suspension sleeve. Ref[49].  
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An alternate form of the suspension mechanism is through suction achieved via a one-way 

valve. The system works by releasing air from the socket due to the pistoning force of the residual 

limb; a one-way valve prevents the return of expelled air, essentially creating a vacuum seal. It 

may be seen therefore that while a variety of mounting mechanisms exist, the methods are 

problematic as they cause pain, skin issues, and mobility challenges. 

1.4 Transcutaneous Implant Systems 

Recently, scientists and engineers have investigated the concept of transcutaneous – existing 

across the depth of the skin – implants and their potential in the field of prosthetics, specifically as 

a bone-anchored mounting point for an artificial limb.50 Transcutaneous bone-anchored implants 

as a connection for a prosthesis to a residual limb eliminate the need for sockets and their respective 

challenges, such as skin irritation and mobility issues. Typically, such implants are solid and do 

not encourage soft tissue ingrowth or attachment, which is problematic as external pathogens may 

enter the body via the open wound surrounding the implant, leading to high infection rates and the 

need for antibiotics.  

The first long-term, bone-anchored surgical procedure occurred in Sweden in 1990 on a 

transfemoral amputee.51 The surgery was performed by Rickard Brånemark on a young woman 

who lost both legs in an automobile accident. Since then, a variety of solid transcutaneous implants 

have been tested for use as skeletal attachment points for external prosthetic devices. An 

attachment mechanism is required at the interface of the transcutaneous implant and the prosthetic 

device. Some forms of attachment of external prosthetic components to a bone-anchored implant 

are spring systems with jaw configurations, spring systems with a ball and socket, shear pins, 

latches, and threaded bolts.52-54 Each system contains a fail-safe mechanism to protect the residual 

limb and implant by releasing the prosthetic under dangerously high loads.  
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The only bone-anchored transcutaneous implant for amputees approved by the U.S. Food and 

Drug Administration (FDA) is the OPRA Implant System, manufactured by Integrum AB, based 

in Mölndal, Sweden.55 The system was initially used as a Humanitarian Use Device, a type of Pre-

Market Approval that allows FDA to grant exemption from the effectiveness requirements of Pre-

Market Approval regulations.56,57 The OPRA Implant System was FDA approved on December 

18, 2020.55 The implant system is intended for use with transfemoral amputations and is comprised 

of parts that allow a prosthesis to attach directly to the femur.56 The overall implant system includes 

seven components that are implanted during two surgeries: a fixture, central screw, healing 

cylinder, graft screw, washer, abutment, and abutment screw. 

During the first surgery (Figure 9), the fixture, essentially an internally and externally threaded 

titanium screw meant to anchor the prosthesis to the bone, is implanted in the medullary canal of 

the residual femur and a central screw is inserted into the fixture, which allows access to the bone 

without removing the fixture.  

 

Figure 9. OPRA Implant System – first surgery. Ref[56]. 
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The fixture is coated in Integrum’s unique surface technology, BioHelix™ (Figure 10).58 The 

coating has been shown to increase the strength of the bone-to-implant interface and to decrease 

the time to healing. The fixture is the only component of the implant system with the BioHelix™ 

coating.  

 

Figure 10. Fixture coated with BioHelix™. Ref[61]. 

A healing cylinder is attached to the fixture and prevents bone from growing into the fixture 

opening where the abutment is meant to later be placed. Transplanted bone, commonly referred to 

as a bone graft, is inserted and held in place by a graft screw.  During a six-month healing period 

following the first surgery, the bone of the residual femur grows onto the fixture to anchor it to the 

femur. During the second surgery (Figure 11), the healing cylinder and graft screw are removed. 

An abutment is then attached to the fixture which extends partially outside the distal end of the 

residual limb to allow for attachment of a prosthetic device. It is important to note that the abutment 

is solid titanium and does not have any coating or porous structure on its surface. An abutment 

screw is used to lock the abutment and fixture together.  
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Figure 11. OPRA Implant System – second surgery. Ref[59]. 

Initially, the OPRA Implant System was used jointly with the OPRA Rotasafe (Figure 12), 

which connected the abutment to the prosthetic and was designed to protect the OPRA Implant 

System from damage caused by overloads.56 The OPRA Rotasafe was designed to twist the 

prosthesis in the event of a torque overload to protect the fixture and prevent bone fractures. The 

torque limitation was manually adjusted by a prosthetist to suit the user. If an overload occurred, 

the OPRA Rotasafe released by twisting between 15° and 360° to relieve stress on the fixture and 

bone. A disadvantage of the OPRA Rotasafe is that it only failed under rotational loads, not under 

other loads such as bending. Additionally, the OPRA Rotasafe could only be used with specific 

prosthetic components, manufactured by Ottobock.  
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Figure 12. OPRA Rotasafe attachment mechanism. Ref[60]. 

Current OPRA Implant Systems are used with the OPRA Axor II fail-safe system (hereafter 

referred to as the Axor), which connects external prosthetic components to the bone-anchored 

fixture (Figures 13 and 14).59 The Axor includes a standard European 4 hole mounting system, 

allowing connection to all prosthetic devices that use the standardized mounting mechanism. The 

Axor connects to the abutment through four conical jaws which are tightened with a screw 

mechanism around the abutment. A spring mechanism allows for the connection to close 

automatically, but tightening must be done manually.  
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Figure 13. OPRA Implant system. Ref[61] 

 

 

Figure 14. OPRA Axor II standard mounting mechanism, including (1) jaws for abutment 

connection, (2) rotatable grip for attachment and detachment, (3) alignment nuts, (4) plug for 

adjustable screw access, and (5) standardized prosthetic attachment area. Ref[59]. 
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In addition to the Axor’s connection role, it acts as a protection mechanism from excessive 

loads. The Axor employs a release mechanism in both bending and rotation to limit rotational 

forces along the center of the implant and bending forces when the prosthetic knee is flexed to its 

maximum position (see Section 1.6 for additional detail). There are two main challenges with the 

Axor. First, the fail-safe mechanism is an incomplete release when an overload occurs. That is, 

during bending release, the prosthetic component bends backwards and releases from the anterior 

side but remains attached on the posterior side (Figure 15). During rotational release, the 

prosthetic device twists to reallocate the torsional load, but remains attached to the abutment 

(Figure 16). The prevention of a complete release from the bone-anchored fixture could be 

problematic in extreme cases, such as the prosthesis being caught or in an automobile accident. 

The other challenge is the unidirectional bending release. Bending release will only occur if the 

dangerous load is applied normal to the anterior side of the prosthetic device, which does not 

protect the user and his or her residual limb in all scenarios. 

 

Figure 15. OPRA Axor II bending release mechanism. Ref[59]. 
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Figure 16. OPRA Axor II rotational release mechanism. Ref[59]. 

A major complication with the FDA-approved OPRA Implant System is infection occurring at 

the interface of the skin and the prosthetic connection component.62,63 In 1999, an OPRA Implant 

System Study was executed. The study included a group of fifty-one test subjects, which at the 

time was about one third of all patients with an OPRA Implant System. Of those participating in 

the study, there were forty-four reported infection events and nine abutment mechanical 

complication events.62,63 The abutment was designed to be solid titanium in an attempt to prevent 

biofilm adhesion, but the interface of the skin and abutment was then unable to form a biological 

seal, leading to high infection rates. 

There are alternative implant systems to the OPRA Implant System which attempt to address 

some of the shortcomings. The OPRA Implant System is a screw-type implant, whereas systems 

such as the Osseointegrated Prosthetic Limb (OPL) and Integral Leg Prosthetic (ILP) implants are 

press-fit.64 The OPL is manufactured by Permedica, based in Merate LC, Italy and the ILP is 
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manufactured by ESKA Orthopaedic, based in Lübeck, Germany. Neither system is FDA-

approved.  

The OPL is composed of several components, which can be divided into an endo-module and 

exo-module (Figure 17).65 The surgery was initially performed in two stages, spaced six to eight 

weeks apart. However, the current model is surgically completed in one stage. A titanium stem, 

which has a rough surface created by plasma spray, is first implanted in the bone of the residual 

limb. A dual cone adaptor is utilized to connect the implant to the external prosthetic components. 

The adaptor’s highly polished surface and titanium niobium coating aims to minimize soft tissue 

friction. All remaining components are attached externally. The dual adapter connects to a torque 

control safety device, the connector. The connector allows for easy attachment and detachment of 

the prosthesis, while acting as a fail-safe mechanism under high torsional loads through breakage 

of shear pins incorporated into the bushing-taper sleeve connection (refer to Section 1.6 for 

additional detail).  
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Figure 17. OPL Implant System. Ref[65]. 

The ILP components are implanted in two surgeries, spaced six to eight weeks apart (Figures 

18 and 19). The ILP stem is made of a cobalt-chrome-molybdenum alloy and is implanted into 

the residual femoral bone during the initial surgery. The stem’s proximal end has a microporous 

surface to mimic a spongiosa – the combined tissues of the bone trabeculae and marrow tissues 

located beneath cortical bone – structure.66 The stem’s distal end is solid and has a nonabrasive 

titanium niobium oxynitride alloy coating to limit biofilm adhesion. The second surgery occurs 

about 4 to 8 weeks post-initial surgery to allow for osseointegration. During the second surgery, a 

bridge module component is attached to the stem and acts as a connection to external prosthetic 

components. The bridge module is fastened on the inside but extends out of the distal end of the 

residual limb and attaches to a bridge connection. The bridge connection is a metal cylinder with 

an inner cone, toothed disk coupling, torsion adjustment disk, and locking body elements. A safety 

mechanism resides in the bridge connection (see Section 1.6 for additional information).  
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Figure 18. ILP Implant System. Ref[67]. 

 

Figure 19. Components of the IPL system, including (1) ESKA endostem, (2) ESKA bridge 

module in double cone design with cone protection, (3) silicone cap as stoma protection, (4) ESK 

bridge connection, and (5) ESKA connection adapter in cylindrical design. Ref[67]. 
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Both the OPL and ILP have resulted in infections at the interface of the skin and implant. 

Additionally, studies with longer follow-up have shown that the risk of deep infection continues 

over time.64 Although the products described above attempt to address the need for bone-anchored 

prosthetics, their transcutaneous components which attach the femoral implant to the external 

prosthesis are smooth and solid. A smooth surface prevents soft tissue ingrowth or attachment and 

is therefore problematic as external pathogens may enter the body via the open wound surrounding 

the implant component, leading to high infection rates. 

1.5 Foam Metals as Hosts for Tissue Growth 

In order to accomplish bone-anchored prosthetics, a mounting system is required that 

penetrates from the bone through all layers out to the skin. However, existing implants with 

transcutaneous systems such as the prosthetic mounting systems outlined above, are prone to high 

infection rates due to non-adherence of tissues to the implant and hence the creation of an open 

wound.62,63 Another example of transcutaneous systems are external fixator pins, which are 

employed to stabilize bone fractures via external fixation. The pins typically are comprised of 

stainless steel or titanium and have smooth surfaces. The most common problem reported with 

external fixation pins is infection at the pin-site.44  

One prospective solution to the challenges with solid transcutaneous implants is porous 

structures that encourage bone and tissue ingrowth, thereby creating a biological tissue seal, and 

integration of the implant into the host. Highly porous metals, titanium and tantalum in particular, 

have been observed to be biocompatible – not harmful to living tissue – and promote bone 

ingrowth, also known as osseointegration.68-71 The vast majority of porous implants have only been 

used for internal bone growth, with few studies analyzing porous transcutaneous implants which 

cross multiple tissues such as skin, fascia, and muscle. Studies performed by Alexander Caddell, 
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David J. Neivandt, Ian D. Dickey, James A. Weber, and Anne Lichtenwalner with titanium and 

biocompatible polymer porous materials in various animals models have given promising results 

in regard to non-bone anchored transcutaneous implants. Preliminary work has shown that 

incorporating three-dimensional porous structures into a transcutaneous implant anchored in 

the bone of the residual limb and extending beyond the skin is capable of serving as a mounting 

point for a prosthetic, and to have very low infection outcomes. Studies were conducted by Kyle 

Spivack et al. to analyze soft tissue ingrowth into highly porous implants. Various parameters 

were tested, including implant material, pore size, implantation time, and implant location. It 

was found that soft tissue ingrowth was successful and highly vascularized.72 Additionally, the 

ingrowth occurred within one week post-surgery and in many cases reached nearly 100% void 

filling status (Figure 20). Another important note is that with antibiotics only administered on 

the first day of implantation, there were zero infections reported.72 

 

Figure 20. Histological stain of a transcutaneous implant, showing successful soft tissue 

ingrowth. Ref[72]. 

Two human trials were also performed with bone-anchored transcutaneous implants and 

showed healthy tissue ingrowth in subcutaneous tissue, fascia, skeletal muscle, and dermal 

tissue.72,73 In addition, the tissue ingrowth was highly vascularized. A biological seal was 

successfully formed around the transcutaneous implants, preventing bacteria external to the body 
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from causing infection. The biological seal formation is important to note as it potentially solves 

the common issue of infection and post-surgical failure in orthopedic and prosthetic transcutaneous 

surgeries.  

