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Abstract

In the Da Nang Orthopedic and Rehabilitation Centre (DNORC) many below-knee prosthesis are prescribed. These modular prostheses are developed and designed by the International Committee of the Red Cross (ICRC). 

For many years, the prostheses are used successfully. In the current situation, it is assumed that the prosthesis as a whole has an acceptable life-expectancy of three years.  

Still, there are some shortcomings in using this prosthesis; the current prosthetic foot has a significant lower life-expectancy (nine to fifteen months) than the rest of the prosthesis. This means that the foot has a life-expectancy of less than half the life-expectancy of the prosthesis as a whole. 

With a donation of fifty donated Niagara feet, a solution might be found.  However, the question is whether the foot is appropriate for use in the DNORC. This since the durability is not the only criteria for appropriate orthopedic technology in low-income countries.
To cover most of the appropriate criteria, questionnaires are used. These questionnaires for the technicians and patients function to measure the satisfaction level in using the Niagara foot. 
The results show that mainly the patients are highly satisfied with their prosthesis. With an average score of 9,0 (on a scale 1 to 10), it can be concluded that the foot is appropriate for the patient. 

However, looking at the prosthesists questionnaires, the results are fairly less satisfactory. The technicians experience many problems in assembling and fitting of the prosthesis with the Niagara foot. So far, the foot appeared to be suited with the patient completely wrong. This research has resulted in many discussion and deliberations. In this, it became clear that the technicians have little to no knowledge on prosthetic dynamic feet. 

The occurring problems are solved along the implementation of this study. Fact is, that only in the end of this study, the foot is fitted with the patient as it should be according to the designers. 
Reviewing the criteria for appropriate technology in Vietnam, the Niagara foot does not score all aspects. Mainly in low costs, the foot fails dramatically. 
Hereby, the Niagara foot is stated to be partly appropriate for the DNROC; the patients are satisfied but; de foot does not score on all appropriate criteria; and the technicians are not (yet) satisfied in using this Niagara foot.  
Samenvatting
Binnen het Da Nang orthopaedioc and Rehabilitation Centre (DNORC) worden veel onderbeen prothesen voorgeschreven. Deze modulaire prothesen zijn ontwikkeld en opgebouwd door het Rode Kruis (ICRC). 

Al vele jaren worden deze prothesen succesvol gebruikt. In de huidige situatie wordt er vanuit gegaan dat de prothese drie jaar meegaat. Dit is een acceptabele periode voor een prothese. Toch zijn er tekortkomingen; de huidig gebruikte prothesevoet heeft een veel lagere duurzaamheid dan de rest van de prothese. 

De door het Rode kruis ontworpen prothese voet, behorende tot het modulaire systeem, heeft slechts een levensverwachting van negen to vijftien maanden. Dit betekend dat de voet slechts de helft van de totale levenverwachting van de prothese heeft.

Om dit probleem op te lossen wordt er gezocht naar een meer duurzame prothesevoet. 

Met de komst van vijftig gedoneerde Niagara prothesevoeten, is er misschien een oplossing gevonden. De vraag is echter of de voet wel geschikt is voor gebruik in het DNORC. Duurzaamheid is namelijk niet de enige factor die een rol speelt bij het succesvolle gebruik van een orthopedisch product. Meerdere belangrijke aspecten zijn gevonden die een rol spelen in het bepalen van een gepaste techniek in laaginkomens landen. 

Om een groot deel deze aspecten te belichten, is door middel van vragenlijsten onderzocht hoe hoog de tevredenheid ligt in het gebruik van de Niagara voet. Dit voor zowel de orthopedisch instrumentmakers als voor de patiënten groep. 

De resultaten geven aan dat voornamelijk de patiëntgroep erg tevreden is met zijn of haar prothese met de Niagara voet. Met gemiddeldes rond de 9 (op een schaal van 0 tot 10), kan worden vastgesteld dat de voet voor de patiënt gepast is. 

Echter, kijkend naar de vragenlijst voor de orthopedisch instrumentmakers, zijn de resultaten minder succesvol. De instrumentmakers ervaren veel problemen in het vervaardigen en bevestigen van een prothese met de Niagara voet. De voet bleek tot dusver totaal verkeerd te zijn geleverd aan de patiënten. Het onderzoek heeft veel discussies en overleg tot gevolg gehad. Hierbij is voornamelijk aan het licht gekomen dat de instrumentmakers weinig tot geen kennis hebben van dynamische voeten.

De problemen die zich voordeden zijn zoveel mogelijk tijdens het onderzoek opgelost. Pas aan het eind van dit onderzoek is de voet daadwerkelijk voorgeschreven zoals dit bedoelt is vanuit de ontwerpers.

Kijkend naar de aspecten voor gepaste technologie in Vietnam, scoort de Niagara voet niet op alle punten. Voornamelijk op gebied van lage kosten schiet de voet veel tekort. 

De voet is hiermee dus maar gedeeltelijk gepast gebleken voor het revalidatiecentrum in Da Nang; de patiënten zijn erg tevreden maar de Niagara voet scoort niet op alle fronten en daarbij zijn de instrumentmakers (nog) niet blij met deze voet. 
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Introduction

The Niagara foot is a new high-energy and durable prosthesic foot designed by Robert Gabourie (Niagara Prosthetics & Orthotics International Ltd.), intended to be used in developed countries.  The foot is designed specifically to be used by lower limb (TT-) amputees with active lifestyles and for those who need durable prosthetic feet.  
Fifty of these Niagara feet were donated to the Da Nang Orthopaedic and Rehabilitation Centre (DNORC) by the organisation Children of Vietnam. This donation is done only once, therefore this special foot can not be supplied on a regular basis.

This study is meant to point out any difficulties or success in the use of the Niagara-foot (slightly compared to the currently used rubber SACH foot) and will be carried out similar to the pilot study done in Thailand on this foot. In using questionnaires, the patients are asked to grade their satisfaction level with the Niagara foot immediately after fitting and after a three-month period of using it. Further feedback will be gained from the prosthesists in order to receive a general satisfaction view on using the Niagara foot in the DNORC.

If the Niagara foot turns out to be successfully for the Vietnamese patients as well as for the prosthesists, the future might bring new donations and more patients can be fitted with more durable feet. 

1 Background 
This chapter will give a description of the problems faced by Vietnam and the issues that need to be solved in the Da Nang Orthopaedics and Rehabilitation Centre (DNORC).

1.1 Vietnam and its landmine issue
More than 30 years ago, the Vietnam War ended. However, innocent Vietnamese citizen are still being killed by its remains each day. During the war, American, South Vietnamese, North Vietnamese and French forces have fought a tough battle to conquer Vietnam. In order to do so they used numerous bombs, grenades and landmines. Many of these explosives are still scattered (unexploded) across Vietnam waiting to be cleared. 

Recent numbers of mine casualties in Vietnam are unknown. The most up- to-date available nationwide statistics continued to be those released by the Ministry of Labour, Invalids and Social Affairs in December 2000. These statistics reported 38,849 people killed and 65,852 injured primarily to the lower limbs since 1975 (Landmine monitor report, 2006). A number that has most definitely increased with thousands of new amputated victims in the past years, and a number that will continue to grow for many years to come. 

In 2005, the government has officially stated that it’s spending hundreds of billions of Dong (Vietnamese currency) each year on demining its country. Despite this expends, there is no current national strategy for clearing the unexploded landmines.

Fortunately, there are many aid organizations such as: the International Committee of the Red Cross (ICRC), Vietnam Assistance for the Handicapped, Children of Vietnam and Clear Path International. These organizations have established rehabilitation programs and orthopaedic centres throughout Vietnam. One of these centres being the Da Nang Orthopaedic and Rehabilitation Centre (DNORC). This centre is offering health services by providing prosthetic limbs and socio-economic rehabilitation programs for the mine victims.

In the DNORC, the Red Cross (ICRC) has achieved to develop an independent production process for the components used in the locally-made-devices. All components are locally produced by polypropylene (PP) melting techniques. Hereby, a below-knee (BK) prosthetic will consist a high percentage of this material; (partly) PP-prosthetic foot, PP-bars and PP-adapters. In this PP technology, the PP is melted and injected into moulds that are supplied by the ICRC. Every piece of PP that gets lost along the production process will be recollected and remoulded for new parts.
The self providence of the PP-components makes the orthopaedic department highly efficient. The devices are produced faster (no transport), easier (never out of parts) and most importantly cheaper in comparison to import products. 

A successful story, so it seems, but problems in the prosthetic device might occur after long term usage. ‘No major or frequent breakdowns of the polypropylene prosthetic components were found. While the prosthetic polypropylene components were satisfactory, the rubber foot was a major cause of early breakdown’ (T.T. Verhoeff; P.A. Poetsma; L. Gasser; H. Tung, 1999).
Similar results are found in the DNORC since the foot that is used, causes early failure. New solutions for improved quality and durability have not yet occurred. As this is said, fifty new prosthetic Niagara feet have recently been donated to the DNORC. As it assures to be specially designed for low-income, tropical countries it might be the answer to all problems.  

This study will explore the possibilities of the new foot and compare the new and currently used foot for the patients in the DNORC. The main goal of this research is to explore whether the recent problems in prosthetic foot usage is replaced by (more) successful use with Niagara foot (Figure 1-1). 
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Figure 1‑1: The Niagara foot
1.2 Problem question
The problem question of this study is the following:

‘Is the Niagara foot the appropriate solution to the problems occurring in usage of the locally produced ICRC rubber SACH foot by transtibial-amputee patients in the DNORC and surroundings?’  
1.2.1 Explanation of the concepts of the problem question
The concepts used in the problem statement which might need further explanation, are described below.

Niagara foot

The Niagara foot is a dynamic response foot designed for low-income countries like Vietnam. Dynamic feet are indicated for people whose gait pattern generates enough energy to be worth storing. For this reason the feet are often called "energy storing feet." The feet incorporate an elastic keel structure that absorbs energy during mid- and terminal stance, "releasing" it during pre-swing and initial swing.
Appropriate technology (prosthetic foot)

Appropriate technology (AT) has the same definition but a different meaning in every part of the world. Looking at prosthetic feet, one foot could be highly appropriate in the Western industrialized and developed world. However, the same foot can be highly inappropriate or useless in low income countries like Vietnam. Therefore, prosthetic technology needs to be designed to certain standards and criteria in order to be appropriate for the intended location. 
Wikipedia (2009) defines AT for low income countries as being ‘a technology that is designed with special consideration to the environmental, ethical, cultural, social and economical aspects of the community it is intended for. With these goals in mind, AT typically requires fewer resources, is easier to maintain, has a lower overall cost and less of an impact on the environment compared to industrialized practices.’
Problems in prosthetic feet usage

So far, the Red Cross (ICRC) PP-technology is used to provide patients with proper lower limb prosthetics. Research states that the minimal (acceptable) life expectancy for PP prosthetics as a whole must be three years (J. Craig, 2005). Thereby, the prosthesis is financed by the ICRC once every three years (J. Steen Jensen and S. Heim, 2000).
The prosthesis as a whole seem to endure the three years of use. However, on regular basis problems occur in the artificial feet, forcing patients to come back to the centre for repair. This causes problems in many Vietnamese lives since ‘a day’s wage is lost every time a patient must travel to the clinic to have a prosthetic limb component repaired or replaced’ (M. Beshai and T. Bryant, 2003).  