Porous metals have been used in an attempt to imitate porous biomaterials such as trabecular 

bone in recent years, however the history of non-biomedical foam metals dates back to 1925.74 

Maurie De Meller is known to be the earliest scientist to introduce and patent the process of metal 

foaming.74 The method entailed either injecting gas into a molten metal or adding a blowing agent 

to a molten metal coupled with stirring. Foam metals were initially used in the oil industry as 

filters. In addition to the research done by De Meller, there is documentation that foaming of 

aluminum, lead, and zinc also occurred in the 1950s for use in light-weight sandwich 

constructions.75  

Metal foams may be formed from materials such as aluminum, titanium, and tantalum.76 The 

key properties of metal foams are that they have high strength and high volumetric porosity and 

are therefore lightweight (in some cases more than 90% void volume).77,78 Metal foams have a 

variety of potential applications in the medical field, automotive industry, and for other functional 

utilizations such as filtration. Specifically, the medical community has looked into the potential 

use of porous metals for orthopedic applications in recent years. In fact, highly porous biomaterials 

have been shown to promote bone in growth with low rates of infection, making them desirable 

for orthopedic applications.68-71,79  

There are various methods used for manufacturing orthopedic implants, but porous lattice 

structures designed to mimic bone cannot be fabricated with traditional subtractive manufacturing 

methods. Previously, solid metal implants were machined or forged. Metal porous structures can 

be fabricated in the form of titanium plasma spray coatings and cobalt-chromium-alloy fiber metal 
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meshes.80 Both structures have proven capable of facilitating bone ingrowth. However, both 

titanium plasma spray coatings and cobalt-chromium-alloy fiber metal meshes have low porosities 

(20-30% and 40-50%, respectively) and therefore do not mimic cancellous bone in the way a fully 

porous implant may.80 Implants with trabecular structures and therefore greater porosities 

demonstrate greater biocompatibility than those with porous coatings. Trabecular structures can 

be designed utilizing lattice generation software (for example, nTopology) and physically 

fabricated via additive manufacturing. Currently, additive manufacturing is the primary method of 

porous metal implant production. Benefits of additive manufacturing for medical devices include 

the ability to create complex geometries, faster and easier pathways to manufacturing products 

compared to traditional subtractive manufacturing, creation of patient specific products, reduced 

waste, and rapid prototyping. 

1.6 Safety Mechanisms in Bone-Anchored Transcutaneous Implants 

    Transcutaneous implants have great potential as a connection method for external prosthetic 

components to a residual limb, especially with the porous metal developments of the UMaine foam 

metals research group which address the major issue of infection control. However, a porous metal 

transcutaneous implant cannot be properly employed until a highly effective safety mechanism is 

engineered that prevents damage to the residual bone of the user when accidental loads are applied. 

Existing products on the market lack optimized fail-safe devices.  

The OPRA Implant System employs the Axor II as a safety device. The device has two forms 

of failure, however neither completely releases the prosthetic from the residual limb. The device 

twists when a factory-set torque value is applied to the prosthetic and flexes backwards when a 

factory-set bending moment is applied to the prosthetic. The torque and bending moment release 

values are typically set to 15±2Nm and 70±5Nm, respectively. In addition to the device’s 
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incomplete release, the bending release is unidirectional and therefore is only effective when a 

bending moment is applied normal to the anterior side of the prosthesis.  

The OPL and IPL Implant systems make use of a bushing within their respective coupling 

mechanisms as a safety component. However, neither system is FDA-approved. Additionally, the 

safety-mechanisms only fail under torsion, and therefore fails to address dangerous bending forces 

on the external prosthesis.  

Overall, there is limited data available on the existing safety mechanisms and their 

effectiveness. For the industry to move forward with employing bone-anchored implants as an 

attachment mechanism of an external prosthesis to a residual limb, the lack of optimized fail-safe 

mechanisms must be addressed. A reliable and effective method to protect the residual femoral 

bone and its surrounding tissues from accidental loads is essential and must be developed in depth 

before moving to the remainder of the overall implant system design.  

1.7 Overall Need for Further Work 

The current predominant attachment solution for lower limb prosthetics is sockets, however 

they are associated with numerous downsides. Amputees frequently experience discomfort, low 

stability, and reduced functionality. Limb volume fluctuation is common, making maintenance of 

a snug and comfortable socket fit a challenge. When the fit of a socket is inadequate, rubbing 

occurs resulting in skin lesions and sores.  An alternate mounting technology, such as employing 

a  bone anchored transcutaneous implant to mount a prosthetic to, has been shown to be prone to 

post-surgical infection due to the lack of creation of a biological tissue seal, which is a prominent 

issue surrounding recovery after orthopedic surgeries involving transcutaneous implants. 

Critically however, recent work has demonstrated that highly porous metal implants promote 
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bone and soft tissue ingrowth, including all tissues from the skin down to the bone. The research 

findings lead to the conclusion that porous metal devices can be implanted without the previous 

high risk of infection.  

Porous metal transcutaneous implants have great potential as a connection method for external 

prosthetic components to a residual limb. What is required prior to further animal model or 

human implants however, is the development of a functional mounting and pivoting device for 

attachment of a prosthesis to a transcutaneous implant that includes a fail-safe mechanism. 

Existing transcutaneous implant systems lack optimized fail-safe devices. A safety mechanism to 

protect the residual femoral bone and its surrounding tissues from high applied loads is essential 

and must be engineered prior to moving to the remainder of the overall implant system design.  

The need for a fail-safe mechanism is exemplified by the fact that approximately 53% of lower 

limb amputees have reported falling accidents, with 40% resulting in injury.81 A fail-safe 

mechanism is crucial to release the prosthesis in both falls and more extreme circumstances, 

such as the device becoming caught, to prevent injury to the prosthetic device and the user’s 

residual skeleton and surrounding tissues.   

1.8 Summary of Present Work 

 It is known that transcutaneous implants with three-dimensional porous structures promote 

soft-tissue ingrowth and successfully form a biological seal around the implant, preventing 

external bacteria from causing infection.72 Furthermore, porous metal implants in bone have been 

proven to promote osseointegration, so it is assumed that porous metal transcutaneous implants 

have the potential to be used for bone-anchored prosthetic devices. Various solid transcutaneous 

implants have been tested as a bone-anchored mounting point for a prosthesis. However, the 

existing methods present challenges such as high infection rates and inadequate safety 
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mechanisms. Previous work on porous metal implants can be applied to develop a transcutaneous 

implant that incorporates porous structures for both bone and soft tissue ingrowth. However, a 

safety mechanism is needed to release the prosthetic under dangerously high loads to protect the 

user. The current work aims to develop a fail-safe mechanism to be used in attachment of a 

transcutaneous femoral implant to a prosthetic device. The device would provide complete release 

of a prosthetic under both bending and torsion events of dangerous magnitudes. Finite element 

analysis was utilized to model and analyze stress concentration distribution. Mechanical testing 

has been performed to validate the finite element analysis model and thereby lay the foundation 

for the further development of an osseointegrated transcutaneous implant to act as a direct mount 

for a prosthetic to the residual skeleton.  
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2  MATERIALS AND METHODS 

2.1 Introduction 

 Several methods were employed in the present work to test the feasibility of a potential 

fail-safe component for the anchoring of a prosthetic device to a residual limb. Methods included 

manual calculations, finite element analysis (FEA), and various mechanical testing techniques. 

The current work proposes a notched bolt as a fail-safe mechanism, which entails a partially 

threaded bolt modified to have a notched region along its shaft. The notched region is intended to 

act as a stress riser and fail under controlled applied loads. Additionally, a notched bolt has the 

potential to fail under multiple modes of failure, such as failure in bending or torsional failure. 

Figure 21 depicts a representation of applied bending force to a notched shear bolt, while Figure 

22 depicts a representation of applied torsional force to a notched shear bolt.  

 

Figure 21. A diagram displaying an applied bending force. 



31 
 

 

Figure 22. Diagrams displaying applied torsional forces (two different views) to a 

notched shear bolt. 

Essential considerations when designing the notched bolt were material of construction, 

the commercial availability of components, applied loads, size and geometry, and suitability for 

manual calculations, FEA modeling, and experimental testing. 

Transfemoral amputation was selected as the focus for the present work due to its 

comparative prevalence for the present modeling.61 However, it is noted that the work has the 

potential to be applicable to other surgical procedures, such as transtibial amputation. Critical 

forces on a residual limb are dependent on body weight, size of the residual limb, and other factors, 

such as gender.82 It is essential to determine the value at which the fail-safe component should fail. 

Existing devices may also be referenced for safety release levels. The user’s lifestyle and typical 

activity levels should also be considered, giving rise to the possibility of customized mechanisms 

to meet individual needs.  
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Yield strength and ultimate tensile strength were used as reference values in manual 

calculations. Yield strength is the maximum tensile stress a material can withstand prior to 

permanent deformation.83 Ultimate tensile strength is the maximum stress reached before failure 

occurs, while fracture strength is the value that corresponds to the stress at which total failure 

occurs.83 Though the ultimate tensile strength value of a given material may be reached in an 

experimental test, it is not necessarily the point at which failure occurs. From the author’s 

understanding, fracture strength (i.e., failure) typically occurs relatively soon after the material 

reaches its ultimate strength. However, it is important to note that the failure point/fracture strength 

is less consistent and therefore more difficult to predict than ultimate tensile strength, especially 

when testing unique geometries such as a notched bolt. Therefore, ultimate tensile strength values 

were employed in manual calculations, whereas fracture strength values were reported from 

experimental data.  

2.2 Methods of Analysis 

2.2.1 Manual Stress Calculations 

  Manual calculations were completed to understand and estimate bending stress and torsional 

stress at the notched region of the partially threaded bolt. The calculated values were intended to 

be used as a comparison to material property thresholds, notch geometry stress values, and to gauge 

the approximate accuracy of the finite element model. The bending stress and torsional stress 

formulae used were based on those of a solid rod. To obtain values that more accurately represent 

the unique geometry of a notched bolt, a stress concentration factor was implemented (Figures 23 

and 24). To the author’s knowledge, due to the unique nature of the notched bolt geometry, 

information regarding the bending and torsional stress concentration factors does not exist which 

completely represents the notch geometry under the tested forces. Hence, the bending stress 
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concentration and torsional stress concentration used was the closest to an accurate representation 

the author could obtain. A stress concentration factor is a dimensionless value used to quantify the 

stress concentration in a mechanical part.84 Based on the geometry of the notched bolt, the stress 

concentration factor was determined and then multiplied with the nominal stress value to obtain 

the maximum stress, presumably concentrated at the notched region. The nominal stress value is 

the stress at the unmodified portion of the bolt (i.e., shaft with the original major diameter). The 

calculated maximum stress values were compared to material properties to predict failure of the 

bolts modified in the notched region.  

 2.2.1.1 Bending Manual Calculations 

 The formulae listed in Table 1 were employed to manually calculate bending stress at the notch 

region of various modified bolts. Refer to Table 2 for parameters relevant to the functions in Table 

1.  

Table 1. Bending Stress Functions Employed in Manual Calculations. 

Function Formula Units 

Moment 𝑀 = 𝐹 ∗ 𝑙 N-mm 

Moment of inertia 
𝐼 =

𝜋 ∗ 𝑑4

64
 

mm4 

Bending stress 
𝜎 =

𝑀 ∗ 𝑑

2𝐼
 

MPa 

Table 2. Bending Stress Parameters. 

Parameter Symbol Parameter Units 

F Applied force N 
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Table 2 continued. 

l Distance from the applied force 

to the end of the notch furthest 

from the applied force 

mm 

d Diameter of the residual shaft of 

the modified bolt (i.e., the 

minor diameter) 

mm 

D Major diameter mm 

r Radius (half of the diameter) mm 

𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙 Nominal stress MPa 

𝑘𝑡 Stress concentration factor - 

Figure 23 presents stress concentration factor information relevant to an applied bending 

moment on both sides of a notched bolt, including an example of a stress concentration curve for 

the D/d ratio of 2.00. Although the bolt geometry tested in the present work was only placed under 

bending forces on one side and held fixed on the other, the detail in Figure 23 was the closest 

representation of the unique bolt geometry that the author could obtain. Based on a given notch’s 

minor diameter and radii, and the major diameter of the bolt, the stress concentration factor was 

determined employing Equation 1. 
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Figure 23. An example of a bending stress concentration factor curve for D/d=2.00 using the 

corresponding table values for A and b. Ref[85]. 

𝑘𝑡 = 𝐴(
𝑟

𝑑
)𝑏 

Equation 1. Bending stress concentration factor. Ref[85]. Refer to Figure 23 for A and b values. 

 2.2.1.2 Torsion Manual Calculations 

The functions listed in Table 3 were employed to manually calculate bending stress at the 

notch region of various modified bolts. Refer to Table 4 for parameters relevant to the functions 

in Table 3. Regarding the torsion stress calculations, von Mises criterion, which states that failure 

occurs when the energy of distortion reaches the same energy for yielding in uniaxial tension, was 

applied in addition to initial manual calculations for evaluation of the unique notch geometry.86 

Equation 2 presents the general form of the von Mises criterion. The left-hand side of the equation 

is equivalent to von Mises stress. Refer to Table 5 for the von Mises criterion formulas simplified 

for application with the notched bolts and Table 6 for their respective parameters. When the von 

Mises stress equals the tensile yield strength, yielding occurs. As an example, with regard to the 
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notched bolts, for a material with a yield strength of 900 MPa, the von Mises criterion predicts the 

part would fail at approximately 520 MPa (i.e., 
900

√3
 = 519.62).  

Table 3. Torsion Stress Functions Employed in Manual Calculations. 

Function Formula Units 

Polar moment of inertia 
𝐽 =

𝜋 ∗ 𝑑4

32
 

mm4 

Torsional stress 
𝜎 =

𝑇 ∗ 𝑑

2𝐽
 

MPa 

Maximum stress 𝜎𝑚𝑎𝑥 = 𝑘𝑡 ∗ 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙  MPa 

Table 4. Torsional Stress Parameters. 

Parameter Symbol Parameter Units 

D Major diameter mm 

d Diameter of the residual shaft of 

the modified bolt (i.e., the 

minor diameter) 

mm 

r Radius (half of the diameter) mm 

T Torsion moment N-m 

𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙 Nominal stress MPa 

𝑘𝑡 Stress concentration factor - 
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Figure 24. Torsional stress concentration factor. Ref[88]. 

 

Equation 2. General form of Von Mises criterion. Ref[87]. 

Table 5. Parameters Relevant to Equation 2.  

Symbol Parameter Units 

𝜎𝑦 Yield stress MPa 
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Table 5 continued. 

𝜎𝑥𝑥 Normal stress in the x-direction MPa 

𝜎𝑦𝑦 Normal stress in the y-direction MPa 

𝜎𝑧𝑧 Normal stress in the z-direction MPa 

𝜏𝑥𝑦 Shear stress in the xy-plane MPa 

𝜏𝑦𝑧 Shear stress in the yz-plane MPa 

𝜏𝑧𝑥 Shear stress in the zx-plane MPa 

Table 6. Simplified von Mises Criterion Functions. 

Function Formula Units 

Maximum stress 𝜎𝑚𝑎𝑥 = 𝑘𝑡 ∗ 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙  MPa 

von Mises stress 𝜎𝑣𝑚 = √3 ∗ 𝜎𝑚𝑎𝑥 MPa 

Table 7. Simplified von Mises Criterion Parameters. 

Parameter Symbol Parameter Units 

𝜎𝑚𝑎𝑥 Maximum stress MPa 

𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙 Nominal stress MPa 

𝑘𝑡 Stress concentration factor - 

 

2.2.2 Finite Element Modeling 

 Finite element analysis (FEA) is the simulation of a given physical phenomenon using the 

numerical technique termed the finite element method (FEM).89 FEA is often used to minimize 

physical prototype testing and to optimize design components by in silico predictions of physical 

performance. It is a method of numerically solving differential equations and is commonly used 
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for structural analysis. FEA was utilized in the present work to analyze stress concentration 

throughout models of the notched bolts, as well as to analyze displacement resulting from an 

applied load. The FEA results were compared with manual calculations, material thresholds, and 

to predict physical experimental outcomes. The software used for FEA was Abaqus, originally 

released in 1978. Abaqus can model a wide range of geometries, materials, and stress types. To 

design three-dimensional models of the bolts modified to have notches (hereafter referred to as 

modified bolts), SolidWorks was used. SolidWorks is a solid modeling computer-aided design and 

computer-aided engineering application published by Dassault Systemes, originally released in 

1995.  

Manual calculations are useful to predict trends in how shear bolts of a range of notch 

geometries may act under various loads, but an FEA model can provide more accurate results for 

analysis prior to spending time and money on physical testing. Manual calculations often require 

simplifications, which may decrease accuracy of the results. Additionally, for complex structures, 

such as a partially threaded bolt modified to have a notch region, fully appropriate manual 

calculation methods are seldom available. Manual calculations will only output stress values for 

certain sections determined by the operator, whereas FEA has the capability to consider the entire 

structure. Abaqus was employed to simulate bending and torsional forces on a variety of bolts. A 

standard/explicit model was used as an initial model database, which comprised various linear and 

nonlinear modeling options. Selecting an initial model database brings the user to the main window 

within the software (Figure 25). Abaqus is broken into different modules, each containing various 

tasks (such as sketching, creation of materials, mesh generation, etc.). An important note when 

setting up a model is that Abaqus does not have a default system of units, so the user must ensure 
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that the units used are consistent across all modules and features. Refer to Table 7 for the units 

that were employed. The SI (mm) system was used for the present work.  

 

Figure 25. Main window in Abaqus. Ref[90]. 

Table 8. Units Employed in Abaqus FEA Model. 

Quantity Units 

Length mm 

Force N 

Mass tonne (103 kg) 

Time s 

Stress MPa (N/mm2) 

Energy mJ (10-3 J) 
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Table 8 Continued. 

Density tonne/mm3 

 

The module list includes part, property, assembly, step, interaction, load, mesh, optimization, 

job, visualization, and sketch. The part module contains details regarding the part and its geometry. 

Parts can be created as a CAD drawing in the module if desired, or may be imported from other 

software packages. In the present work, SolidWorks part files of the modified bolts were imported 

into Abaqus. The property module is where the material properties, cross sections, and other 

material related parameters are defined. To add a material, the “create material” tool was selected. 

An edit material popup appeared, where general, mechanical, thermal, electrical, and magnetic 

properties were input, as well as a material name (Figure 26). Density (termed mass density in 

Abaqus), Young’s modulus and Poisson’s ratio values were all input here based on the material of 

choice (see Section 3.2 for additional detail).  A material’s Young’s modulus value describes its 

ability to withstand changes in length when under lengthwise bending or compression. A higher 

Young’s modulus value correlates with a stiffer material, whereas a lower Young’s modulus 

corresponds with a more elastic material. Poisson’s ratio is a value between zero and one that 

describes the elastic deformation of a material related to strain. It is the ratio of the proportional 

decrease in a lateral measurement to the proportional increase in length in a sample of material 

that is elastically stretched. A higher Poisson’s ratio correlates with a larger elastic deformation, 

no matter the amount of stain. Density is a materials mass per unit volume.91 
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Figure 26. Creating a new material in Abaqus. 

If the user were to not explicitly include the elastoplastic aspect of modified bolts, the 

model would be purely elastic, which only represents a portion of the bolt’s response to the applied 

load. To simulate plastic deformation, plastic material property information was added under the 

plastic module. Three plastic models in order of increasing complexity and accuracy are the elastic-

perfectly plastic model, the linear strain-hardening model, and the Johnson-Cook model. While 

the Johnson-Cook method is the most accurate method, there are various parameters that would 

need to be experimentally determined to accurately represent the material and geometry. 

Therefore, the linear strain-hardening model was employed for the present work (see Section 3.7 

for additional detail).  The assembly module is where multiple parts can be formed into one 

assembly. A “part instance” is essentially a reference to the original part geometry and can be used 



43 
 

for assembly purposes. Since there was only one part being simulated at a time in the present work, 

one “part instance” was created to form an assembly by itself. The step module is where the static 

analysis components can be edited, such as the incrementation, equation solver method, and 

solution techniques. The incrementation corresponds to the computation step size and can be 

modified in terms of quantity and size. In the mesh module, the part is discretized into elements 

and nodes and the FEA mesh is created. The elements and nodes that comprise a mesh correlate 

with locations in space that represent the shape of the modeled geometry. To create a mesh, the 

element type was first selected by opening the “assign element type” tool. 3D stress was the default 

family of elements and was employed for the present work. The mesh controls tool contains 

options for the element shape. Tetrahedral (“tet”) element shapes can approximate surface contours 

effectively, and were therefore selected for the present work. Next, the “seed part” tool was 

selected to seed the model, which essentially means to assign the node positions on the part to 

specified regions of the geometry. The entire part was seeded at once to create a uniform mesh. 

The approximate global size was filled out, which equals the length of each mesh element. The 

smaller the approximate global size is, the finer the resulting mesh is. A finer mesh with a greater 

quantity of elements and nodes results in a more accurate representation of the modeled geometry. 

However, finer meshes typically require greater computational power and time. Figure 27 displays 

a comparison of a fine mesh versus a course mesh.  

  

Figure 27. (a) Course mesh and (b) fine mesh applied to a notched bolt. 
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To generate the final mesh, the “mesh part instance” tool was selected. To determine the 

optimal mesh element size, a mesh convergence study was performed. A mesh convergence study 

is useful in terms of validating the model and determining an appropriate mesh element size. 

Briefly, a nominal notched bolt was generated and an arbitrary load of 800 N was applied. The 

mesh element size was varied and the stress at the notch was calculated at each element size. The 

mesh element size test range was from 0.6 to 10 mm. The bolt’s notch location from under the 

head of the bolt and notch minor diameter were modeled as 10mm and 4mm, respectively.  Figure 

28 presents a plot of the mesh convergence study. It is important to note that only the relevant 

region of 0.6 to 2mm (corresponds an element size/minor diameter range of 0.12 to 0.36 on Figure 

28) is shown on the plot.  

 

Figure 28. Plot of element size/minor diameter (mm) versus stress (MPa) as a mesh 

convergence study. 
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The mesh convergence study resulted in an optimal mesh element size of 0.8, which was 

ultimately determined by the plateau observed in the region of a stress value of 1200 MPa in a plot 

of stress versus mesh element size (Figure 28). A plateau on a convergence study plot indicates a 

solution value has been determined that is independent of the mesh size.  

The load module contains detail regarding applied loads and boundary conditions. To add a 

load, the “create load” tool was selected.  Types of loads available include concentrated force, 

moment, pressure, line load, and more. The load type to be applied depends upon the geometry of 

the part being processed and the simulated force of interest. To mimic a bending force, a 

concentrated force was applied via a set of nodes in a line along the edge of the unmodified shaft 

between the head of the bolt and the start of the notch region. To create a set of nodes, “create set” 

was selected under the tools drop down list (Figure 29). In the present work, a set was created in 

a line along the shaft of the bolt, where the load was to be applied.  

 

Figure 29. Creation of a set. 

As depicted in Figure 30, the force was applied per node in the direction specified, where CF1 

is the x-direction, CF2 is the y-direction, and CF3 is the z-direction.  
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Figure 30. Editing an applied load. 

To mimic a torsional force, a coupling constraint was employed. First, a reference point was 

established at the center of the bolt’s hex head surface. A coupling constraint was then defined, 

employing the reference point as the constraint control point. The six outer surfaces of the hex 

head were selected for the reference point to control. The coupling type selected was kinematic, 

and U2 and UR2 were selected as degrees of freedom to prevent movement in the y-direction 

(Figure 31). A torsional moment was to be applied onto the reference point and therefore the head 

of the bolt.  
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Figure 31. Defining a coupling constraint for torsional loads. 

In addition, boundary conditions were added employing the load module. To create a boundary 

condition, the “create boundary condition” tool was selected. A fixed boundary condition on the 

section representing the threads of the bolt was needed for the present modeling to mimic the bolt 

being fully threaded and fixed into another component. The section where the threading would 

reside was selected and an “encastre” boundary condition type was selected, which essentially 

prevents movement of the selected region in any direction (Figure 32).   
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Figure 32. Fixed boundary condition. 

Analysis was submitted to run via the job module. A job was created within the job manager 

tool. To run the job, the only step required was to select “submit”.  While the job was running and 

computing, progress could be monitored by selecting the monitor tab, which displayed errors, 

warnings, and the status of the job being processed. The visualization module enabled post-

processing. Analysis of the results was performed in the visualization module. Results could be 

viewed comparing the elements of the part’s mesh to the respective color gradient, an example of 

which is shown in Figure 33. To extract stress values at specific locations, the “probe values” tool 

was used, found within the tools drop down menu. With the “probe values” tool, exact nodes could 

be selected on the part to assess their respective stress value. To generate a plot displaying 
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displacement as a result of a gradually applied load, the “XY data” tool was selected within the 

tools drop down menu. The ODB output module provides options for creation of various plots, 

such as step time versus displacement. For the present work, displacement versus load plots were 

created.  