With half of the minimum life expectancy, the rubber feet tend to cause early failure and provide a challenge for many prosthesists.

ICRC rubber SACH foot

SACH is an acronym for "Solid Ankle, Cushioned Heel," and refers to a compressible heel wedge that provides pseudo-plantar flexion after heel strike. The SACH’s rigid keel provides midstance stability but little lateral movement. The SACH feet are frequently prescribed because it is inexpensive, light, durable and life-like. The main advantage of this foot is that it has no contraindications. In the wide variety of SACH feet, the ICRC has developed a new foot. This ICRC SACH foot is specially designed to withstand the conditions in Asia, specifically Vietnam.

Transtibial(TT)-amputee patients

‘Trans’ means ‘trough’ and ‘tibial’ is the main bone occurring in a human’s lower leg. Transtibial amputation is therefore literally translated as ‘trough the tibial’ amputation. More commonly used is the term ‘below knee’ amputation. Below knee is defined as ‘an amputation above the ankle, classified as long, medium or short.’ (Below knee prosthetics, ms.
)
DNORC and surroundings 

DNORC is an acronym for the Da Nang Orthopaedic and Rehabilitation Centre located in Da Nang, Vietnam. Directly placed under the Ministry of Labour, Invalids and Social Affairs it serves central Vietnam with medical care. The centre includes a wide variety in their staff members like doctors, nurses, physical therapists and prosthesists. Therefore it is able to provide complete medical care to the many land mine victims still occurring in Vietnam.  

1.2.2 Research questions

The research questions as derived from the problem question are:

1. What are the problems with the ICRC rubber SACH foot?
2. What are demands and needs for prosthesis foot usage in Vietnam?
3. What are the advantages and disadvantages in using the Niagara foot?

4. What are the differences between the rubber and the Niagara foot in terms of their appropriateness?
5. Will the Niagara foot improve the current situation for the patients in terms of satisfactory prosthetic use?

6. Will the Niagara foot improve the current situation for the orthopaedic technicians in terms of alignment, assembly and finishing?

7. Is the Niagara foot theoretically the solution for the DNORC patients?

These research questions will be answered in the following four chapters of this study. 
2 Theoretical framework on prosthetic feet

This chapter starts by describing the general criteria for proper functioning prosthetic feet both for the developed and the developing world (§2.1). When addressing to low-income countries, it is important that prosthetic feet are developed appropriately. Focusing on this technical appropriateness, the twelve most important criteria are listed in §2.1.2. Along with these criteria the Red Cross (ICRC) rubber SACH feet is explored for its appropriateness (§2.2). In §2.3 the new dynamic Niagara foot will be addressed, revealing its design, functioning and appropriateness for use in Vietnam.

2.1 Criteria for prosthetic feet

2.1.1 Functional criteria for prosthetic feet 

The prosthetic foot is an important component of the below knee prosthesis. The primary purpose of the prosthetic foot is to serve in place of the anatomical foot and ankle. In doing this, the prosthetic foot must at least provide four functions; movement simulation, shock absortion, stability and comesis. (University of Texas, ms.)
Movement in the normal human foot and ankle is allowed trough joints. The talocrural joint allows plantar flexion and dorsiflexion and the subtalar joint allows eversion en inversion. Other foot-joints (particularly the metatarso-phalangeal joints) allow smooth roll-over during heel-off and toe-off. These motions are vital for normal energy efficient gait and are particularly important during ambulation on uneven ground. Successful and efficient gait with a prosthetic foot is therefore largely dependent upon the ability of the foot to simulate normal joint function. 
Shock absorption is important in declining forces. The foot must absorb the impact of heel strike and weight acceptance without transmitting excessive forces to the residual limb. Too much shock absorption, on the other hand, might fail to result in the normal knee flexion moment during loading response (foot flat) resulting in an unacceptable gait pattern. 
Stability must be good in order to eliminate any chance of the patient falling down. A stable weight bearing base is mainly important during stance phase (during gait) or when the amputee is standing.

While functioning of the prosthetic foot might be of primary concern to the prosthesist, the importance of cosmesis and life-like appearance cannot be overlooked.

2.1.2 Criteria for appropriate prosthetic feet in low-income countries

In the decision whether a prosthetic foot is appropriate and suited for a specific region, more aspects need to be added to the general criteria listed above. The actual application process of the foot and the production process are also of high importance. Hence, a foot could be perfect according to the four general criteria but for application in a developed or low-income country it could be fairly inappropriate. 

Clearly, multiple factors and demands must be considered in applying prosthetic feet. The Vietnamese Training Centre for Orthopaedic Technologists (VIETCOT, ms.) as well as D. Cummings (1996) attempted to identify a list of the priorities for appropriate prosthetics and orthotics in low-income countries. Merging the most important factors from both lists, there are twelve factors applicable for appropriate prosthetic technology (for explanation of these criteria, see Appendix 1);

1. Proper biomechanical function according to international criteria

2. Reliable technical function

3. Low costs
4. National, regional or local availability of materials, whenever possible

5. Climatic and environmental adaptation

6. Manual or low tech manufacturing procedures

7. Simplification of repair and maintenance

8. Standardization of components

9. Durability

10. Light weight

11. Reproducibility by untrained or low level trained local personnel

12. Psycho-social demands of the target group 

2.2 The prosthetic ICRC rubber SACH foot 

Internal keel SACH (Solid Ankle Cushioned Heel) feet, have a solid core surrounded by rubber and foams. As it is stated by prosthetic producer Otto Bock (OttoBock.com, ms.) it is ‘a foot chosen especially for less active persons with a low mobility grade and a pronounced need for security’.

The SACH foot that is designed and produced in developed countries are often found to be inappropriate for use in low-income countries. The main causes for this inappropriateness are high costs and climate concerns. Therefore, the ICRC (International Committee of the Red Cross) designed a special SACH foot to conquer these problems. 
The lifelike Red Cross SACH foot is made from rubber and polypropylene only, what is waterproof material. This already results in higher appropriateness for using this foot in Vietnam. The rigid keel is made of the thermo-moulded-poly-propylene (sheet material, granulate or recycled PP) and the rest of the foot consists out of rubber, an indigenous material to Vietnam. Both the rubber and the PP are manufactured by thermo-moulding in special metal moulds. Local manufacturing is hereby possible after minimum tooling investment. (For visual explanation of the ICRC SACH foot production, see Appendix 2) 
So far, the ICRC SACH foot is the only available foot in the DNORC. This means that the ICRC rubber foot is described for (almost) every patient in all categories. 
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Figure 2‑1: The ICRC rubber SACH foot

2.2.1 Functional analysis

In the functional analysis, the four general criteria (p..) will be addressed for the Red Cross rubber SACH foot. 

In movement simulation, the ICRC rubber SACH foot is not highly functional. The foot has no movable components, so all motions must be approximated by the rubber surrounding the keel. in this, plantar flexion is simulated by the compression of the heel wedge. Dorsiflexion is not allowed by the SACH foot. Like the dorsiflexion, inversion and eversion are not allowed. Though, small forces in the medio-lateral (ML) plane are subdued by compression of the rubber sole. The toe break (metatarso-phalangeal dorsiflexion) is partly simulated. This is done by the flexible toe portion as the resultant force passes beyond the end of the solid keel at the toe break.

Shock absorption in the ICRC SACH foot is acceptable. The absorption mainly depends upon the density of the heel cushion material. As expensive and high quality materials are not available, other solutions have to be found. In the ICRC rubber feet, pieces of low density rubber are added in the heel. The used rubber, however, isn’t produced in constant quality due to local and manual production. This can result in patient dissatisfaction. 

Addressing to the stability of the foot, the appropriateness is discussable. The stability is controlled by two determinants; the density of the heel cushion and the dimensions of the keel (the length and width). 

As mentioned, the density in the rubber feet produced in the DNORC is not of constant quality due to human-controlled production. Therefore the produced feet can vary in heel density, thus stated by local producers to be within reasonable limits. The keel that is recently used is defined to be too short since it causes early failure of the rubber foot (see figure 2-2). Therefore during this research a new (longer) keel is being designed and developed. The width of the keel is kept to a maximum possible to be manufactured, for highest stability possible. 
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Figure 2‑2: Failure in ICRC rubber SACH foot

2.2.2 Meeting the appropriate criteria 

The ICRC SACH foot is specially designed for Low-Income countries such as Vietnam. Therefore, it is assumed to be appropriate for the conditions found in the DNORC.  By means of the list for appropriate technology (Appendix 1) the ICRC foot is reviewed on its effectiveness in meeting these requirements.
1. Proper biomechanical function according to international criteria

2. Reliable technical function

At initial use of the rubber foot, the rubber is fairly stiff. After intensive use, the rubber starts to wear and become more flexible. Intensive usage finally ends in a foot that is too flexible. The rubber fares and breaks, causing failure in its biomechanical and technical function. 

The problem with the ICRC rubber SACH foot is the local production and control. Manufacturing the foot is a human controlled process what makes preserving constant quality is almost impossible. Proper quality control is lacking since production is carried out by one manufacturer who is responsible for the quality control of all produced feet. 

3. Low costs
The feet can be produced locally (this saves transportation costs) with a single investment in simple moulding machines. The machines can be controlled by one single employee who can both produce and check the prosthetic feet (with the above stated quality concern kept in mind). The feet are recently produced for a price of approximately $10 (U.S.) (DNORC pricelist, 2008).
4. National, regional or local availability of materials, whenever possible

The main components consist of polypropylene and rubber, rubber is an indigenous material in Vietnam which makes it fairly cheap. No time or money is wasted on waiting for components and importation from foreign countries. 