 

Figure 33. An example of a bolt displaying von Mises stress (MPa) results after an applied force 

had been modeled. “Avg: 75%” indicates the contour plot displays the average value of the 

output parameter over the specified region, and the value depicted corresponds to the average 

value at 75% of the simulation duration. 
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2.2.3 Mechanical Testing 

  Mechanical testing was performed to validate the FEA model and to compare physical results 

to both FEA and manual calculations. Commercially available metric partially threaded bolts were 

purchased and manually modified by the incorporation of a specified notch. Standard bolts were 

purchased for experimental tests rather than custom-fabricating bolts for the sake of cost savings 

and lead time. M8 grade 5 titanium bolts and M8 18-8 stainless steel bolts were obtained from 

McMaster-Carr (Figure 34). The part numbers were 94081A972 and 91287A156, respectively. 

Both were hex head partially threaded bolts, with a 1.25 mm thread pitch and 40mm unthreaded 

shaft. The titanium bolts had a reported tensile strength of 130,000 psi, equivalent to approximately 

896 MPa. The stainless steel bolts had a reported tensile strength of 100,000 psi, equivalent to 

approximately 689 MPa.  

 

Figure 34. M8 Hex Bolt drawing. Ref[92]. 
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Initial bolts for ranging studies were machined by Mr. Amos Cline, a prototype engineer 

at the University of Maine. Subsequently, bolts were precision-machined at Southern Maine 

Community College with a Kent 1440 lathe. The lathe process employed an oil sulfur based cutting 

fluid. To modify the bolts to have a specific notch geometry, custom tooling was required. The 

tooling was fabricated from cemented carbide on a George Fisher Cut 20P wire electrical discharge 

machine (EDM). The wire EDM utilized deionized water and 0.01-inch wire. The resultant tool 

was a custom cutting tool with a defined geometry of width 5mm and a radius of 2mm.  

2.2.3.1 Bending Test Systems 

Various experimental test setups for bending were explored. An initial bending test setup 

was employed at the University of Maine Advanced Structures and Composites Center. The test 

system included an Instron 8872 servo hydraulic machine, and a custom steel fixture for the bolts 

(Figures 35 and 36). The Instron 8872 machine was a tabletop servo hydraulic testing system 

employed for various static and dynamic tests. To run the test, a bolt was fully threaded 22mm 

into the custom fixture and an appropriate loading nose was selected, which was attached to the 

moving crosshead of the Instron such that it made contact with the bolt to apply a given load. The 

Instron 8872 was run using a preloaded methods program to collect relevant data while the load 

was applied at a rate of 1.27 mm/min. The nose moved vertically and applied force in a downward 

direction on the head of the bolt. Load, displacement, and time data were collected in the form of 

an Excel file to be analyzed.  
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Figure 35. Instron 8872 servo hydraulic machine.  

 

Figure 36. Custom bending fixture for use with an Instron 8872. 
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 The initial bending test setup was determined inadequate for the purposes of the present work 

due to yielding of the steel fixture and movement of the Instron loading nose throughout 

experimental testing, so a new experimental method was developed. The second setup for bending 

tests was at the University of Maine Advanced Manufacturing Center and included a material 

testing setup (MTS) 810 servo-hydraulic machine with a 22kip load cell (Figure 37). A custom 

fixture to mount a bolt was fabricated to be compatible with the MTS (Figure 38). A nut was fully 

threaded onto the bolt when in the fixture to improve stability. To apply a load, a braided cable 

was clamped onto the bolt via a shackle and pulled upwards until bolt failure occurred. The braided 

cable was made of galvanized steel and had a vinyl coating. The cable was 4mm in diameter and 

635mm in length, with the top shackle measuring an additional 70mm and the bottom shackle 

measuring an additional 108mm. To understand the elongation occurring in the cable alone, a test 

was run in which the cable was attached directly to the base and a force was applied. Displacement 

data was produced based on the displacement of the top clamp relative to the bolt. For all MTS 

runs, load, displacement, and time data were collected in the form of an Excel file to be analyzed.  
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Figure 37. MTS 810 servo-hydraulic machine with a 22kip load cell at the University of Maine 

Advanced Manufacturing Center.  

 

Figure 38. Bolt in the custom fixture with a nut threaded on for additional stability, with a 

braided steel cable clamped to the bolt via a shackle. 
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2.2.3.2 Torsion Test Systems 

Various experimental test setups for torsion were explored. An initial torsion test set up 

was implemented at the University of Maine Advanced Structures and Composites Center. 

Equipment comprised a Durofix ½” Digital Angle Torque Adapter, a 13mm socket, a half-inch 

drive ratchet, a breaker bar, a clamp, and a custom fixture. The Durofix digital torque wrench had 

a part number of RM604-4A and could withstand 25-250 ft-lbs at a maximum rotation of 720 

degrees. The digital torque wrench included audible and LED alerts as an option to alert the 

operator if specified torque values were reached. The fixture was similar to that used in the initial 

bending test and was clamped down to the base of the Instron 8872 set up via bolts. To apply 

torque, the digital torque wrench was attached to the ratchet and breaker bar (Figure 39). The 

torque wrench was set to “peak mode” to record the highest torque value applied. The combined 

torque wrench, ratchet, and breaker bar were then attached to the bolt in the fixture. Force was 

manually applied by rotating the ratchet in a clockwise direction until the bolt yielded and failed.  

 The initial method employed to test torsional loads on the bolts was proven ineffective for the 

purpose of the present work due to inconsistencies in torque application, so an alternate 

experimental method was employed. The second, automated, torsion test was implemented at the 

University of Maine Advanced Structures and Composites Center. Test equipment comprised a 

custom-made steel fixture and an Instron hydraulic test frame with torque capacity up to 100Nm 

(Figure 40). The custom-made steel fixture was created at Southern Maine Community College 

and was designed to allow the bolt to be fully threaded in from the top, so that the Instron could 

attach to the bolt head via a custom hex attachment designed and created at the Advanced 

Structures and Composite Center. 
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Figure 39. Breaker bar, 13mm socket, and a half-inch drive socket attached to a digital torque 

wrench. 

 

Figure 40. Custom torsion set up at the University of Maine Advanced Structures and 

Composites Center. On the bottom of the image the custom fixture is shown with a bolt threaded 

in and secured in place. On the top of the image, custom tooling is shown attached to the loading 

nose, which was employed to apply torsional loads to the hex head of the bolts. 
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3  INITIAL DESIGN CONSIDERATIONS 

3.1 Introduction 

The current work proposed a notched bolt as a fail-safe mechanism for a femoral prosthetic, 

which entailed a partially threaded bolt modified to have a notched region along its shaft, intended 

to act as a stress riser (Figure 41). The notched bolt would ideally fail under controlled applied 

loads with multiple modes of failure, such as bending stress and torsional stress.  

 

Figure 41. Example of a modified bolt, with labeled regions (threads not shown). 

The focus of the presented work was to design, model, and test potential fail-safe 

components, rather than design a complete attachment system for the external prosthesis to the 

bone-anchored implant. Implant systems exist as discussed in Section 1.4, but they fail to include 

an optimized safety mechanism. A fail-safe component is crucial to protect the user’s residual limb 

from bone fractures and tissue damage and must be thoroughly developed prior to the remainder 

of an attachment system being finalized. Potential ways a notched bolt could fit into an overall 

safety mechanism is through direct threading into the implant (Figure 42) or within the external 

coupling component, similar to existing devices such as the OPL or IPL systems discussed in 

Section 1.4. While the former would be the simplest and most readily adopted, the latter would 
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prevent direct contact between the implant and bolt, allowing for easier removal and replacement 

in cases of failure. Essential considerations when designing the notched bolt were material of 

construction, size and geometry, the commercially availability of components, applied loads, and 

suitability for manual calculations, FEA modeling, and experimental testing.  

 

Figure 42. One potential overall coupling device, in which the partially threaded fail-safe 

bolt would thread directly into the transcutaneous bone-anchored implant. 

3.2 Material of Construction 

 Various materials of construction were considered for potential shear bolts. Materials included, 

but were not limited to, polypropylene, brass, stainless steel, grade 23 titanium, and grade 5 

titanium. Metals comprised the majority of the selected materials, as the goal of the shear bolt was 

to have the notched region fail prior to plastic yielding. Metals are generally brittle in comparison 

to plastic materials, which is why the present studies were limited to mostly metals. However, a 
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plastic (polypropylene) and a more ductile metal (brass) were included for initial comparison. 

Material properties of interest included yield strength, ultimate tensile strength, Young’s modulus, 

Poisson’s ratio, and density. Yield strength is the maximum tensile stress a material can endure 

before beginning to permanently deform, whereas ultimate tensile strength is the maximum tensile 

stress a material can withstand before it fails. Table 9 presents the material properties of considered 

materials of construction.  

Table 9. Material Properties. Ref[93-97]. 

 Polypropylene Brass Stainless 

Steel 

Grade 23 

Titanium 

Grade 5 

Titanium 

Yield 

strength 

(MPa) 

32.5 255 215 790 900 

Ultimate 

tensile 

strength 

(MPa) 

40 400 505 860 950 

Young’s 

modulus 

(MPa) 

1470 106000 197000 113800 113800 

Poisson’s 

ratio 

0.36 0.32 0.29 0.34 0.34 

Density 

(g/cm3) 

0.93 8.73 7.75 4.43 4.43 
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3.3 Size and Geometry 

 The size and geometry of the bolts were an essential consideration, as they would affect the 

overall bolt function. A length range of approximately 25-50 mm and major diameter range of 

approximately 5-10 mm were chosen based on the envisioned bolt usage. Because the bolt was to 

have an incorporated notch region to act as a stress riser, the bolt should ideally only be partially 

threaded, rather than fully. The notch geometry itself was to be varied and analyzed via manual 

calculations, FEA modeling, and mechanical testing.  

3.4 Commercial Availability 

To experimentally test bolts with notched regions, bolts must either be manually modified, 

or custom made via a process such as additive manufacturing. In an attempt to decrease lead time 

and cost, commercially available bolts were investigated in the general size and materials of 

interest. Table 10 below presents the commercially available bolt information, including material, 

size, cost, threading, system of measurement, and McMaster-Carr part number.  

Table 10. Commercially Available Bolts Explored and Their Respective Material, Size, 

Cost, Threading, System of Measurement, and McMaster-Carr Part Number. 

Material Size Cost Threading 

(partial or 

full) 

System of 

measurement 

(metric or 

standard) 

McMaster-

Carr part 

number 

Grade 5 

titanium 

M8 x 1.25mm 

thread size, 

40mm length 

$18.70/piece Partial Metric (mm) 94081A792 

18-8 stainless 

steel 

M8 x 1.25mm 

thread size, 

40mm length 

$9.17/pack 

of 10 

($0.92/piece) 

Partial Metric (mm) 91287A156 
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Table 10 Continued. 

High strength 

class 10.9 

stainless steel 

M8 x 1.25mm 

thread size, 

40mm length 

$12.09/pack 

of 25 

($0.48/piece) 

Partial Metric (mm) 91310A542 

Brass 5/16”-18 

thread size, 

1
1

2
” length 

$9.67/pack 

of 10 

($0.97/piece) 

Partial Standard 

(inches) 

92941A587 

Nylon 5/16”-18 

thread size, 

1
1

2
” length 

$11.58/pack 

of 25 

($2.32/piece) 

Partial Standard 

(inches) 

91244A587 

Polyvinyl 

chloride 

(PVC) 

5/16”-18 

thread size, 

1
1

2
” length 

$3.64/piece Partial Standard 

(inches) 

95841A587 

 

Grade 5 titanium was the only grade of titanium available from McMaster-Carr in the bolt 

geometry of interest. The part’s geometry fell within the proposed dimensions, was partially 

threaded, and has a metric system of measurement. A metric system of measurement was ideal 

because manual calculations and FEA were performed employing metric units in the present work; 

the author and collaborators preferred to maintain consistent measurement units. A disadvantage 

of the grade 5 titanium bolts was the cost per piece. However, experimental costs could be offset 

by sacrificing less expensive bolts for setup purposes in testing, as long as overall dimensions 

remained consistent. Two different stainless steel bolts were explored: 18-8 stainless steel and high 

strength class 10-9 stainless steel. Both had optimal geometry, were partially threaded, and 

employed a metric system of measurement. The 18-8 stainless steel was slightly less expensive 

than the high strength class 10-9 stainless steel. However, both were significantly more cost 

effective than the grade 5 titanium. Brass bolts were explored, but unfortunately were not available 

in the same size as the titanium or stainless steel options. Polypropylene was not offered in the 
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proposed geometry by McMaster-Carr, so two alternative plastic materials were investigated: 

nylon and polyvinyl chloride (PVC). Unfortunately, similar to the brass, the bolt sizing was not 

the same as the bolts offered in metric measurement systems.  

Purchasing commercially available bolts was convenient and more cost effective than the 

alternative route of custom manufacturing for experimental testing purposes. A lathe was used to 

easily and effectively modify standard bolts to have a notched region (Figure 43). 

 

Figure 43. Example of a standard bolt customized to have a notch (threads omitted). 