5. Climatic and environmental adaptation

The ICRC foot consists of PP and rubber, both water resistant materials The PP is rarely the cause of early breakdown of the rubber foot, the rubber part on the contrary is. Due to exhibition to UV-radiation and ‘extreme’ hot and dry weather, rubber is rapidly worn out and can break under pressure of the patients’ weight (see figure 2-2). 
6. Manual or low tech manufacturing procedures

All parts of the ICRC rubber foot are produced manually or with low-tech human-controlled machinery (see Appendix 2; Production the ICRC SACH foot).
7. Simplification of repair and maintenance

The foot is as simplified as possible, if something in the foot breaks down the whole foot needs to be replaced. “Prosthetic feet that have the cosmesis inseparable from the keel encounter a common problem: once the prosthetic foot is damaged, the patient can no longer use it, as the biomechanical capabilities of the foot are compromised” (M. Beshai and T. Bryant, 2003). Any complicated repair or maintenance is not necessary.

8. Standardization of components

All components are standardized. The whole production process of the feet is done by moulding PP and/or rubber into standardized moulds.

9. Durability 

Even though the foot strives to be acceptable durable, it still remains a weak part. Literature states that the ICRC prosthetic foot is found to be the least durable component in the ICRC prosthesis as a whole. “The foot is still the weakest part of the prosthesis and must be improved in terms of durability without losing properties needed for good gait” (J. Craig, 2005). Further studies prove the life-expectancy of the ICRC rubber foot to be nine to fifteen months (J. Steen Jensen and S. Heim, 1999). A more durable solution is still pursued.

10. Light weight

The weight of the foot is discussable since it is relatively heavy due to the high density rubber. Exact data about the weight of the ICRC or Western SACH feet are lacking. 

11. Reproducibility by untrained or low level trained local personnel

Currently, the foot is mass-produced by one highly experienced (but untrained) employee. This employee teaches the younger generation how to produce the rubber feet. This proves that the process is reproducible by untrained or low level local personnel.

12. Psycho-social demands of the target group (e.g. adequate cosmetic)

The cosmesis of the foot is generally well accepted (J. Steen Jensen and S. Heim, 2000). Still complaints exist about other demands like squatting and kneeling. The SACH foot is found to lack the possibility of squatting in comparative study according to Bhagwan Mahaveer Viklang Sahayata Samiti, Jaipur. ‘Squatting is not possible with SACH foot as it requires dorsiflexion at ankle joint, which due to its rigid keel is not possible´
2.2.3 SACH, the ultimate solution?

The ICRC rubber SACH foot is designed to respond to the needs in low-income countries like Vietnam. 

One of the main positive aspect is the low costs for producing this foot, with regard to the local availability of the raw materials. Furthermore, the foot has a low maintenance level which prevents patients from having to travel to the clinic in case of early failure. Another important criterion is that the manufacturing of the SACH foot is easily done by either low- or untrained personnel. Weather resistance is discussable in this case; the foot is designed to be weather resistant by using water resistant materials (PP and rubber). Still, the foot tends to fare and break down earlier than desired. The rubberier will lose its capacities as it is used day in day out. Climate conditions impacts the rubber as the weather in Vietnam changes quickly between dry (UV-radiation), wet, sunshine and dirt from the fields. 

Looking at the down-side in using the rubber SACH foot, the main criterion pointed out in all literature is the durability of the SACH foot. As the prosthesis is supposed to sustain for a period of three years, the SACH foot is found to remain intact for nine to fifteen months. This means the foot has to be replaced two or three times more often compared to the rest of the prosthesis. Another factor which makes the SACH foot partly inappropriate is the complaint in the possibility of squatting and kneeling with the prosthesis, partly due to the rigidness of the SACH foot. Finally, the weight of the foot is relatively high due to the use of high density rubber for producing this foot. 

Concluding, the ICRC rubber SACH foot seems to be appropriate up to a certain level. This level is proven to be acceptable so far, probably due to lack of more appropriate solutions. That is why international aid agencies are still ‘making many attempts to produce prosthetic feet that will meet all the demands of low-income countries’ (J. Craig, 2005).
2.3 The dynamic Niagara foot

In order to meet more of the demands on prosthetic feet for low-income countries, R. Gabourie has developed a new durable, high-tech solution (M. Beshai and T. Bryant, 2003); The Niagara foot. A dynamic energy return prosthetic foot. 

The Niagara foot is designed to provide affordable high quality prosthetic components to individuals with lower limb amputations and high activity level in regions of the world under-serviced by currently available devices (OandP.com, 2003).
The Niagara foot was developed and designed by the Human mobility Research Centre (HMRC, Queen’s University and Kingston General Hospital, Kingston, Canada) and the Ergonomics research group (Erg, Queen’s University, Kingston, Canada) under contract with Robert Gabourie, Niagara Prosthetics and Orthotics (NPO).

Important in designing the foot is the possibility to be modular with existing prosthesis shafts, used in host nations. Further notice is given to the production process. The process is stated to be unique because of its single unit construction and its ability to be mass-produced. (T. Ziolo et al, 2001)
The material used to manufacture the Niagara foot is another important factor in the development. After consideration of stress analysis effects and load-deflection characteristics of a wide variety of potential materials, three different shapes of the Niagara foot were developed. All models were composed of injection-mouldable thermoplastics. The further selection of the best model was done by stress analyses and patient questionnaires (T. Ziolo et al, 2001). This resulted in the Niagara foot design as now know in the DNORC (see Figure 2-3). The foot is entirely constructed of thermoplastic material (DuPont™ Delrin® acetyl) without any mechanical joints. For aesthetical appearance, the keel is provided with a cosmetic polyurethane cover. (For detailed information on installing the Niagara foot, see Appendix 3; Installation Guide Niagara Foot)
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Figure 2‑3: The Niagara foot keel and cosmetic cover

2.3.1 Functional analysis

The Niagara foot stores and releases energy, which aids in propelling foot forward at toe-off. This provides a smooth gait pattern. In order to fully understand the theoretical principle of the Niagara foot, the shape and design must be defined (see Figure 1-4).

[image: image8.emf]
Figure 2‑4: Niagara foot with definition of its sections
Upon heel strike, the lower C-section or heel deflects upwards, causing the toe portion of the foot to deflect downwards and the contact point to open. As weight is transferred over the foot, energy is released from the heel and the contact point closes. Once contact is made, the compliance of the foot decreases (stiffness increases) in order to prepare for toe off. During this phase, the toe portion deflects and stores energy. As the toe lift off, this energy is released to help propel the limb into the swing phase. (T. Ziolo and J.T. Bryant, 2002). 
In order to compare the functioning of the Niagara foot to the SACH foot (§ 2.4), the Niagara foot will also be addressed in terms of: movement simulation, shock absorption, stability and cosmesis.
Movement simulation in the Niagara foot is primarily done by the flexibility of the keel. Plantar flexion is simulated by the elasticity of the heel. Dorsiflexion is also allowed partly by to the flexible keel as well as by the S-shaped design. In this design, the bolt is allowed to move relative to the rest of the foot. Inversion and eversion both are permitted due to the ability of the flexible keel to ‘twist’ within its cover (or shoe), thus accommodating to uneven ground forces. In the Niagara foot, toe-off and energy return is simulated by the elastic properties of the keel.
Shock absorption in the Niagara foot is good mainly due to the single S-shaped keel design. The S-shaped part acts like a spring in order to provide elastic energy storage and return during the gait cycle. Upon heel strike, the lower C-section or heel deflects upwards, causing the toe portion of the foot to deflect downwards and the contact point to open. 
As weight is transferred over the foot, energy is released from the heel and the contact point closes. Once contact is made, the stiffness of the foot increases in order to prepare for toe-off. During this phase, the toe portion deflects and stores energy. As the toe lifts off, this energy is released to help propel the limb into the swing phase. 
The energy return principle incorporated into the design of the Niagara foot allows the user to walk more naturally than conventional designs. (M. Beshai and T. Bryant, 2003)
The stability provided by the Niagara foot is adequate for most patients with below knee prostheses. The degree of stability provided is dependent upon the degree of flexibility of the knee and the durometer of the heel (for durometers see Appendix 3; Niagara foot Installation Guide). However, earlier studies show that stability is still an concern in using this foot (T. Ziolo and J.T. Bryant, 2002).
2.3.2 Meeting the appropriate criteria

The Niagara foot is specially designed for low-income countries such as Vietnam, therefore it is assumed to be appropriate for the conditions found in the DNORC.  By means of the list for appropriate technology (p…) the Niagara foot is reviewed on its effectiveness in meeting these requirements.
1. Proper biomechanical function according to international criteria

The Niagara Foot has been fully tested, mechanically and in local and international field trials, and surpasses ISO 10328 standards (Ziolo, Zdero and Bryant, 2001).
As concluded in the one year follow-up of the pilot study of the Niagara foot in Thailand (2003), the biomechanical aspects of this foot are noticed. ‘A reduced cadence and increased stride length compared to the original SACH foot in patients is indicated. The flexibility of the heel is a concern for some patients. Increased flexibility under load and during standing suggests to some a lack of stability for activities on uneven terrain.’ Looking at this result from patient questionnaires, the main concern is the stability, caused by the flexibility of the Niagara foot and its energy return capabilities.

2. Reliable technical function

‘The gait performance results at six months suggest that patients are becoming more confident with the foot. The Niagara Foot also increases the loading to other components in the prosthetic system, sometimes causing failure. As such, its use as a retrofit device on older systems should be carefully considered’. According to the Thailand pilot study (K.P. Bryant and J.T. Bryant, 2002), failure is caused due to the fact that the foot is not designed for prosthetic components as used in Vietnam. Therefore, the reliability of the Niagara’s technical function in combination with the modular ICRC system is not guaranteed.
3. Low cost

T. Ziolo et al. (2001) state that the cost for the Niagara foot are “10% of a low end $75 (U.S.) Western SACH foot”. This means that the total costs for this foot would be only $7.50. However, S. Sandford states in 2003 that the costs for the Niagara foot are $35. This shows a high variation between the two prices stated in literature. The costs are definitely increasing due to local unavailability of the Niagara foot’s raw material (DuPont™ Delrin® acetyl).
4. National, regional or local availability of materials, whenever possible

One of the discussable factors of the Niagara foot is the local availability. According to the foot’s designers it is possible to produce the foot locally after investment in simple moulding machines. However, it is questionable whether the foot’s material, DuPont™ Delrin®, is also locally available at a low price. It seems to be that the DuPont material has to be imported since this company has no offices in Vietnam itself. This factor surely undesirably increases the product’s cost. The possibility to produce the feet locally might press the costs, but investment must be ensured for the needed moulding models and machinery. 
5. Climatic and environmental adaptation 
One of the main objectives in designing this foot is to be durable and weather-resistant. M. Beshai and T. Bryant (2003) describe “a foot of durable, high-quality prosthetic components designed specifically for active users in the hot, rough climates of many post-conflict regions”. The Niagara foot material claims to be ‘tropical climate-proof material’ and should be appropriate to the Vietnam climate circumstances.  
6. Functional-wearers are able to perform activities of daily living; 

The pilot study has been performed in order to see whether the patients are satisfied in using the Niagara foot. Overall, the patients are happy with the Niagara foot. Most comments in using the foot concerned practical aspects (aesthetics, shoe fitting etc.) of the foot rather than the functional aspects in daily use such as squatting and kneeling. 