3.5 Critical Applied Forces  

Bending and torsion forces were critical forces to consider, as both are experienced by the 

knee, and by a prosthetic leg attached to a residual femur, on a daily basis. Kutzer et al. investigated 

loading on the knee joint during daily activities and found that the forces on the knee region could 

reach up to 46% body weight in a single direction.98 Based on the average body weight of 95.8 

kilograms reported in the same study, 46% body weight corresponds to a force of up to 432N on 
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the knee joint during daily activity. Welke et al investigated simulations of resulting loads at the 

prosthesis interface of transfemoral amputees. The study reported a peak force on the knee during 

falls of 274±74 percent bodyweight (which corresponds to approximately 1780N). The only FDA-

approved device has a reported set bending failure modes at 70±5Nm (refer to Section 1.6). 70Nm 

of bending torque on a transfemoral prosthetic device would correspond to approximately 115N 

(based on the average distance from a person’s foot to knee).99 Though the stated values are 

ambiguous and could be affected by a variety of parameters, 432N was employed in initial bending 

manual calculations as a minimum force the bolts must withstand during daily activities and 1780N 

was employed in initial bending manual calculations as a force the bolts must fail under.   

Torsional forces are not expected to be as high, though still essential to consider and 

incorporate into a fail-safe mechanism. Taylor et al. investigated forces and moments experienced 

by osseointegrated endoprostheses for lower extremity amputees. The study found the maximum 

torsion moment on the tibia during a fall to be 102Nm.82 However, the FDA-approved device has 

a reported factory-set torsion release level at 15±2Nm (see Section 1.6). As with bending forces, 

the existing literature is ambiguous and could be affected by numerous parameters, 102 Nm was 

employed in initial manual calculations to provide a target value for bolt failure due to torsion 

moments.  

3.6 Initial Manual Stress Calculations 

 To determine which, if any, of the commercially available bolt materials were appropriate for the 

required shear bolt, manual calculations were completed to compare predicted maximum stress 

values experienced under the known load conditions to material yield strength. A maximum stress 

value in excess of the material yield strength for a given bolt geometry would correlate with bolt 

failure/deformation. In practice, yield strength was used as a reference to analyze the minimum 
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residual shaft diameter that could be used for each material. It is noted that yield strength rather 

than ultimate tensile strength was selected as the relevant parameter since any permanent 

deformation within the shear bolt while in use could lead to unexpected failure at a later point in 

time and would likely lead to bolt replacement as the geometry of the prosthetic attachment would 

have been altered.  

 The objective of the manual calculations was to gain an initial understanding of the appropriate 

range of notch geometries and materials of bolt construction. A variety of minor diameters 

(residual diameter of the bolt within the notch) were included in the calculations, ranging from 

2.5mm to 6mm. The notch width was set at an arbitrary value of 2mm. Based on the principle of 

a moment, the larger the distance from the applied load, the greater the moment and therefore 

stress at the notch would be. Hence, the shaft length (distance under the head of the bolt to the 

notch) was fixed at the largest value, at 18mm, for a worst-case approach, in the sense that worst 

case would be bolt deformities or failure due to daily activity forces. Figure 44 presents the 

resulting plot of minor diameter versus stress as a result of an applied daily activity bending force 

of 432N (see Section 3.5). For ease of comparison, the relevant material yield strength values are 

plotted on Figure 44 to enable ready determination of the notch geometry below which material 

yielding is predicted for each of the relevant construction materials. Yield strength values were 

implemented as a reference to understand if the tested geometries would deform under the applied 

bending daily activity force of 432N. 
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Figure 44. Stress (MPa) at the notched region of a shear bolt as a function of the minor diameter 

(mm) of the notch (solid curve) as a result of a bending load of 432N. Yield strength of various 

materials added to aid comparison (dotted lines). 

Examination of Figure 44 reveals that a polypropylene bolt would yield under the applied 

daily activity bending force of 432N, making it unfit for the proposed application. Analysis of the 

trends observed in Figure 44 indicates that the titanium materials provide the greatest flexibility 

in terms of bolt geometry due to their strength. A material with a smaller yield strength, such as 

polypropylene, would limit the bolt to a smaller range of notch geometries. Not only did titanium 

allow for more freedom of design, but it was commercially available in various sized bolts. 

Therefore, grade 5 titanium was chosen as the first material to model and experimentally test. 

 In order to determine the approximate bolt/notch geometry required to provide bolt failure under 

the desired critical applied load, it was necessary to perform a ranging study by varying the 

distance under the head of the bolt to the notch (termed length), and the residual diameter of the 
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bolt within the notch (minor diameter). The ranging study was performed manually for lengths of 

8 to 21mm and minor diameters of 4 to 7.9mm. Figure 45 presents the resultant data as a plot of 

stress at the notch as a function of notch minor diameter as a result of an applied bending peak 

falling force of 1780N (see Section 3.5). Individual curves at 1mm increments of distance of the 

notch from the bottom of the bolt head are presented. Grade 5 titanium’s ultimate tensile strength 

was also plotted as a reference value to understand when certain notch geometries may fail, that 

is, as the stress at the notch reaches the ultimate tensile strength of the material. Ultimate tensile 

strength was implemented as a reference value to understand if the tested geometries would 

sufficiently fail under the applied peak falling force of 1780N.  

 

Figure 45. Resultant stress (MPa) at the notch under an applied bending force of 1780N as a 

function of notch minor diameter (mm) over a range of 8 to 21mm length and 4 to 7.9mm minor 

diameter, plotted as individual curves at 1mm increments of distance of the notch from the 

0

500

1000

1500

2000

2500

3000

4

4
.1

4
.2

4
.3

4
.4

4
.5

4
.6

4
.7

4
.8

4
.9 5

5
.1

5
.2

5
.3

5
.4

5
.5

5
.6

5
.7

5
.8

5
.9 6

6
.1

6
.2

6
.3

6
.4

6
.5

6
.6

6
.7

6
.8

6
.9 7

7
.1

7
.2

7
.3

7
.4

7
.5

7
.6

7
.7

7
.8

7
.9

S
tr

es
s 

(M
P

a)

Minor Notch Diameter (mm)

8mm

9mm

10mm

11mm

12mm

13mm

14mm

15mm



67 
 

bottom of the bolt head are presented (solid lines). Grade 5 titanium ultimate tensile strength to 

aid comparison (red dotted line). 

Two major trends are apparent from investigation of Figure 45. First, as the notch’s 

distance from the bolt head increases, the calculated stress increases. Second, as the minor diameter 

of the notch decreases, the calculated stress increases. One main conclusion from the plot is that 

both the minor diameter and the notch location may be varied to control the applied force at which 

a given bolt fails.  

Figure 44 provides a minimum notch minor diameter due to its display of which materials 

of construction were able to resist deformation under the applied daily activity bending force of 

432N. Figure 45 provides a maximum notch minor diameter due to its display of which materials 

of construction sufficiently failed under the applied bending force of 1780N. As a result, an overall 

approximate minor diameter range of 4.5 to 7.4 mm was determined to model and test for a 

titanium bolt. An important note is that the experimental tests were not limited to the mentioned 

minor diameter range, the predictions above were employed only to set initial experimental testing 

geometries.  

 To understand the behavior of various modified bolts under torsional forces, it was necessary to 

perform a ranging study of manual calculations by varying the notch minor diameter and applying 

a torsion moment of 102 Nm (refer to Section 3.5 above). The ranging study was performed 

manually over a range of 5 to 5.7mm notch minor diameter due to the arbitrary range initially 

chosen for bolt modification. Figure 46 presents the resultant data as a plot of stress at the notch 

as a function of notch minor diameter as a result of an applied torque moment of 102Nm (see 

Section 3.5). Grade 5 titanium’s von Mises yield strength is also plotted as a reference value to 
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understand when certain notch geometries may yield, that is, as the stress at the notch reaches the 

von Mises yield strength.  

 

Figure 46. Resultant stress (MPa) at the notch as a function of the notch minor diameter (mm) 

over a range of 5-5.7mm (solid orange line) as a result of an applied torque moment of 102Nm. 

Yield strength to aid comparison (dotted gray line). 

 Analysis of Figure 46 indicates that failure of bolts with minor diameters ranging from 5-5.7mm 

minor diameter will occur under less torque moment than the 102Nm employed in the manual 

calculations. Additionally, a trend is apparent, as the resultant stress decreases as the notch minor 

diameter increases, likely due to the fact that the larger minor diameters are closer in diameter to 

the bolt major diameter, ultimately decreasing the effects of the notch acting as a stress riser. The 
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results show that failure as a result of an applied torque moment of bolts ranging in minor diameters 

5-5.7mm will presumably fail, and therefore would all be suitable for experimental testing.  

3.7 FEA Modeling Material Property Setup 

  For the reasons articulated above, grade 5 titanium was chosen as an initial material for 

experimental testing hence the material properties set in Abaqus were those of titanium. Table 11 

presents the density, Young’s modulus and Poisson’s ratio values employed in the FEA model.  

Table 11. Input Titanium Material Properties in Abaqus. 

Property Input Value Units 

Density 4.43 x 10-9 tonne/mm3 

Young’s modulus 110000 MPa 

Poisson’s ratio 0.34 - 

To simulate plastic deformation, a linear strain-hardening model was employed for the present 

work (see Section 2.2.2 for additional detail). Ziaja investigated strain-hardening of Ti6Al4V and 

reported its respective experimental stress-strain curve.100 The study’s reported initial yield 

strength and hardening modulus values were implemented, rather than the reported material 

properties in Section 3.2, into Equation 3 to solve for yield stress at an arbitrary strain of 2% 

(typically minimal differences in strain observed beyond 2%). Parameters for Equation 3 are 

described in Table 12. The values were input as the linear strain-hardening parameters in Abaqus 

(Table 13). Any strain values from 0 to 2% strain were interpolated linearly by Abaqus. 

𝑆𝑦 = 𝑆𝑦0 + 𝐸ℎɛ𝑝 

Equation 3. Linear strain-hardening model function. 
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Table 12. Linear Strain-Hardening Parameters. 

Parameter Description Units 

𝑆𝑦 Yield stress at a given strain MPa 

𝑆𝑦0 Initial material yield stress MPa 

𝐸ℎ Hardening modulus MPa 

ɛ𝑝 Plastic strain % 

 

Table 13. Input Values for Abaqus Linear Strain-Hardening Parameters. 

Yield Stress (MPa) Plastic Strain 

800 0 

825 0.02 
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4  DETERMINATION OF THE EFFECT OF BOLT GEOMETRY ON FAILURE 

FORCES UNDER APPLICATION OF A BENDING FORCE 

4.1 Introduction 

While manual calculations and FEA predictions aim to estimate behaviors of bolts 

modified to have a notched region, limited studies have been executed on notched bolt geometries 

made from the proposed materials for the proposed use. Manual calculations and FEA provided 

an initial range of notch geometries to test bending force on the bolts to understand the effect of 

various parameters on the stresses at failure which would enable tuning of the bolt geometry to 

specific failure forces (as specified by the “dangerous” forces determined in excess of daily 

activities). Experimental bending tests were executed via two different methods to analyze how 

varying bolt parameters such as material of construction, notch minor diameter, notch location, 

and notch width affected the bolts’ behavior. 

4.2 Materials and Methods 

As presented in Section 2.2.3.1, an Instron 8872 machine at the University of Maine 

Advanced Structures and Composites Center was employed in conjunction with a custom fixture 

designed to hold the bolt in place while force was applied to the bolt head via a loading nose. The 

bolts were fully threaded 22mm into the fixture prior to the application of force. An unmodified 

titanium bolt was used to test the method before any modified bolts were employed. The fixture 

was observed to yield before the bolt. When a modified titanium bolt was tested, the same 

observation was documented regarding the fixture. For both experiments, no yielding or damage 

of the bolts was observed. In addition, it was noted that the loading nose moved along the bolt 

head towards the shaft and notched region during the testing. Due to the observed yielding of the 
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fixture as a result of the applied load, and the movement of the loading nose during testing, the 

initial bending test method was deemed inadequate for the present work. The variability and lack 

of control in the experimental method led to the conclusion that a new method must be explored 

and developed for future bending tests.  

Consequently, an alternate test method as described in Section 2.2.3.1 was employed at the 

University of Maine Advanced Manufacturing Center to address the previous failed method. The 

experimental setup comprised an MTS 810 servo-hydraulic actuator with a 22kip load cell, a 

custom steel fixture to hold the bolts, a braided cable made of galvanized steel, and a shackle 

attached to the cable which could be placed around the bolt shaft. Force was applied vertically 

through pulling the cable in an upward direction. Experimental data were produced in the form of 

load, displacement, and time in a spreadsheet format for analysis. The alternate bending test 

method was proven to be successful and suitable for the present testing needs. Specifically, the 

shackle and cable effectively applied force on the bolt in a vertical direction by pulling upwards 

on the shaft of the bolt, while the bolt remained threaded into a fixture. A more robust fixture with 

improved fastening methods prevented the fixture from yielding throughout the testing. The 

shackle and cable of the MTS 810 servo-hydraulic controlled the load application better than the 

loading nose employed with the Instron 8872, as they did not have as much freedom to move 

throughout the tests. 