7. Manual or low tech manufacturing procedures

The injection-moulded Niagara Foot uses a special polyacetyl plastic (DuPont™ Delrin®)  that is unique in its combination of elasticity and toughness. Further detailed information about the production process is not available. Though, it is designed for use in low-income countries assumed is that this criteria should be (partly) addressed.

8. Simplification of repair and maintenance

Since the technicians are only provided with the installation guide for the Niagara foot, the simplification aspect is highly important. Described by M. Beshai and T. Bryant (2003), a key aspect of the design of the Niagara Foot is the separation of the keel of the foot from the cosmetic cover. With any damage to the cosmetic cover, the biomechanical use of the foot is not impaired. The cosmetic cover can be simply and cheaply replaced by the patient. Any further maintenance is supposed to be unnecessary. In case the keel shows failure, the keel needs to be replaced rather than any repair can be done. 

9. Standardization of components

The foot consists of a single S-shaped keel with a cosmetic cover. Both components are manufactured by moulding processes into standardized moulds.

10. Durability

Stated in the overview of the Thailand clinical trial (2003):‘the durability of the device is evident. In contrast to the SACH device currently used at the local clinic, there were no failures of the keel after six months in all patients, which is consistent with laboratory testing. Devices showed a limited amount of wear in contact regions and a small permanent upward deformation in the heel region. However, there were a number of failures in the cosmetic foot cover. (…) The durability of the foot was reconfirmed with no failures present at the one-year mark. Limited wear marks were present in contact regions and minor yet permanent deformation was evidenced at the top of the foot and at the toe region was present. Also consistent with the six-month mark, rips were found on the foot cover of many patients”. As stated before, the cosmetic cover is separable from the keel. This extends durability since no mechanical failure will occur in case of cover failure. 
11. Light weight

‘The mechanism of the energy return system also explains comments regarding the Niagara foot such as lighter and softer’ (T. Ziolo and J.T. Bryant, 2002). Certain is that the Niagara foot is relatively light weight compared to the ICRC rubber SACH foot. Exact weight measurements, however, are not carried out.
12. Reproducibility by untrained or low level trained local personnel
No founded judgement can be done since there is no literature that describes the production of the Niagara foot. Though, the production process is said to be a ‘simple’ moulding process and it is designed to function in low-income countries. Therefore it is assumed that this criteria will be (partly) addressed by the Niagara foot.

13. Psycho-social demands of the target group

Overall, the patients are satisfied with the Niagara foot since they feel it is durable and comfortable to walk on. Even though patients were satisfied, general dissatisfaction occurs with the foot’s ability to fit inside their current footwear (T. Ziolo and J.T. Bryant, 2002). The aesthetic appearance is not generally well accepted due Niagara’s space-age design and its non life-like appearance. The cosmetic cover improves the appearance but does not appear natural.
2.3.3 Niagara, the next step? 

Overall, in literature the Niagara foot seems to be highly successful for use in low-income countries. Keeping the criteria (§ 2.1) in mind, the Niagara foot is evaluated for its appropriateness.
The fact that the foot is very low maintenance makes the foot even more ideal for application in low-income countries, in responding to the patient’s need for not having to travel to the clinic for repair or complicated maintenance. 
As the Niagara foot is developed to be a ‘durable, high-quality prosthetic components designed specifically for active users in the hot, rough climates of many post-conflict regions’ it should be competent to withstand most conditions found in Vietnam. The durability is also one of the main factors in designing this foot, a criteria that is proven to be addressed.
The positive aspects in addressing to the appropriate criteria of the Niagara foot are, obviously, important. But, in the decision concerning the application of the Niagara foot, there must certainly be looked at the less appropriate criteria.

As the pilot study and practical trials prove, the foot is not always found to be ideal. The first concern is the aesthetical appearance and practical use. The foot is often too big for the shoe wear of the patients, resulting in forcing the patients to buy new and bigger shoes. The cosmetic cover is often ripped and broken early after initial use, causing not a great problem since it can be replaced quite easily. However, the cover tends to retain water and dirt as it is open on the top for things to pass through. But this problem is ready to be tackled as “In the next phase of the project, the cover will be redesigned to reduce the tendency to rip, retain water, and make it easier to fit into athletic and dress footwear.” (K.P. Bryant and J.T. Bryant, 2002)  

An additional negative criterion is the high cost for the foot, which increases due to local material unavailability and (currently) foreign production.
One of the main issues is that the foot is likely to cause failure in the modular prosthesis used in low-income countries because the foot is not specially designed to non-western prosthesis modules. Designing a general prosthetic foot for every modular system in many low-income countries would be impossible since the modular systems can vary a lot in different low-income countries. 
2.4 Comparing the Niagara foot to the SACH foot 

A few factors in comparing the SACH and the Niagara foot are pointed out, as they are judged to be of high importance.

Durability 

Mr. Gabourie, Niagara developer, pointed out in the same article that SACH feet typically break and need to be replaced six to eight times a year, a frailty that undermines the foot's usefulness. This is put a little out of context since J. Steen Jensen and S. Heim (1999) stated the SACH foot to have a life-expectancy of approximately nine to fifteen months. 
Furthermore, the Niagara foot is tested by cyclic fatigue tests (T. Ziolo, et al 2001). In these tests, the durability of the Niagara foot is compared to the SACH foot terms of cycles similar to the cycles found in natural gait pattern.

During the first 100,000 cycles on the tester, failure occurred on the SACH foot. The Niagara feet that have been tested have made it past this crucial 100,000 cycles point. Hereby, founded conclusion on durability can be drawn: the Niagara foot is more durable than the SACH foot.  
Costs and local availability

As literature states two prices (US $7,50 or $35) for the Niagara foot, consideration must be made. Assumed here is that the $35 price is a more realistic price than $ 7.50, the Niagara foot is far more expensive than the ICRC SACH foot (± $10). 
Manufacturing

Comparison in manufacturing between the two feet is difficult since there is little to no information available about the production of the Niagara foot. Hereby a great deal of information is lacking as the production is an important criteria in determining the appropriateness of the Niagara foot.

Functionality 

In analyzing the different functions, the dynamic aspect of the Niagara foot is the main difference. The ICRC rubber SACH foot is heavy, rigid and energy consuming. The Niagara foot, on the contrary, is dynamic in energy storing and releasing. This should improve the gait pattern and decrease the effort needed for walking, resulting in higher application appropriateness. 
3 Method

By means of the two existing questionnaires (one patient and one prosthesist questionnaire; T. Ziolo and J.T. Bryant, 2001) a great deal of the appropriate technology aspects is meant to be addressed. Possibly, not all aspects will be withdrawn from the questionnaire results but since two different groups of users are approached, most factors are certain to be determined in this research. 

In order to ease the implementation of this research a few small changes in the questionnaires are made. In adjusting the questionnaire changes are kept to a minimum since the results still need to be comparable to the outcome of the pilot study.

3.1 Study design 

The protocol is built up out of two parts; a patient questionnaire and a prosthesist questionnaire. The questionnaire for the prosthesists is an open questionnaire, creating the opportunity for the prosthesists to give their comments. The patient questionnaire consists of ten questions to be answered by grading a score on a visual analogue scale. 

Data are collected at two moments in the fitting process. The interviews with the technicians are executed once during implementation of fitting the Niagara foot. The interviews with patients are held twice, once at initial fitting and after three months of using the Niagara foot.
At the three month follow-up, the patients must fill out the questionnaire and return them to the DNORC by mail. 
3.2 Populations setting

The population for this study exists of the prosthesists and the patients related to the Da Nang Orthopaedic and Rehabilitation Centre. The aim of the study is to question as many patients and prosthesists as possible, according to the criteria stated by the DNORC with a minimum of two in each group. 

In the prosthesists group, the only criterion is that the technician has worked with the Niagara foot in assemblage and fitting. In selecting the patients suitable for using a Niagara foot, criteria are followed as seen in the installation guide, see Appendix 3. 

However, these criteria are not always the same as seen in the DNORC workshop. A large group of patients, as defined by the head of the workshop, are denied for trying the Niagara foot. Therefore, below, the inclusion and exclusion criteria are listed again as defined for the situation in the DNORC. 

Inclusion criteria for fitting a Vietnamese patient with a Niagara foot:
· Patient has a transtibial amputation, irrespective to the cause and length of the amputation;
· Patients have to be physically active in order to exploit the functions of the Niagara foot to the maximum;
· Patient works in a ‘clean’ environment to remain the quality of the foot  ;
· Patient needs to be willing to answer the questionnaire.
Exclusion criteria for fitting a Vietnamese patient with a Niagara foot:
· Farmers working on the land, due to sand and water that will get trapped in the Niagara foot cosmetic cover;
· Women, as in Vietnam it is assumed that women have a lower activity level than men. An unfounded assumption in not prescribing a Niagara foot for women is that women are less capable in using the foot to the maximum in terms of energy return;
· Patients not willing to try the Niagara foot.

3.3 Time frame

The original Pilot study in Thailand covered a one-year period and patients were questioned three times about the performance and satisfaction concerning the Niagara foot. The first questionnaire was completed after initial fitting of the prosthesis, and follow-ups were carried out three and six months after initial fitting. 

The time frame for this particular study is five months, 100 days. Due to this time limit, only two questionnaires will be given to the patients using the Niagara foot. The start of the Vietnam pilot study and data collection is in August 2008 and will end in December 2008. The research is completed in May 2009. 
3.4 Contents and scale pilot study
In this section, the contents, scales and samples of the different parts of the two instruments (patient and prosthesist questionnaires) are described. For an overview of the original instrument, see Appendix 4. An additional physical test is left out due to difficulties in the local implementation.

What must be kept in mind is that the original questionnaire design is specially developed for the Niagara foot pilot study in Thailand. 

3.4.1 Patient questionnaire

In the original patient questionnaire there are ten dimensions to be answered with a visual analogue scale (see Appendix 4). Three dimensions are based on the general response to the foot itself, two relate to the perception of stability with the device, and two are specific to heel strike and toe off. Two dimensions relate to the muscular effort required to move the limb and a final dimension is intended to determine effects at the limb socket interface. A final question deals with the daily utility of the system. These are grouped into categories: Comfort, Dynamic Performance, and Muscular Performance (K.P. Bryant and J.T. Bryant, 2002).

Comfort

The comfort aspect is not specifically directed to the feet, more as directed to the prosthetic device as a whole. Patients might find that there is a discomfort (e.g. due to inappropriate plaster correction) in the alignment or socket. If so, it might effect the functioning of the prosthesis and the satisfaction level of the patient.

The ease of adaptation relates to how patients deal with the new dynamic foot. Is it easier to get used to the Niagara foot after using the old and fairly rigid rubber prosthetic foot? It might indicate the level of improving the prosthetic foot component in general. It shows whether the Niagara foot is moving in the right direction; improving patients’ satisfaction.

In the Thailand pilot study, an increased score for ease of adaptation has been observed after the six-month period. Expected outcome is that the comfort is not drastically improved due to the fact that comfort is usually dominated by the socket component, this part is remained the same with the old or new Niagara foot. Outcomes show that this is a realistic thought since the overall, comfort of the prosthetic system has not changed compared to the original foot. 

In the six-month response, however, there was an unexpected high score for limb-socket contact since a particular foot design is not designed to greatly affect this comfort. This result is granted to statistical anomaly (K.P. Bryant and J.T. Bryant, 2002).
Dynamic performance

The dynamic performance is closely related to the muscular performance. The dynamic performance is mainly covering stability during walking and standing. Heel strike and toe off is included to see whether the dynamic properties of the foot show a great difference in performance compared to the rubber foot. 

The pilot study in Thailand shows that the dynamic performance scores clearly increase over time. Mainly concerning walking stability and toe-off, reported after six months of use. This result suggests that the adaptation period for patients extends up several months during these months the dynamic performance improves. Heel strike and standing stability are stated not to be changed markedly compared to the original foot, mainly due to the flexibility of the heel. (K.P. Bryant and J.T. Bryant, 2002)

Muscular performance

The muscular performance is an important factor of  the Niagara foot since the dynamic design should decrease the muscular effort by storing and releasing energy. 

In the Thailand Pilot Study most dramatic improvements in scores compared to the original foot occurred. These were improvements in the ease of use, minimization of muscular effort and improvement to the opposite leg. This supports the biomechanical principles of design of the device as an energy return system. (K.P. Bryant and J.T. Bryant, 2002)

Based on these results, the muscular performance outcome in Vietnam is also expected to show improvement.

As described by J.T. and K.P. Bryant (2002) the interaction of these variables should reflect how the foot responds during heel strike and toe off. In a SACH foot, the heel “collapses” after it strikes, and provides little stiffness at toe off. As a result, the patient must lift the leg using hip musculature and by rotating the opposite leg. An energy return foot like the Niagara foot, on the contrary, stores energy at heel strike that assists in moving the foot to mid-stance. At toe-off, the propulsive force is stored elastically which assists in accelerating the foot into the swing phase. As a result, less muscular effort should be required from the hip and the opposite limb.
Extra question

An extra question (question 11; ability of full-day Niagara foot use, see Appendix 5) is asked in order to see whether there are any marks missed in the questionnaire. If the patient is unable to wear the prosthesis for the entire day, something is probably wrong in the device. Extra space in the questionnaire is reserved for the patients to have their own comments and/or input on the Niagara foot.

3.4.2 Prosthesist questionnaire

The original prosthesists questionnaire (Appendix 4) mainly focuses on visually inspecting the Niagara foot. A detailed examination of the component is performed to determine any sites of failure, cracking, wear, or cosmetic cover failure.
3.5 Adjusting method

In order to make the questionnaire appropriate and useful for this research, it must be adapted to the local situation in Vietnam. Initially, the intention was to carry out the protocol as it is  described in the Thailand pilot study. However, the circumstances in the DNORC do not allow all parts of this protocol to be carried out as intended. 

The main difference in both studies (Thailand and Vietnam) is the additional physical test for the patients in order to determine the walking performance. This test is excluded for this study. It is left out due to high resistance given by the technicians, underestimating the importance of the physical test. Without the support of the local employees, it is fairly impossible to properly carry out this test. 

Other differences, as stated before, are the length of the study and the difference in ex- and inclusion criteria for patients. Another important variation is the slight change in the questionnaires. They are slightly adjusted to adapt to the Vietnamese circumstances (e.g. language and scoring method). 

Detailed description of changes made in the questionnaire follows below.. 

3.5.1 Patient questionnaire

Neither Vietnamese patients nor employees speak or read proper English. This means that the patients are unable to understand the English questionnaire. The questionnaire, therefore, is translated into Vietnamese.  

After literal translation patients still were unable to understand what was meant by the asked questions. With every patient, the prosthesists needed to help in order to fill in the form properly. Since this confiscates too much time from the prosthesists, adapting the questionnaire is necessary for the local patients. In most questions this simply means a clearer explanation of what is asked. For example question 3 ‘Ease of adaptation’ is changed into ‘The easefulness of learning to adapt to the Niagara foot’.  

Two extra questions, question 9 and 13, are added during the research due to patients’ and technicians’ comments on the foot. 

Question 9 Phase between heel strike and toe-off

The phase between heel strike and toe-off is not mentioned in the former questionnaire. Patients notice difference in this phase with initial fitting. The phase is important in the walking cycle, since it is divided into three phases; phase 1: heel strike; phase 2: movement in the ankle between phase 1 and 3; and phase 3: toe-off. The second phase is included in the new questionnaire in order to not miss any important gait aspects. 

Question 13 Comparison to the rubber foot

This question is primarily meant to create an idea of how patients experience the Niagara foot compared to their old rubber foot. Therefore this questions is not applied to new prosthetic users. Since the Niagara foot is mainly fitted with long term prosthetic users, this is of no concern for the implementation of this study. 
In this study, six patients have answered the initial questionnaire. Five of these patients have filled out the three month follow-up questionnaire; an 86% response rate.
3.5.2 Prosthesist questionnaire

Some resistance was noticed in questioning the prosthesists about the Niagara foot. The language barrier was an additional difficulty in communicating with the Vietnamese prosthesists. Only one of the technicians was able to speak proper English. Therefore, the method for questioning prosthesists is changed to an interview and interactive discussions during the assembly- and fitting process.

During this study, three technicians have worked with the Niagara foot. all three prosthesists have cooperated in commenting on the use of the foot. 
3.6 Questionnaires conclusion

Overall, only small changes are made, primarily in order to clarify the questions and to facilitate the implementation of this research. The questionnaires are adjusted along the research since all problems are determined during the conduction of this research. Feedback from the patients and prosthesists are taken into consideration in order to solve these problems along the way.

What is noticeable is that even though the questionnaire was developed for the Thailand pilot study, the questionnaires (as they were) are not usable in Vietnam. The assumption that Thailand is comparable to Vietnam is clearly undermined already at the start of this study. This shows that Vietnam is unique and incomparable to its neighbouring countries, certainly in its orthopaedic section.

The goal of the new questionnaire was to develop a questionnaire adjusted to Vietnamese staff and patients. Assuming that that goal is reached and the questionnaire is now acceptable for use in this research, the next step seems to be clear. The next step is, as it happens, presenting the new questionnaires to the patients. 

The following chapter covers the practical examination of the Niagara foot using the discussed and adjusted questionnaire. For detailed information and results see Chapter 4; Results.

4 Results
In this chapter the target groups will be addressed in their role and function for answering the questionnaires (§4.1.1 and §4.2.1). The results from the prosthesist questionnaires will be explored and visually explained (§4.1). The results for the patient questionnaires are presented differently in graphs and tables, all with a short definition and evaluation (§4.2). 

4.1 Results prosthesists questionnaires 

4.1.1 Prosthesists

Within a period of five months, three different prosthesists worked in assembling and fitting of the Niagara foot. The main concern for this small group is the difficulty in communication since they are untrained in speaking English. One of them, however, does understand and speak fairly proper English. During this study, this technician is willing to function as a translator to the other two technicians. 

A second concern is the lack of knowledge and experience in working with dynamic prosthetic feet. Looking at the education of the technicians, dynamic response feet surprisingly are part of their curriculum. But since the training for most technicians has past years ago, much knowledge on this subject has faded. Additionally, all technicians have primarily worked with the ICRC rubber foot in the past ten to twenty years. Nevertheless, their background in training and field experience should ensure their capability in working with the new dynamic foot relatively easy.

 The fact that three orthopaedic technicians are involved is an advantage to several aspects. Firstly, they are able to discuss, help and support each other in working with the new foot. This is important since none of technicians has worked with a similar prosthetic before. As seen in practice, two technicians the Niagara foot assembling at the same time in order to find the best way of producing. Another advantage of this three-group, as mentioned before, is that one of the technicians is able to speak proper English. This ensures easier communication with the Niagara foot developers and researchers for solving faced problems. 

4.1.2 Comments

The main comments by the prosthesists are made about the assembly and the functioning of the Niagara foot. 

Since the prosthetic foot is developed in the Western world, it is not specially designed to be used with the ICRC modular system. Combining the foot and the prosthetic shank creates real difficulties. These difficulties mainly occur due to lacking assemblage instruction to the technicians. 

This occurs to be the main problem; the technicians are uninformed about the foot. The technicians do not understand the principle of the foot and how to use the foot’s dynamic aspects to the maximum.  

The Niagara foot is shortly described in its shape and assemblage in the provided installation guide, available in the DNORC in English. As mentioned earlier, most of the technicians can not speak or read English properly. Therefore it remains unclear how to manage the new foot. Luckily the translator working in the DNORC has translated the Installation guide into Vietnamese. Still, incomprehension appears as the translated technical English is misinterpreted by the translator. So when the guide is being looked at by the technicians it is still difficult to read and understand. If so, the guide is preferred to be put away and the technicians will provide the Niagara foot their way. 

Further specific comments were made during the prosthetic production with the Niagara foot:

· Fixation of the foot to the system is impossible without adjusting the keel since the bolt cannot fit into the predrilled hole

· Misalignment, mainly due to dorsi- and plantar flexion limitation

· The ankle adapter moves when the bolt is tightly fixed

· No appropriate tools are available (bolts, screwdriver, small screws), it would ensure easy assemblage if the foot is provided as a complete package

· The Niagara foot is inappropriate in terms of aesthetics (cover, keel visible)

· The Niagara foot often cannot fit inside shoes

· Rotation of the prosthetic shaft due to smooth surface of the Niagara foot

Problem solving during the implementation

In trying to solve the problems for this new unfamiliar foot, in the fixing the foot to the shaft, creative solutions are found. 