Grade 5 titanium and high strength class 10-9 stainless steel M8 partially threaded bolts, 

obtained from McMaster-Carr, were employed for the bending tests. The bolts were manually 

modified with a lathe to have notches that varied in location on the shaft under the head of the bolt 

(length), minor diameter, and width. Radii were also added to a majority of the notches. Table 14 

presents the dimensions of the manually modified titanium bolts, while Table 15 presents the 



73 
 

dimensions of the modified stainless steel bolts. For bolts produced in quantities of 2 or more, the 

bolts were named alphabetically based on their geometry, followed by a number representing the 

numerical identity within the specified sequence of a given geometry. For example, bolt A was 

produced in a quantity of two. Therefore, its respective group of bolts were named A1 and A2. 

The only outliers were the first two modified bolts, 1A and 1B, which did not follow the same 

alphabetical naming convention.  

Table 14. Bending Test Titanium Bolt Geometries. 

Bolt Length 

(mm) 

Minor Diameter 

(mm) 

Notch 

Width 

(mm) 

QTY Radius on Notch 

Edges (mm) 

1A 8.7 5 2 1 N/A 

1B 8.7 5 2 1 N/A 

A 11 4 5 2 2 

B 8.7 4 5 2 2 

C 11.5 4 5 2 2 

D 12 4 5 2 2 

E 12 2 5 2 2 

F 12 3 5 2 2 

G 12 4 5 2 2 

H 11 3 6 2 2 

I 10 3 7 2 2 

J 9 3 8 2 2 

Table 15. Bending Test Stainless Steel Bolt Geometries.  

Bolt Length 

(mm) 

Notch Minor 

Diameter (mm) 

Notch 

Width 

(mm) 

Quantity Radius on Notch 

Edges (mm) 

L 6 2 5 3 2 

M 6 3 5 3 2 

N 6 4 5 3 2 

O 6 5 5 3 2 

P 5 3 6 3 2 
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Table 15 Continued. 

Q 4 3 7 3 2 

R 3 3 8 3 2 

Figure 47 presents a general diagram of a modified bolt, the labeled dimensions of which 

will be referenced throughout the following chapters. As per the initial manual calculations, and 

the FEA predictions, all of the modified bolts were expected to fail at the notched region prior to 

any yielding at the threads.  

 

Figure 47. General modified bolt (threads not depicted).  

4.3 Results and Discussions 

 The MTS 810 servo hydraulic system successfully applied force to all of the modified bolts for 

bending tests via the cable and shackle without any observed yielding of the custom fixture. 

Initially, an unmodified titanium bolt and an unmodified stainless-steel bolt were tested to ensure 

the overall system was working as expected. The titanium bolt fractured at its threads, whereas the 

stainless steel bolt yielded and bent at its threads (Figure 48). The unmodified titanium bolt failed 
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at 3905 N, whereas the unmodified steel bolt reached an onset of deformation under forces in the 

region of 7430 N. The results confirmed the expectation that the steel bolts would have much 

higher strength thresholds than the titanium bolts.  

 

Figure 48. Unmodified steel bolt (left) and unmodified titanium bolt (right) after testing. 

Bolts 1A and 1B were tested via the MTS method and both sheared at their threads rather 

than their respective notched region (Figure 49). Figure 50 presents displacement versus force 

results of all bolts 1A and 1B.  

 

Figure 49. Bolt 1A (left) and Bolt 1B (right) after testing (both titanium bolts). 
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Figure 50. Plot of displacement (mm) versus load (N) of titanium bolts 1A and 1B. 

 Figure 50 reveals that bolt 1A fractured at 4153.4 N and bolt 1B fractured at 4153.2 N. The 

failure of bolts 1A and 1B occurred less than 0.2 N apart from each other, indicating excellent 

reproducibility. Bolt 1A and 1B’s recorded displacement values at the time of failure were also 

similar. The unmodified steel bolt withstood more force than all of the titanium bolts tested, which 

was expected given its reported ultimate tensile strength value of 1034 MPa, whereas McMaster-

Carr reports the titanium bolt’s ultimate tensile strength to be 896 MPa. The two modified titanium 

bolts withstood marginally greater force than the titanium unmodified bolt, although all bolts failed 

at the threads. The fact that the modified bolts did not fail at the notch, as intended, and as predicted 

by the manual calculations and FEA, but rather at the threads may have occurred for several 

reasons. The notch width could have been too small, minimizing the volume of material acting as 

a stress riser. The location of the notch could have been too close to the location of load application, 

resulting in too small of an applied moment. Finally, the notch minor diameter could have been 

too large, resulting in too little stress concentration at the notch. All of the above possibilities were 

explored further to understand and analyze trends and behaviors of the modified bolts.  
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Figure 51 presents a plot of the stress versus applied force of the tested modified bolts. It 

is evident that the failure point of the notched titanium bolts occurred at much greater applied force 

and stress than was predicted by either manual calculations or the FEA model. 

 

Figure 51. Plot of stress (MPa) versus applied force (N). Manually calculated, FEA modeled, 

and experimental failure points of the modified titanium bolt geometry are labeled for 

comparison. 

Several factors may contribute to the variation between predicted and applied forces and 

actual stress values at failure. Specifically, the geometry of the test setup itself varied throughout 

the experiment as the shackle position on the bolt shaft, and its relative angle, were observed to 

shift. Critically, it is noted that for the experimental stress and strain values to be accurate, a strain 

gauge would need to be implemented, which would be costly and beyond the scope and resources 

available for the present study. To summarize, the measured force at which caused failure of the 
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bolt is likely accurate, but the calculated stress depicted in Figure 51 in likely inaccurate due to a 

variety of reasons such as the experimental setup. Rather than analyzing stress, a more meaningful 

analysis in future test phases would be to analyze applied load versus displacement of the bolt. 

In order to address the fact that the modified bolts did not fail at the notch, but rather at the 

threads, several modifications were made to the bolt geometries. Specifically, the notch width was 

increased, the notch location was moved closer to the threads, and the notch minor diameter was 

decreased. Addition of a radius to each side of the notches was also proposed in an attempt to 

ensure uniformity at the edges of the notch when machining and encourage stress concentration 

towards the center of the notch, rather than at the edges. The specifics of the modified bolt 

geometries are provided, as bolts A-D in Table 14. 

It is noted that notch width was increased to 5mm from 2mm on all bolts and the notch 

minor diameter of the new bolts was decreased to 4mm from a previous range of 5.1-5.4mm. Based 

on the principle of a moment, it was expected that a notch location closer to the threads would fail 

under smaller forces than a notch further away (i.e., closer to the head of bolt), as such the notch 

location was moved from 8.7mm below the head of the bolt up to 12mm below the head of the 

bolt. Radii of 2mm were also added to the corners of the notches. An important note is that bolts 

B1 and B2 only had one radius on their notch, on the corner closest to the threads. All six other 

bolts had radii on each edge of their notch. 

Experimental testing of bolts A-D revealed that bolts B1 and B2 failed at the threads, 

whereas bolts A1, A2, C1, C2, D1, and D2 failed in the notch region. Figure 52 presents an image 

of a bolt (attached to the test fixture) that had sheared at its notch. Table 16 presents the peak 

forces at which the bolts failed, and their respective location of failure. Figure 53 presents a plot 

of force versus displacement of bolts A1, C1, and D1.  
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Figure 52. An example of a bolt that sheared at its notch region. 

Table 16. Peak Forces and Locations at Which Bolts A-D Failed. 

Bolt Peak Force (N) Average Peak 

Force (N) 

Region of Failure 

A1 4978 
4508.5 

Notch 

A2 4039 Notch 

B1 3833 
4093 

Threads 

B2 4353 Threads 

C1 3937 
3954.5 

Notch 

C2 3972 Notch 

D1 3906 
3678 

Notch 

D2 3450 Notch 
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Figure 53. Plot of displacement (mm) versus force (N) of bolts A1 (green line), C1 (blue line), 

and D1 (red line). As seen in Table 15 above, the results were consistent among bolts of the same 

geometry for bolts A, C, and D. To maintain simplicity, only one of each bolt geometry is 

depicted.  

Analysis of Figure 53 shows a trend with the bolts that sheared at the notched region (Bolts 

A, C and D). The bolts with notches closest to the threads failed under the least amount of force, 

whereas the bolts with notches closest to the head of the bolt failed under the largest amount of 

force. That is, the larger the length value (i.e., the closer to the threads), the greater the force 

required for the bolt to shear. The observed trend agrees with basic moment principle: that is, as 

length increases from the applied load to the notch, the moment increases and a smaller load is 

required to cause failure.  

Though the MTS method successfully applied force, caused failure amongst all tested 

bolts, and the data followed the expected trend in terms of the effect of moment, some concerns 
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were noted during testing. Specifically, plastic yielding of the bolts was observed for an extended 

period prior to failure. An example of plastic yielding visibly apparent in a bolt is shown below in 

Figure 54. As seen in Figure 53, the load-displacement slope is relatively small (less steep) and 

shows a large amount of displacement under the applied load prior to fracture. A potential 

contribution to the initial increase in displacement and gradual slope observed in the plotted results 

is the elongation of the cable. The slopes of the linear elastic region (initial region) in the 

experimental plots are not as large as expected or in comparison to the FEA predictions, which 

could possibly be a result of stretching of the braided cable throughout the experiments. 

Additionally, the onset of the linear region of the plots were delayed. It is hypothesized that the 

cable may have had initial slack to eliminate, which would result in a delay in the onset of the 

linear region of the force-displacement plots, and could have stretched throughout the tests, which 

would decrease the apparent slope of the linear elastic region of the plot. Both possibilities would 

significantly affect the experimental results and therefore required investigation.  

 

Figure 54. Display of plastic yielding in bolt during testing.  

While some yielding is expected due to the nature of the bolt material employed (titanium), 

other experimental factors may have contributed. Additional factors that must be considered are 
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related to the overall test method, and include slack uptake in the cable, movement of the shackle 

along the shaft of the bolt, and movement of the fixture. Indeed, it was observed that as the plastic 

yielding occurred in the bolt, the shackle visibly shifted along the shaft of the bolt as the cable 

remained perpendicular to the base of the MTS throughout the tests. To avoid shackle movement, 

the force would have to be applied perpendicularly to the bolt consistently throughout the 

experimental runs. To do so, the cable would need to be connected to a loading head that had 

torsional movement as it applied force. 

To understand the total elongation and initial slack of the cable present during the bending 

tests, a cable deflection test was performed in which load was applied directly to the base of the 

MTS setup via the braided cable without any bolt. It was intended that such data would provide a 

means of accounting for the effect of cable slack and elongation on force-displacement 

measurements of bolts. A load of 9200 N was gradually applied in a vertically by pulling in an 

upwards direction away from the base. The load, displacement, and time were recorded for 

analysis. Figure 55 presents the resultant load-displacement curve for the cable test.  
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Figure 55. Resulting plot of the cable elongation and slack test displayed as displacement (mm) 

versus applied load (N) (solid line). Curve fit polynomial (dashed line). 

Analysis of Figure 55 indicates that the region from approximately 0 mm to 3 mm 

corresponds to a large amount of displacement as a result of a small, applied load. From 

approximately 4 mm to 10 mm however the slope increases greatly with an approximately linear 

dependence of displacement upon applied load observed. The region of large displacement 

resulting from a comparatively small applied force (i.e., from 0 mm to ~3 mm) is likely due to the 

elimination of slack in the cable. The linear response region (i.e., from ~4 mm to 10 mm), is 

presumably due to the large force applied to the taught cable and elongation in the cable.  
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In order to provide a means for subtracting the effect of cable slack uptake and elongation 

on experimental bolt data, a polynomial curve fit of the load-displacement curve of the cable results 

was performed to produce a formula, where x and y represent the displacement and load, 

respectively (see Equation 4). Though the curve fit is not ideal, it was deemed sufficient for its 

purpose and as a proof of concept. The polynomial formula enabled decent normalization of the 

experimental data via subtraction. 

 

Equation 4. Curve fit polynomial formula representing the cable elongation data, where x and y 

correspond to the displacement and load, respectively. 

In practice, Equation 5 was employed by inputting a defined force value and producing a 

calculated cable displacement value. The resultant cable displacement was then subtracted from 

the experimental displacement values to produce a value that represents the bolt displacement for 

any given experiment considering cable slack and elongation. Figure 56 presents an example of a 

data set plotted before and after the cable adjustment procedure was performed. The difference in 

slopes between the initial plot and adjusted plot indicated there may have been presence of cable 

elongation in the experimental tests. 