Solution 1

The first patient who is fitted with the Niagara foot is now using an adapted foot. The change is made by broadening the existing holes in the foot since it was unclear how to fix the foot to the prosthetic shaft. A long bolt is put trough the broadened hole for firm fixation to the ICRC PP pylon (Figure 4-1 and 4-2).
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Figure 4‑1: Niagra foot solution 1 


Figure 4‑2: Bolt placement solution 1            
The problem in this ‘solution’ is that the whole idea of the foot’s dynamic response effect is gone. The upper C-shaped section (see p21) is totally fixed and thus not able to collect energy during heel strike and release it during toe-off. 

In communication with the technicians thoughts were exchanged. Comments were made about the biomechanical aspects still being intact. The foot should function appropriate since the lower C-section and the toe portion can still move freely. Clearly misunderstanding that movement in the upper C-section is also important for dynamic functioning. 
To change the existing situation in Niagara foot fitting, technicians had to be convinced. This was mainly done by informing and explanation of the dynamic principles. Since the dynamic energy flow is significant for this foot, explanation of the biomechanical aspects in the keel was of primary importance. 
Solution 2

After discussion about broadening the existing hole and fixing the foot, the technicians seem to understand the ineffective use of the foot. Now, new solutions had to be found. A second solution appeared; drilling a new hole moved 2cm posterior. The reason for moving the hole 2cm posterior was mainly because it was not possible to fit a long bolt into the existing hole. Other reasons were found in aligning the foot; limited plantar- and dorsiflexion was experienced. 
In this second solution, the existing holes are not used. A bolt is put trough the new hole until the middle part of the keel. This part was the only flat area for good contact of the fixation bolt’s head. In drilling this second hole, the dynamic concept is still disrespected. Thus, a second attempt for effectively using the foot’s dynamic function is still not successful. The result is seen in Figures 4-3 and 4-4.
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Figure 4‑3: Bolt placement in solution 2   
      

Figure 4‑4: Extra hole drilled for solution 2   

Even though the attempt has been made, the second solution is highly unsuccessful since the upper C-shaped part for energy -store and -release is still completely fixed (as in solution 1). 

Solution protocol

All discussions about the Niagara foot eventually led to success when there was an installation guide available in the workshop (partly translated into Vietnamese). The installation guide was an eye-opener for many employees in the DNORC workshop, it was never seen before. So far, the foot was used and produced according to orthopaedic technicians’ own ideas and solutions, not according to the protocol. 

As mentioned earlier, the installation guide was still not completely understood by the technicians. To solve this problem, the designers and developers of the Niagara foot were contacted. This resulted in collection of more answers and solutions, leading to better comprehension on all aspects of the Niagara foot. Most important was the explanation on inserting the bolt into the foot for correct shank attachment. A detailed visual guide (see Appendix 6) was provided by Niagara foot developers, what made clear how to use the existing hole for fixation.

Alignment 

Successful assembling has been reached but still problems in occur. The main difficulties were found in the alignment of the prosthesis, specifically in fitting the sixth Niagara foot (see Figure 4-5 a&b).

Figure 4-5a shows the alignment for maximum plantar flexion, no correct gait pattern is found in this nor in other positions. Alignment correction needs to be done but the adapter does not allowing a higher degree of plantar flexion. Unfortunately, the orthopaedic technician decided to use solution 2 (see p33) for this patient and drilled an extra hole, resulting in the alignment seen in Figure 4-6.  

[image: image13.jpg]


   [image: image14.jpg]


   [image: image15.jpg]



Figure 4‑5 a&b: Misalignment limits the plantar flexion
         

Figure 4‑6: Aligmment for solution 2

Another problem in the prosthetic alignment occurred at initial fitting. Usually the patients walk with the Niagara foot without the cosmetic cover. It was assumed that the cover was equally thick over its sole. After finishing the prosthesis and providence it to the patient, the alignment seemed to be incorrect. In exploring this problem it turned out that the cosmetic cover was causing problems. The cover’s sole is 1cm tick at the heel, what was not taken for granted in aligning and finishing the prosthesis.

It seems clear that during the implementation of this research, the technicians still have to learn how to work with the new dynamic foot. All comments concerning de Niagara foot from the technicians led to many discussions. Discussions that, luckily, led to using the Niagara foot successfully and effectively according to its protocol. 

In gaining knowledge on the dynamic foot design, attention was caught and technicians showed more interest in exploring the best way of using the Niagara foot effectively. 

4.2 Results patient questionnaires

4.2.1 Respondents 

Six patients are being prescribed with a Niagara foot, all whom given two questionnaires; initial fitting - and three month follow-up questionnaire.

All patients in this research are fitted with the Niagara foot, attached to the shank in three different ways. Four patients now use the Niagara foot firmly fixed as described before (p32-33); three patients use the foot according to solution 2, one patient according to solution 1. Luckily, Two patients were finally fitted with the correct (protocol) assemblage.

All six patients have filled out the initial-fit questionnaire and five of them returned the three month follow-up questionnaires by mail, an 83% response rate (see Table 4-1).

	
	Shank attachment
	Employment 
	Response 

	
	
	
	Initial
	3month

	Patient 1 Le Trung
	Solution 1
	Student 
	Y
	Y

	Patient 2 Thuong
	Solution 2
	Manager/ office  
	Y
	Y

	Patient 3 Boi
	Solution 2
	Manager/ office
	Y
	N

	Patient 4 Trung
	Protocol 
	Farmer
	Y
	Y

	Patient 5 Chau
	Protocol 
	Farmer 
	Y
	Y

	Patient 6 Hiep
	Solution 2
	Manager/ office
	Y
	Y


Table 4‑1: Respondent date
The patients’ employment is mentioned in order to explore the reason for fitting a Niagara foot to a patient (or not). This is included due to contradiction in indication of the foot (see §3.2).
4.2.2 Initial fitting 

As stated before, the questionnaire is based on three important aspects of prosthetic use; comfort, dynamic performance and muscular performance (see chapter 3). Therefore the results of the questionnaire are being evaluated and discussed by means of those three aspects.

Table 4‑2: Average score at initial fitting per category

	Category
	Average

	Comfort
	9,3

	Dynamic performance
	9,0

	Muscular performance
	7,6

	Extra 
	9,4

	Total average
	8,8


Diverting from the table shown above only few conclusions can be drawn. 

· Overall, patients are satisfied at initial fitting since the overall score is set at 8,8 (on a 1 to 10 grading scale).

· There is a significant deviation in satisfaction in the muscular performance categories; compared to the other two categories the muscular performance is fairly low.

· The average of 9,4 concerning the extra questions shows that the foot has a higher satisfaction rate than the rubber ICRC foot and that the foot is suited for full-day use.   

In order to understand where these results come from and to be able to draw more specific conclusions, the average result for each separate question is calculated in Graph 4-1. For the full written questions connected to the question numbers, see Appendix 5; patient questionnaire.
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Graph 4‑1: Initial average per question

With a overall average of 8,8 a few remarks can be made on the results for the patients’ questionnaires:

· The main deviation is clearly found in question 2 ‘Easefulness of use’ with an average grading of 5,5. This reports high dissatisfaction at initial fitting, fairly below average.
· With an average of 7,3, question 6 ‘The needed muscular effort minimized’ is also found to score significantly lower than the 9,2 overall average. 

· Question 4 shows that the patients are highly satisfied in the standing stability.

· The opposite leg and the preference to the rubber SACH foot score high with an 9,6 and a 9,8 average. 

Remarkable is that two out of three deviations clearly noticed are grouped in the category ‘Muscular performance’.

4.2.3 Three month follow-up

The three month follow-up questionnaire will be addressed similarly to the initial questionnaire. This means according to the three most important aspects of prosthetic use; comfort, dynamic performance and muscular performance and according to comparing averages per question.  

Table 4‑3: Average score at three months per category

	Category
	Average

	Comfort
	9,3

	Dynamic performance
	9,2

	Muscular performance
	8,8

	Extra 
	9,6

	Total average
	9,2


From the table shown above (table 4-1) only few statements can be made: 

· Patients are overall highly satisfied at the three-month follow-up fitting since the overall score is set at 9,2 on a 1 to 10 grading scale.

· Comfort and Dynamic performance score slightly above/on average; 9,3 and 9,2
· The muscular performance category is the only category scoring below average with a 8,8 score. However, this is still an relative high and acceptable score. 

· The average of 9,6 concerning the extra questions shows that the foot has the highest satisfaction rate in the four categories. This result shows high satisfaction in full-daily use and preference to the rubber SACH foot. 

In order to understand where these results come from and to be able to draw more specific conclusions, the average results for each separate questions is calculated in a graph, 4-2). For the fully written questions connected to the question numbers, see Appendix 5; Patient questionnaire.
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Graph 4‑2: Average at three months per question
Looking at the graph (graph 4-2), not many aspects seem to deviate from the average score. Therefore, with an overall average of 9,2, only few remarks can be made on the results for the patients’ questionnaires:
· The main deviations are clearly found in question 2 ‘Easefulness of use’ and question 6 ‘The needed muscular effort minimized’. Both aspects score average grading of 8,2.  What is found to be significantly lower than the 9,2 overall average. 

· Question 10 shows that the patients are highly satisfied in the opposite leg feeling.

· The general comfort, the standing stability and the full-day use all score slightly above average but not significantly. 

Remarkable is that all three deviations clearly noticed are grouped in the category ‘Muscular performance’.

4.2.4 Patients’ comments
The foot is aesthetically not well accepted since it is called “ugly” and “clown’s foot”. For the patients (as well as for the technicians) the foot with its cosmetic cover looks unnatural an unreal, especially compared to the rubber SACH foot. Another comment in the aesthetical appearance is that the cosmetic cover is too small to cover the whole Niagara (white) keel, see figure 4-7. 
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Figure 4‑7: Niagara keel is visible  
 

Figure 4‑8: Niagara inside footwear

A practical comment is also often found; the foot does not fit inside various shoes. Shoes that are provided by the ICRC along with the prosthesis are surely not suited for the Niagara, see figure 4-8. 
4.2.5 Comparing initial & follow-up

In graphs, results from the initial and follow-up questionnaires are combined. Firstly, an overview is given for the grading per question, showing specific increase or decrease in the patients’ satisfaction level. Secondly, graphs are plotted for the three important aspects of prosthetic use; comfort, dynamic performance and muscular performance (see chapter 3). The results are evaluated and shortly discussed. 
Graph 4-3 shows the results per question at initial and follow-up fitting. Looking at these results, a few remarks can be made. 
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Graph 4‑3: Overall score patient questionnaire

Since the overall satisfaction is scaled to be 9,0 on a 1 to 10 scale, the foot is proven to be highly satisfactory for the patients. 
Zooming into the specific questions, some aspects have improved or deteriorated over three months time. A few aspects are significantly scoring below average; ‘The easefulness of use’ (question 2) and ‘The needed muscular effort minimizes’ (question 6). Even though the averages on these two aspects, over time the satisfaction seems to increase. 

In terms of the foot’s easefulness, no surprising results are found. Since the Niagara foot is new and innovative for the patients, they have to get used to it. Some patients might experience discomfort at initial use. The results are showing that the patients have to adapt to the new foot in order to improve the easefulness. This adaptation needs time; the satisfaction level already increased significantly over three months time.  

Zooming into the three dynamic phases of the foot, one phase is deviating. Heel strike (question 7) and toe-off (question 8) both score on average. Between these two phases (question 9), problems seem to occur. Question 9 scores below the average satisfaction level at initial fitting. However, at the three month follow-up this aspect has increased to the overall average satisfaction level. Thus, the satisfaction on this aspect is found to increase over time.

Another factor slightly improving over time is the ability for using the Niagara foot the whole day (question 12). 

Concluding that a great deal of aspects in using the Niagara foot are improving over time. 

Unfortunately, one aspect seems to decrease in satisfaction over time. Looking at the graph (graph 4-3), question 4 ‘Standing stability’ deteriorates over three months time. However, the difference is not found to be significant. Due to this fact and the high average score no further notice is given to the decrease. 

Further high scores are given to ‘The feeling in the opposite leg’ (question 10). In this study, the feeling in the opposite leg scores the maximum grades; 10 on a 1 to 10 scale.

In order to draw conclusions in terms of the important aspects of prosthetic use, the question results are grouped in categories. Graph 4-4 shows the results per category at initial fitting and after three months of using the Niagara foot. 
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Graph 4‑4: Comparison results per category

Other remarks can be made when addressing to the patients’ satisfaction. 

In terms of ‘Comfort’ no change has occurred over time. Patients seem to be satisfied with the comfort of the prosthesis. This outcome validates good socket contact, easefulness of adapting to the foot and good general comfort.  

The ‘Dynamic performance’ has increased over time. However, this increase is to such a small degree that is it not significant enough for further evaluation.

Before addressing to the ‘Muscular performance’, the ‘Extra’ category is shortly discussed. This category covers the overall satisfaction on the Niagara foot. The overall satisfaction includes the comparison to the old foot and the full-day-walking ability. There is a small satisfaction increase but also this is not found to be significant for further evaluation. 

For detailed information on results in these three categories, see Appendix 7; Results per category.
Returning to the (skipped) third category, Muscular Performance, more remarks can be made. The graph shows a significant increase in patients’ satisfaction for their muscle performance. With this increase, further evaluation can be interesting; detailed feedback information should give more specific results (see graph 4-5).  
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Graph 4‑5: Feedback muscular performance
Looking at the feedback for the Niagara foot in terms of muscular performance, remarks can be made. 

As mentioned before, the opposite leg feels good (or excellent). After three months of using the Niagara foot prosthesis, the feeling in the remaining leg has increased to the maximum level of satisfaction. Therefore no improvement has to be made on this aspect.

The needed effort for using the prosthesis with the Niagara foot decreases over time. This shows that the patients need a period of time in order to experience the benefit of a new ‘high-tech’ prosthetic foot. Since the Niagara foot is fundamentally different to the SACH foot, the patient needs to learn how to walk with this new foot. This can caused dissatisfaction at initial use of the dynamic foot, what is displayed in the results. 

The main dissatisfaction in initial use of the Niagara foot is revealed in the easefulness of use. Low grading and many comments are given for this aspect. The patients are unfamiliar with the dynamic design of the foot what immediately leads to negative outcome in the ease of use. Remarkable is the drastic increase in satisfaction over a short period of three months. This aspect shows an increase of almost three full points. Meaning that the patients adapt rather quickly to the Niagara foot, a positive outcome. 

Overall comparison 

Remarkable is that the highest deviations are noticed in one category; muscular performance. In this category, the ease of use and the muscular effort in using the Niagara foot show drastic improvement over a three month period. Other aspects in the questionnaire are all not significantly deviated from the measured averages. Concluding that the patients will adapt to the Niagara foot rather quickly in terms of Comfort and Dynamic performance. However, addressing to the muscular performance, the patients need to get used to the foot. Results in this study show that this accustoming come with time. 
5 Conclusions, Discussion and Recommendations

In the first section of this chapter (5.1), the research questions of this study are answered. In section 5.2 the results of these outcomes are compared to outcomes of other studies. In section 5.3, limitations of the study are discussed. Section 5.4, based on all information of this chapter, addresses the problem statement. Finally, in section 5, recommendations about how to use the Niagara foot and recommendations for further research are given.

5.1 Answers to the research questions

In this section, the research questions as stated in Chapter 1 are answered. The answers are based on the results as described in Chapter 4. 
1. What are the problems with the rubber ICRC rubber SACH foot?

Literature shows that the main problem with the Red Cross (ICRC) rubber SACH foot is its durability. The average life expectancy of the ICRC rubber SACH foot is stated to be between nine and fifteen months. The life expectancy for the rest of the prosthesis is supposed to be approximately three years. This makes clear that the foot causes early failure in the prosthesis as a whole.

Further problems mainly found in literature studies and in prosthesists’ comments are the rapidly fading rubber and the lack in constant quality. The fact that the SACH foot is relatively heavy, rigid and energy consuming is primarily stated in research carried out by Western countries (The U.S.A. or European countries).

One of the social and cultural lacking functions of the rigid SACH foot is squatting and kneeling with this particular prosthetic foot. This is important since squatting and kneeling fulfils a major role in Vietnamese daily life.  

2. What are demands and needs for prosthesis foot usage in Vietnam?
The VIETCOT (Vietnamese Training Centre for Orthopaedic Technologists, ms.) as well as D. Cummings (1996) identified a list of criteria for appropriate prosthetics in low-income countries. As both lists are merged, twelve criteria for appropriate technology are found (see Appendix 1; AT criteria). In order to create a theoretical perfect appropriate prosthetic foot, all these twelve criteria need to be addressed in the designing and developing process. 

The twelve criteria can be compromised to; durability, simplicity, affordability and functionality. For specific and explicit questionnaire results, the list including the twelve criteria is used for determination of a foot’s appropriateness.  

3. What are the advantages and disadvantages in using the Niagara foot?
The advantages and disadvantages for the Niagara foot are abstracted from different literature sources as well as from prosthesists’ experience. The general advantage for this foot is that it is specially designed for active users who live in hot and rough climates as found in Vietnam. More specific advantages are the material of the keel, the energy storing and the releasing capacities of the foot and the high durability of the foot. The main disadvantages concern aesthetical appearance, high costs and the assemblage. 

4. Will the Niagara foot improve the current situation for the patients in terms of satisfactory prosthetic use?

With an eye on the results of the patients questionnaires, it can be stated that the patients are generally satisfied with the Niagara foot: an overall score of 9,0 on a scale of 1-to-10. The patients declare to be more satisfied with the Niagara foot than with the ICRC rubber SACH foot in general use. Quality improvement therefore seems to be obvious, already at initial fitting of the Niagara foot. In terms of quality improvement with the foot, it is clear that the patient needs time in order to adapt to the new prosthetic device. Over three months time, the ease of use and the muscular effort have improved significantly, meaning that as the patient gets used to the Niagara foot, a higher level of satisfaction is reached.  

5. Will the Niagara foot improve the current situation for the orthopaedic technicians in terms of alignment, assembly and finishing?

For the prosthesists, many difficulties have occurred, and still occur, in using the Niagara foot. The prosthesists have no experience whatsoever with dynamic response prosthetic feet. Comprehension of the dynamic flow in the foot was one of the main goals in ensuring the correct assemblage for the Niagara foot. Due to lack of information and instruction for using this foot, many mistakes have been made in fitting and assembling. Looking at the comments given by the prosthesists, the Niagara foot does not seem to improve the current situation of the orthopaedic technicians so far.
6. What are the differences between the ICRC rubber SACH foot and the Niagara foot in terms of their appropriateness?  

The most relevant differences between the ICRC rubber SACH foot and the Niagara foot are the durability and the functionality. The durability of the Niagara foot is significantly higher than the durability of the SACH foot. This is tested in fatigue tests as well as proven in the Thailand pilot study. The functionality of both feet differs enormously as the Niagara foot is a dynamic response foot and the ICRC foot is a rigid and heavy SACH model. The dynamic principles of the Niagara foot result in a natural gait pattern due to energy storing and releasing. Another vast difference is the costs; the Niagara foot is three times the price of the ICRC locally produced rubber SACH foot. This is probably due to local unavailability and high-tech material techniques. 

7. Is the Niagara foot theoretically the solution for the DNORC patients?
The theoretical conclusions are drawn based on literature and a pilot study carried out in Thailand, Aranyaprathet. As the literature promises, the Niagara foot is a good and better solution in comparison to the recently used feet in low-income countries. This mainly regards reliability, functionality and durability. However, the foot is not always proven ideal. The main issues for patients in using the Niagara foot are: the cosmetics, the design and the practical use in common footwear.

What should be noticed is that not all aspects of appropriate technology are addressed in the monitor report for the Thailand pilot study and literature. Therefore, it is hard to draw a conclusion based on the available theoretical information.  

5.2 Results compared to outcomes of other studies

As the Niagara foot has been tested in Thailand, comparison to that study is obviously important. In this comparison, remarks should be made on several aspects. An overview on the average results gives a clear view in Table 5-1

	
	Vietnam
	Thailand

	
	Initial fitting
	Three month follow-up
	Initial fitting
	Three month follow-up

	Comfort
	9.3
	9.3
	8.3
	8.0

	Dynamic performance
	9.0
	9.2
	8.2
	8.3

	Muscular performance
	7.5
	8.8
	7.8
	8.6

	Overall 
	8.8
	9.1
	8.1
	8.2

	Total
	9.0
	8.2


Table 5‑1: Comparing results Vietnam - Thailand
Overall high scores are proven in both the Vietnam and the Thailand study. Similarities are certain in terms of improvement or deterioration of the four aspects over a three month period. In both studies, comfort does not show much improvement over time. A slight improvement in dynamic performance in both studies is seen. What is proven to be a factor sensitive to improvement over time is the muscular performance; both in Thailand and in Vietnam the scores improve significantly. The average score on the two different measurements show that overall; there is no significant improvement in satisfaction. However, looking at the total scores, the average of the foot in Vietnam is much higher compared to the satisfaction level in Thailand. The Vietnamese population seems to be (almost) satisfied to the maximum. 