 

Equation 5. Rearranged curve fit polynomial formula representing the cable elongation data. 
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Figure 56. An example plot of displacement (mm) versus load (N) before and after cable 

displacement adjustment. G1 raw experimental data (orange line) versus Bolt G1 data with cable 

slack and elongation data subtracted (blue line).  

The cable extension experiment and a subsequent analysis allowed for a more accurate 

representation of the bolt data. By subtracting the cable extension values from the experimental 

data, the force at fracture and displacement at fracture were more accurately evaluated. 

The experimental applied forces required to fracture the bolts were too high for use as a prosthetic 

shear bolt, and as such geometric changes to the bolt were necessary. Specifically, the next phase 

of tests investigated a decreased notch minor diameter and separately, an increased notch width, 

both of which were predicted to decrease the required applied force to induce bolt fracture. To this 

end, bolts E, F, and G were machined to analyze the effect of varied notch minor diameter (2mm, 
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3mm, and 4mm, respectively), while bolts F, H, I, and J were designed to analyze the effect of 

varied notch width (5mm, 6mm, 7mm, and 8mm, respectively). When the notch minor diameter 

was varied, the location and notch width were kept consistent. Similarly, when the notch width 

was varied, the location and notch minor diameter were maintained as fixed parameters. All 

notches were placed as close to the threads as feasible, while leaving 1 mm of space between the 

end of the notch and the start of the threads. The experimental results were adjusted based on the 

cable elongation test, outlined above, to better represent the bolt displacement versus applied load 

curves.  

 The MTS method was successfully employed to apply force to all twelve titanium modified bolts 

until fracture occurred. The results were consistent among bolts of the same geometry. It is not 

simple to average the load-displacement plots due to the potential for varying force and time 

stamps across several experimental data sets, so only one data set of each bolt geometry is depicted 

in the presented plots and tables. All the bolts failed at their notched regions. Figure 57 presents 

plots for displacement versus load for bolts tested to analyze notch width, that is F, I, H, and J. 

Force values at fracture are reported in Table 17.  
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Figure 57. Plot of displacement versus load for bolts F1, I1, H1, and J1. F1 (notch width of  

5mm) shown in red, H1 (notch width of 6mm) shown in green, I1 (notch width of 7mm) shown 

in yellow, and J1 (notch width of 8mm) shown in blue.  

Examination of Figure 57 reveals that all four bolts fractured at a comparable displacement 

(only a difference of 0.67mm), and that the force at fracture increased monotonically with notch 

width. It is hypothesized that the increase in fracture force with notch width may be attributed to 

the material’s plasticity, as a larger notch volume correlated to a larger elastic region. 

Table 17. Reported Failure Force Values for Bolts F1, H1, I1, and J1 and Their Respective 

Averages.  

Bolt Notch Width (mm) Failure Force (N) Average Failure 

Force (N) 

F1 5 1404 1492 
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Table 17 Continued. 

F2 5 1580  

H1 6 2070 

2026 

H2 6 1982 

I1 7 2470 

2569 

I2 7 2668 

J1 8 2544 

2962 

J2 8 3380 

 

Plots of displacement versus load as predicted by FEA for bolts F, H, I and J (varied notch 

widths of 5mm, 6mm, 7mm, and 8mm, respectively) were plotted below in Figures 58, 59, 60, 

and 61.  

 

Figure 58. FEA plot of displacement (mm) versus load (N) for bolt F (notch width of 5mm). 
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Figure 59. FEA plot of displacement (mm) versus load (N) for bolt H (notch width of 6mm). 

 

Figure 60. FEA plot of displacement (mm) versus load (N) for bolt I (notch width of 7mm). 
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Figure 61. FEA plot of displacement (mm) versus load (N) for bolt J (notch width of 8mm). 

 Figures 58-61 do not present a definite trend comparative to their respective experimental results. 

However, there is a general trend observed across all figures, which entails a steep initial slope 

(representing the linear elastic region) and a switch to a more gradual slope once plastic yielding 

has begun. The near horizontal lines indicate a continuous plastic region, which will continue to 

deform/rotate as modeled with the linear-hardening model. Figures 58 and 59 (bolts F and H, 

respectively) display incomplete FEA modeling due to the computation crashing. The model 

failure is exemplified by the difference in displacement shown in Figures 60 and 61 (bolts I and 

J, respectively). A potential cause of analyses crashing could be due to excessive deformation of 

mesh elements near the notch. Further investigation would be necessary to resolve the issue for 

large deformations. 

Figure 62 presents a plot of displacement versus load for the bolts E1, F1, and G1, that is, 

bolts with minor diameters of 2mm, 3mm, and 4mm, respectively. It is evident from examination 

of Figure 62 that as the notch minor diameter increased the force at fracture showed no apparent 
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trend. The displacement at failure showed a consistently decreasing trend with increasing minor 

diameter. The experimental results were adjusted based on the cable test results to better represent 

the bolt displacement versus load. Force values for the tested bolts are recorded in Table 18.  

 

Figure 62. Plot of displacement (mm) versus force (N) for bolts E1, F1, and G1. E1 (minor 

diameter of 2mm) shown in green, F1 (minor diameter of 3mm) shown in red, and G1 (minor 

diameter of 4mm) shown in blue.  

The lack of a definitive trend in force at fracture observed prevents ready interpretation of 

the data presented in Figure 62. The observed trend of decreasing displacement at failure with 

increasing notch diameter may suggest that the greater the residual material in the notch the less 

plasticity the bolt exhibits and hence the less displacement required to induce failure. 

Unfortunately, the added notch region may be allowing for more plastic yielding in the bolt than 

expected or wanted.  
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Table 18. Reported Failure Force Values for Bolts E1, F1, and G1 and Their Respective 

Averages. 

Bolt Minor Diameter (mm) Failure Force (N) Average Failure Force (N) 

E1 

2 

2284 

2267 

E2 2250 

F1 

3 

1404 

1492 

F2 1580 

G1 

4 

1841 

2253 

G2 2665 

 

 The FEA plots for bolts E and G and their respective experimental data (varied notch minor 

diameters of 2mm and 4mm, respectively) as a result of applied bending forces were plotted below 

in Figures 63 and 64. An FEA plot for bolt F (minor diameter of 3mm) is depicted above in Figure 

58. 
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Figure 63. Plot of displacement (mm) versus load (N) as a result of bending force on bolt E 

(minor diameter of 2mm). Experimental data is shown in blue, whereas FEA data is shown in 

red. 
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Figure 64.  Plot of displacement (mm) versus load (N) as a result of bending force on bolt G 

(minor diameter of 4mm). Experimental data is shown in blue, whereas FEA data is shown in 

red. 

Analysis of Figures 63 and 64 shows that the FEA model appears to match the 

experimental force versus displacement curves very well up until the point at which the model 

predicts failure. A potential cause of failure in the model may be due to excessive deformation of 

mesh elements near the notch; further investigation would be required to resolve the issue. It is 

noted that the experimental data continues to displacement values of from, 3.5-6mm and forces of 

2000N greater than the predicted failure point.  

As noted above, the FEA model fit the experimental data very well at low applied 

forces/displacements but predicted fracture at much lower forces and displacements than observed 

experimentally. The MTS method had a variety of factors that were not as easily controlled as in 
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the FEA models, so it was expected that the two would not agree precisely. Additionally, the linear 

hardening model used for the FEA was not as accurate as a model such as Johnson-Cook. However, 

models such as Johnson-Cook are much more complex and difficult to control. For the purpose of 

the bolt testing, the linear hardening model was deemed to be sufficient.  

Due to the amount of plasticity observed in the titanium bolt testing, a high strength steel 

with greater brittleness, based on its known material properties, was explored to determine the 

force at fracture and relative displacements in similar bolt geometries. Plasticity should be avoided 

in order to achieve a more immediate failure under controlled conditions. Though the ultimate 

tensile and yield strength values would be greater than titanium’s, it was anticipated that a more 

brittle material may lead to fracture prior to excessive plastic yielding, which would be ideal for 

the bolt’s purpose of quick release of a prosthetic device under controlled conditions. 

Consequently, bolts L, M, N, O, P, Q, and R were tested under bending loads employing the same 

MTS 810 servo hydraulic method as for the titanium bolts. The exact bolt dimensions are presented 

in Table 19.  The experimental results were adjusted based on the cable test results to better 

represent the bolt displacement versus load data.  

Table 19. Bending Test Stainless Steel Bolt Geometries. 

Bolt Length 

(mm) 

Notch Minor 

Diameter (mm) 

Notch 

Width 

(mm) 

Quantity Radius on Notch 

Edges (mm) 

L 6 2 5 3 2 

M 6 3 5 3 2 

N 6 4 5 3 2 

O 6 5 5 3 2 

P 5 3 6 3 2 

Q 4 3 7 3 2 

R 3 3 8 3 2 
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Figure 65 presents the experimental results of bolts M, P, Q, and R (notch widths of 5mm, 

6mm, 7mm, and 8mm, respectively). Bolts M, P, Q, and R had identical geometries to those of 

titanium bolts F-J in order to have an exact comparison of the impact on the force at fracture and 

the displacement of the two materials of construction. The data is corrected for cable slack and 

extension. Table 20 presents the forces at fracture for bolts M, P, Q , and R, and their respective 

averages. 

 

Figure 65. Plot of displacement (mm) versus load (N) for bolts M1, P1, Q1, and R1. M1 (notch 

width of 5mm) shown in purple, P1 (notch width of 6mm) shown in green, Q1 (notch width of 

7mm) shown in blue, and R1 (notch width of 8mm) shown in red.  

Table 20. High Strength Steel Results with Varied Notch Width. 

Bolt Notch Width 

(mm) 

Failure Force 

(N) 

Average 

Failure Force 

(N) 

M1 

5 

2537 

2703 M2 3029 

M3 2544 
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Table 20 Continued. 

P1 

6 

3104 

2911 P2 3252 

P3 2376 

Q1 

7 

2016 

2284 Q2 2014 

Q3 2823 

R1 

8 

2868 

2682 R2 2891 

R3 2288 

 

Analysis of Figure 65 indicates no clear trend in force at fracture or displacement as a 

function of notch width for the steel bolts, while there were trends apparent in the titanium studies 

employing bolts of the same geometries. Further studies would be necessary to confirm the 

presence or absence of trends as it relates to the notches material of construction and notch 

geometry.  

It should be noted that for two of the steel bolt bending tests, specifically, Q1 and R3, the 

shackle shifted into the notch during testing. Small amounts of shackle movement had been 

documented in previous testing, but not to the extent of moving into the notched region. No 

definitive reasoning for the extreme movement can be given, however it is noted that the large 

amount of load applied compared to previous experimental runs may have been a factor. 

Additionally, it should be noted that the plotted results display backtracking of displacement, 

which could be due to the implementation of the cable data and the respective data adjustments or 

movement of the shackle throughout experimental testing. 

Figure 66 displays the experimental results of bolts L, M, N, and O (minor diameters of 

2mm, 3mm, 4mm, and 5mm, respectively). The purpose of the four modified bolts was to analyze 



98 
 

the effect of varied notch minor diameter on modified high strength steel bolts. Because the results 

were consistent among bolts of the same geometry and averaging the load-displacement curves is 

complex, only one of each bolt geometry is depicted in the figures below. Additionally, the bolts 

were purposely the exact same geometries as in the titanium modified bolt experimental tests for 

an accurate comparison of the two materials of construction. Table 21 presents the forces at 

fracture for bolts L-O and their respective averages.  

 

Figure 66. Plot of displacement (mm) versus load (N) for bolts L1, M1, N1, and O1. L1 (minor 

diameter of 2mm) shown in purple, M1 (minor diameter of 3mm) shown in green, N1 (minor 

diameter of 4mm) shown in blue, and O1 (minor diameter of 5mm) shown in red. 

Table 21. Force Values when Notch Minor Diameter was Varied.  

Bolt Notch Minor Diameter 

(mm) 

Failure Force (N) Average Failure 

Force (N) 

L1 

2 

1327 

1465 L2 1543 

L3 1525 

M1 3 2537 2703 
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Table 21 Continued. 

M2  3029  

M3 2544 

N1 4 4677 4873 

N2 5205 

N3 4738 

O1 

5 

2283 

2520 O2 3077 

O3 2201 

 

Analysis of Figure 66 indicates that bolts L-N display a trend of increasing failure force with 

increasing minor diameter (i.e., the notch with the smallest minor diameter, L, withstood the least 

force). Bolt O was an exception and did not match the trend of the other bolt geometries. An 

additional observation of Figure 66 is that the bolts with smaller notch diameters were generally 

seen to show more plastic yielding, similar to in the titanium tests. The greater extent of plasticity 

is indicated by a more gradual slope. However, plasticity was generally less apparent in the steel 

data as in the modified titanium bolts due to the high strength steel being a more brittle material. 