Gait performance in Thailand show that patients are becoming more confident with the foot. This it is also seen in Vietnam since the muscular performance increases over time. However, no measurements are done on gait performance in this research what makes it hard to compare accurately.

In the Thailand pilot study is showed that the foot in combination with the modular prosthesis tends to cause failure. In this study, any damage is reported during the first three months.  

The Vietnam study proves the literature to be right as it states that the Niagara foot is tropical climate proof; no damage or failure is reported during the implementation of this study. Durability is in fact assumed to be high, but due to lack of time no further measurement (one year follow-up) can be done.

Aesthetical appearance is one of the aspects that continues to be mentioned in literature. Both prosthesists and patients complain about the shape and the appearance of the foot in its big and space-age design. Complaints, in both studies, are made about the size since it often cannot fit inside the patients’ footwear. The foot, especially when compared to the SACH foot, is not realistic or life-like and therefore it is often not generally well accepted. 

The Thailand pilot study reports early failure in the cosmetic cover as it is ripped and teared. The exact period for damage is not mentioned. This study did not show any damage in the cover nor in the keel of the Niagara foot in the first three months of use. 

The Thai questionnaires for the prosthesists, unfortunately, are not available for this research and therefore no comparison can be made.

5.3 Conclusions
The problem question of this study is the following:

‘Is the Niagara foot the appropriate solution to the problems occurring in usage of the locally produced ICRC rubber SACH foot by transtibial-amputee patients in the DNORC and surroundings?’  

This research has pointed out that switching to a different prosthetic foot in low-income countries is not as easy as it sounds. Even though it appears to be fairly simple to replace the ICRC SACH foot with a Niagara foot, the contrary is true.

Theoretically focussing on the foot, appropriate prosthetic use in Vietnam depends on a wide variety of factors. One of these factors, determined to be important, is durability. The main issue in the use of the ICRC rubber SACH foot is its low durability. The Niagara foot addresses this problem with its single S-shaped keel, tested to be highly durable in a mechanical fatigue tester. In practice, the foot is tested in Thailand where the climatic and environmental conditions are assumed to be comparable to the ones in Vietnam. The pilot study shows no damage or whatsoever in the foot within a period of one year. This is a remarkable increase in durability compared to the ICRC rubber SACH foot. 
Concerning other appropriate factors and criteria: not all are addressed in the Niagara foot. Main problems occur in the costs, high-tech manufacturing and local unavailability.
In meeting the satisfaction level of the patients, the questionnaires show positive results. The patients are highly satisfied and report an improvement in the general use of the Niagara foot compared to the rubber SACH foot. It seems to the patients, that the Niagara foot is a good solution. Hence, there are no comments on the functionality of the foot. The patients did comment on the aesthetical appearance and the ease of use of the foot. Noticeable is the increased satisfaction over a three month period; the patient needs to get used to the foot. As more experience is gained on using the foot, the patient will become aware of the advantages of a dynamic foot. Summarized; the patients are satisfied but like to see some changes in the device. 
To the prosthesists, the Niagara foot is not yet to be named a solution. In the fitting and assemblage of the foot, many problems were (and still are) faced. During the research, all difficulties were discussed and partially solved. The prosthesists show more interest and problems seem to disappear. However, employees in the DNORC are not yet totally convinced by the quality of Niagara foot. This shows since the sixth patient was fitted with a fixed C-section (Chapter 4, solution 2) again.

The study has reached certain goals. The main goal was to see whether the Niagara foot is a proper solution to (more) appropriate prosthetic feet in low-income countries. During the implementation of this study, the question is certainly addressed both positively and negatively.

The positive affects are that the patients seem to be satisfied with the Niagara foot, either due to its high-tech value or due to its functioning. The durability has (theoretically) definitely increased compared to use with the ICRC rubber foot. Further, the foot has caught the attention and interest from the technicians as it has resulted in exploration of the Niagara foot. After a few months, one of the technicians advised a patient to try the Niagara foot since it would be more appropriate to the patient’s active lifestyle. 

Negative outcomes regarding the main question in terms of solving the problems are unfortunately unavoidable. It turned out that the prosthesists are not ready to work with dynamic prosthesis. Due to lack of attention paid to the functionality of the foot, mistakes have been made. Luckily, this research helped in correcting these mistakes and informing the technicians on dynamic response feet.

This research has pointed out the difficulties and problems occurring in prescribing the Niagara foot. The goal was to see if the Niagara foot is a good appropriate solution. However, this goal turned out to be too far ahead its time. Assumed was that the technicians would be familiar with the basic principles of dynamic feet. This assumption was made since the Niagara foot was already fitted with patients at the start of this research. Unfortunately, this assumption is not correct. The Niagara feet were prescribed incorrectly and the assemblage of the Niagara foot consumed lots of time. Therefore, the aim for this study has to be adjusted to mainly informing and correcting the technicians. The actual and main result of this study is the fact that currently, the Niagara foot is (relatively) successful assembled and fitted with the patients.

5.4 Discussion
In implementing this study, many factors can influence the feasibility of the study. Therefore, question marks need to be placed with every aspect of the results. The main aspects possible to influence the outcome of the study are pointed out and shortly discussed in this paragraph. 

The feedback received from the patients is based on their experience, meaning that the results are vague and not evidence based. Many factors appeared to be highly influential in the satisfaction of the patients in wearing the Niagara foot. One of these factors is the social status and the fact that a patient is fitted with a ‘high-tech’ prosthetic foot. Being proud to have a high-tech prosthesis, the product is also used to show off to accompanying patients. Since none of the patients have a clue about the functionality of the Niagara foot, the appearance is firstly noticed and the foot is quickly approved to be perfect. 

Only limited feedback is gained on the technical function of the foot. This is probably caused by lacking knowledge in the patients. Since no technical information is known, the questions turned out to be rather difficult for patients to understand. Too many technical terms are used, which had to be explained in Vietnamese by the technicians. Since the main researcher for this study does not speak Vietnamese, no help can be provided in instructing the patients.

High averages are found in the satisfaction of the Niagara foot. The reliability of this outcome is strongly doubted since the Niagara foot was completely fixed for most patients that were fitted with a Niagara foot. The fixation does not allow energy storing and releasing as it is designed for. The capability of the patients is therefore questionable. Patients might be incapable to judge their prosthesis in technical terms since they obviously do not have a clue about dynamic feet. Neither there is knowledge about using the SACH foot. The only reference for comparison of the Niagara foot is the experience with the ICRC rubber SACH foot. In order to determine the capability of the patients to fill in the questionnaire reliably, more research should be done.

This research is spread over a period of three months while the pilot study covers one whole year. In order to reliably measure the durability and improvement in usage (for the patients and the prosthesists), the study must be spread to at least one year.

Even though the Niagara foot has not showed any failure in the first three months, failure could easily occur due to the incorrect assemblage in four of the six Niagara patients. The patients should be carefully monitored, though this seems to be impossible due to a communication gap and lacking time in this research. 

The Niagara foot states to be highly durable but no further research is published other than the one year follow-up of the Thailand pilot study. Knowledge about failure is not available. What should be addressed is that in case of early breakdown, the foot is not easy to repair; if the foot breaks, it must be replaced. 

In terms of development and improvement in prosthetic use, no serious assumptions are made. The available Niagara feet are a single donation and the employees’ assumption is that when the feet are all fitted with patients, no more feet will be available for the patients. This results in little or no importance for these feet. Employees are not highly interested to explore the foot in detail since there is no realistic future in the dynamic feet; the feet are too expensive. The minimal interest is shown in the number of Niagara foot that are prescribed for the patients. Using the familiar SACH foot is easier and consumes fairly less time in assemblage.

Even though the correct protocol was reached after fitting three patients with a fixed Niagara foot, the final and sixth patient was fitted with a fixed foot again. This means, only patient four and patient five were fitted with an unfixed Niagara foot. The main arguments for fixing the foot were based on the fact that correct alignment was not possible. Once the goal had been reached in successfully using the foot (with patient four and five), the sixth patient was a setback in this study. 

The in- and exclusion criteria in the DNORC for prescribing the Niagara foot are vague and contradictive. As said, the foot would not be fitted to farmers due to the water and dirt collection in the cosmetic cover. However, two out of six patients have occupation in which they are working on the land. This is not a problem since the Installation Guide mentions the main target group to be highly active patients such as farmers and labourers. Still, the contradictions in the prescription show that there are no stated guidelines for using the Niagara foot in the DNORC.

5.5 Recommendations 

From the conclusions and discussion in paragraphs 5.3 and 5.4, recommendations regarding Niagara foot usage can be derived.

Change is recommended in placing the Niagara foot at disposal to low-income countries. Since the Niagara foot is donated to the DNORC without further explanation or guidance to use the foot to its maximum possibilities, many problems are faced. The only available information is the installation guide, provided (incompletely) in English. 
Further recommendations for the donators and developers of the Niagara foot are listed:
· Strongly recommended is providence of a translated installation guide. It should be correctly translated into the language of the host country, possibly with more illustrations. Supplying the Niagara feet should be combined with supplying a printed version of the installation guide. This should be done as the current available guide in the DNORC turned out to be incomplete.
· An extra professional with knowledge of the Niagara foot (and its assemblage) should be send to the workshop to which the feet are donated. A simpler solution is to keep in touch with the host orthopaedic technicians. Especially in the initial phase of working with the Niagara foot for ensuring correct use of the foot.

· Sending the Niagara feet as a complete package should reduce own ‘creativity’ in assembling the foot to the prosthesis. If a bolt and a screw were included in the donation, mistakes could possible have been prevented. Note that many of these assemblage mistakes were made due to the fact that there was no installation guide available. 

· The developers should get in touch with the ICRC in order to create developed/harmony between the prosthetic foot and the prosthetic pylon and socket.  

· The local workshop employees have to be convinced about the advantages in using the Niagara foot. This will automatically follow as more knowledge is gained on the aspects of dynamic response feet.  

Besides recommendations for the Niagara foot usage, recommendations regarding further research can be given:
· Repeat the same study now that the foot is correctly used according to its protocol. Earlier results can be strongly doubted to be reliable due to the fixed foot;

· Further research should cover a longer period of time. Hence, more respondents would be included and results will be more reliable. Furthermore, the durability of the foot can be tested; 

· More comparing to patients with the SACH foot. This in order to test the reliability of the patients capability in answering the questionnaires;
· Research the alignment procedure for the Niagara foot; statically and dynamically.
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