As documented in previous sections (Table 9), Young’s modulus for steel is much higher than for 

titanium. A higher Young’s modulus value correlates to a more brittle material, which is likely to 

show less plasticity past the yield point. It is important to note that, for the current work, it was 

determined unnecessary to model the steel bolts in FEA. The high strength steel was implemented 

to test the concept of employing a more brittle material for a shear bolt. However, future FEA 

models could be expanded to include material beyond titanium, such as high strength steel.  

4.4 Conclusions Regarding Shear Bolt Failure Under Bending Conditions 

The initial bending experiments employing titanium modified bolts indicated that titanium was 

too ductile of a material for the bolts proposed use. An increase in notch width was shown to 
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withstand greater forces. It was hypothesized that the increase in fracture force with notch width 

may have been attributed to the material’s plasticity, as a larger notch volume leads to a larger 

elastic region. The increase in fracture force could have also indicated that the stress was not 

concentrated in a small region, but over a larger region. The observed trend of decreasing 

displacement at failure with increasing notch diameter may have suggested that the greater the 

residual material in the notch the less plasticity the bolt exhibits and hence the less displacement 

required to induce failure. The high strength steel bending tests showed plasticity, but not to the 

same extent as the titanium bolts. The steel bolts indicated no trend with regard to notch width but 

showed a trend of increasing failure force (fracture force) with increasing minor diameter.  

Overall, it was concluded that a more brittle material, such as a high strength steel, reduces 

plastic yielding in the modified bolts. Results also indicated that a higher strength material will 

withstand greater forces and require a larger load for failure to occur. However, the high strength 

steel still displayed plasticity and required significantly large forces to fracture. For future bending 

tests, additional brittle materials should be evaluated, such as a ceramic. Additionally, to initiate 

failure sooner, a crack propagation method should be considered. In the case of employing a brittle 

material with a high ultimate strength, such as high strength steel, a geometrical modification to 

the notch could be implemented such as switching from a curved notch to a triangular notch, or 

the addition of a divet to the existing curved notch (i.e., a small notch on the existing notch), that 

would propagate failure at a lesser force value. However, fatigue would need to be considered and 

analyzed if crack propagation was to be explored.  
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5  DETERMINATION OF THE EFFECT OF BOLT GEOMETRY ON FAILURE 

FORCES UNDER APPLICATION OF A TORSIONAL FORCE 

5.1 Introduction 

Failure under torsion of a safety mechanism (a shear bolt in the present work) is essential 

in prosthetic applications. Existing methods have factory-set maximum torsion levels of 15±2Nm. 

Experimental torsion tests were executed via two different methods to analyze how varying bolt 

parameters such as material of construction, notch minor diameter, notch location, and notch width 

affected the bolts’ behavior. Both unmodified and modified titanium bolts were employed, and 

experimental results were compared to manual calculations and FEA predictions to determine the 

parameters of greatest influence. 

5.2 Materials and Methods 

 An initial setup comprising a Durofix Digital Angle Torque Adapter, a 13mm socket, a half-inch 

drive ratchet, a breaker bar, a clamp, and a custom steel fixture were employed at the University 

of Maine Advanced Structures and Composites Center. The fixture was fastened to the base of an 

Instron 8872 machine via six M10 bolts, and the modified experimental bolts were fully threaded 

22mm into the fixture. To apply torque, a socket was applied to the digital torque wrench, which 

was attached to the ratchet and breaker bar, and then the assembly was attached to the bolt in the 

fixture. Force was manually applied by rotating the ratchet in a clockwise direction until the bolt 

yielded and failed. The maximum torque applied was recorded by the digital torque adapter. Two 

unmodified titanium bolts were tested initially, but the torsion values at which they failed were 

inconsistent and unreliable. The Digital Angle Torque Adapter, 13mm socket, ratchet, and the 
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breaker bar were difficult to keep together during the tests, and the test method was found to be 

extremely difficult to control without an automated machine.  

A second torsion testing method was developed to address the shortcomings of the initial 

protocol. The new testing system comprised an Instron hydraulic test frame with torque capacity 

up to 100Nm and a custom-made steel fixture for the modified bolts. A custom attachment was 

also created for connection of the Instron loading nose to the hex bolt head. The bolts were fully 

threaded 22mm into the fixture and the loading nose applied torque via twisting the head of the 

bolt. Experimental data was produced in the form of torque, rotary displacement, and time. The 

new method was proven successful and effective for the present work. 

 Six Grade 5 titanium M8 bolts were obtained from McMaster-Carr and manually modified with 

a lathe to have notches that varied in notch minor diameter. Table 22 reports the dimensions of 

the modified bolts employed in the experimental torsion tests. It is noted that the bolt geometries 

were named alphabetically based on their geometry, followed by a number representing the 

numerical identity within the specified sequence of a given geometry. For example, bolt S was 

produced in a quantity of two. Therefore, the bolts in its respective group were named S1 and S2. 

The results predicted by initial manual calculations were that the bolts with smaller notch minor 

diameters would require less force to fail than the bolts with larger notch minor diameters.  

Table 22. Titanium Bolt Modifications for Torsion Tests. 

Bolt Length (mm) Notch Minor 

Diameter 

(mm) 

Notch Width 

(mm) 

QTY Radius on 

Notch Corner 

(mm) 

S 12 2 5 2 2 

T 12 3 5 2 2 

U 12 4 5 2 2 
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5.3 Results and Discussions 

The Instron hydraulic test frame effectively applied torsion to the hex heads of bolts S, T, 

and U and caused failure at the notches, rather than the threads (as seen in the early bending tests). 

An additional benefit to the new test method was an increased number of data points for analysis 

versus the single maximum force value obtained from the initial torsion testing method.  

Figures 67, 68, and 69, present plots of bolt head rotation versus applied torque for bolts 

S, T, and U, respectively. An important note is that all plots were translated in both axes to start at 

the origin to address the presence of initial slack in the custom tooling. 

  

Figure 67. Plot of rotation versus torque for bolts S1 and S2 (minor diameters of 2mm). S1 is 

shown in blue and S2 is shown in orange.  
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Figure 68. Plot of rotation versus torque for bolts T1 and T2 (minor diameters of 3mm). T1 is 

shown in orange and T2 is shown in blue.  

 

Figure 69. Plot of rotation versus torque for bolts U1 and U2 (minor diameters of 4mm). U1 is 

shown in blue and U2 is shown in orange. 
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FEA plots for bolts S, T, and U (varied notch minor diameters of 2mm, 3mm, and 4mm, 

respectively) are presented in Figures 70, 71 and 72.  

 

Figure 70. FEA plot as rotation versus torque for bolt S (minor diameter of 2mm). 

 

Figure 71. FEA plot as rotation versus torque for bolt T (minor diameter of 3mm). 
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Figure 72. FEA plot as rotation versus torque for bolt U (minor diameter of 4mm). 
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reached. Further analysis would be needed to understand the limited rotation observed in the FEA 

model.  

5.4 Conclusions Regarding Shear Bolt Failure Under Torsion Conditions 

Failure under torsion of a safety mechanism (a shear bolt in the present work) is essential 

in prosthetic applications. Experimental torsion tests were executed via employment of an Instron 

hydraulic test frame, a custom steel fixture, and custom tooling, to analyze how varying bolt notch 

minor diameter affected the bolts’ behavior when torsion forces were applied. For preliminary 

tests, there was satisfactory reproducibility in the test method. The desired torque failure values 

were reached, as such no further exploration of the impact of bolt geometry was undertaken. 

However, further studies would likely include a different material of construction to address the 

bending challenges, which would require additional torsion studies. The FEA plots did not 

represent the experimental data in terms of rotation but did however produce torque values that 

were in close proximity to the experimental torque failure results. Additional investigation would 

be required to understand underestimation of the FEA model with regard to the overall rotation.  
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6  Conclusions and Future Work 

6.1 Conclusions 

    Common attachment mechanisms for external prosthetic components to a residual limb, that 

is, sockets, pose numerous challenges. Issues include skin irritation, discomfort, socket fit issues, 

and immobility. Transcutaneous implants have great potential as a connection method for external 

prosthetic components to a residual limb, especially with the porous metal developments of the 

UMaine foam metals research group that address the previous issues of infections with existing 

solid transcutaneous implants. Only one such system is FDA-approved but is inadequate due to its 

corresponding high infection rates and suboptimal fail-safe mechanism. Hence, the present work 

was undertaken to develop an optimized fail-safe mechanism to be incorporated into a porous 

metal transcutaneous implant system.  

Transcutaneous porous metal implants are a promising solution to the challenges resulting 

from solid transcutaneous implants for attachment to prosthetic devices. However, a thoroughly 

engineered fail-safe mechanism is essential to protect the user’s residual limb and surrounding 

tissues. Existing fail-safe devices do not provide complete release, which is an extreme risk for the 

user. The proposed mechanism of a shear bolt would allow for a full breakaway as a result of 

dangerous loads and could in theory predictably fail under any applied load. A combination of 

manual calculations, FEA modeling, and mechanical testing were employed to evaluate the effect 

of a variety of shear bolt parameters on the forces at failure. Manual calculations and FEA 

modeling were employed to predict shear bolt geometries which would lead to failure under 

specific load conditions.  Mechanical testing was subsequently employed to verify the calculations 

and model predictions. Bending force and torsional force experimental test methods were 

established and provided data regarding the force-displacement performance of modified bolts’ 
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notch geometry. Generally, notches placed closer to the threads of the bolts withstood less force. 

Both titanium and high strength steel were tested. Titanium displayed much greater levels of 

plasticity than the high strength steel showed, although the latter withstood larger loads. Overall, 

shear bolts of steel were found to be more brittle and closer to a material of interest for the purpose 

of the present work.  

The bending experiments of titanium bolts indicated that titanium was too ductile a material 

for the proposed use of the shear bolts. Greater notch widths were shown to withstand greater 

forces, which may have been attributed to the material’s plasticity. The observed trend of 

decreasing displacement at failure with increasing notch diameter may have suggested that the 

greater the residual material in the notch the less plasticity the bolt exhibits and hence the less 

displacement required to induce failure. There was no definite trend observed with regard to the 

notch width of the steel bolts. However, an increase in minor diameter was observed to correlate 

to an increase in failure force (fracture force). The high strength steel bending tests showed 

plasticity, but not to the same extent as the titanium bolts. However, the steel bolts withstood 

significantly greater forces than the titanium bolts, which is problematic for the use of a shear bolt 

as a safety method for prosthetic detachment. The torsion forces required to cause the titanium 

bolts to fail reached the desired range of 15±2Nm, so no further exploration was performed in the 

present work. 

FEA modeling was employed for both bending tests and torsion tests. The FEA plots did 

not correlate well with the experimental data, other than at low displacements. Some models 

displayed incomplete plots, potentially due to computational crashes as a result of excessive 

deformation of mesh elements near the notch. The FEA plots of torsion did not represent the 

experimental data in terms of rotation but did produce torque values that were in close proximity 
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to the experimental results. Additionally, a consistent trend was shown across all torsion FEA 

plots, displaying an initial steep slope followed by a drastic change to a much more gradual slope 

once plasticity had started to occur. 

Though a fail-safe mechanism was not finalized, an improved understanding of the 

performance and governing parameters of a notched shear bolt was established. Effective 

experimental testing methods were developed and employed in both bending and torsion tests, and 

ways for additional improvements were identified for future testing. The bending forces required 

to shear the various tested bolts were significantly higher than required for the desired application. 

The desired torsion failure forces however were met. Additional materials will likely need to be 

explored to address the need for a shear bolt that fails under both controlled bending forces and 

controlled torsion forces, which would entail expanded studies for both bending and torsion. 

6.2 Future Work 

Future studies are warranted prior to the present work being implemented as a fail-safe 

mechanism for attachment of a prosthetic to a residual limb. The torsional forces at failure were 

within the desired failure range, but the bending forces at failure were deemed too large, and 

therefore additional work would be required to achieve a shear bolt capable of controlled failure 

as a result of either bending forces or torsional forces. Only bending and torsion were considered 

in the present work; future studies should consider fatigue testing. In addition to fatigue testing, 

crack propagation should also be considered as a way to cause failure of a high strength material 

under smaller loads. One potential design that could be analyzed is a triangular notch, rather than 

a curved notch presented in the current work. A triangular notch could possibly lead to fracture 

under smaller loads and eliminate observed plasticity. The bending and torsion tests should also 

be expanded to a test a greater variation of brittle materials such as ceramics, or potentially 
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composites. It is noted that the experimental bending force test method had multiple variables that 

may have affected the results. Therefore, the method should be developed further. Specifically, a 

means to attach the cable to the bolt to enable application of consistently perpendicular force would 

be beneficial. Overall, valuable data was produced in the present work regarding numerous 

notched bolts’ geometries, and the effect of various materials of construction. Further, 

experimental test methods for bending forces and torsion forces were developed. It is considered 

therefore that a significant portion of the work necessary to develop an effective fail-safe 

mechanism capable of complete release of a prosthetic from a residual limb up application of force 

in excess of daily activity has been accomplished. 
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