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Editorial 

ISPO had again a solid financial result for the fiscal year 1998. 
This has mainly been due to a successful outcome of the IXth World Congress in Amsterdam so 

competently run by the Secretary General, Hans Arendzen. and his team with highly professional 
advice from the congress organisers, CONGREX Holland bv. This outcome will make it possible to 
continue with the same level of activities during the present triennium. 

The Society has kept adding to its capital over the past years and at the same time having a high 
activity level while holding the membership fee unchanged since 1989. In spite of a generally low 
interest rate in the global monetary market the Society has managed to maintain a net interest rate of 
5 .1% of its assets through carefully considered and continuously monitored investments in builders or 
bankers bonds. 
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Editorial 

The good capital yield has given ample room for the international activities of the Society. During 
the past year these have been related to courses on Amputation Surgery and Related Prosthetics in 
Vietnam and Cerebral Palsy in Slovenia, together with a seminar on Prosthetics and Orthotics in 
South-eastern Asia held in Tokorozawa, Japan. Through competent and responsible steering by the 
programme organisers, together with good collaboration and joint ventures with local professional 
groups, the expenses have been kept at the most reasonable level for the Society. Representation at 
meetings with other organisations has been kept at a modest expense level. The Society funded a 
successful workshop on Quality Assurance in Prosthetics and Orthotics which will lead to a 
publication on the topic during the coming year. 

Education has always been a key issue and the largest area of activity for ISPO. Higher costs than 
ever before have been accrued under this heading; in part because of involvement in recognition of 
schools for Orthopaedic Technologists and in evaluation programmes of Appropriate Technology, but 
most of these costs are to be recovered from the commissioning bodies. Another reason is the high 
meeting costs because members of the Education Committee from outside the Executive Board have 
been co-opted from school programmes in Canada, Japan, EI Salvador and Tanzania. 

The Professional Register also this year has accrued a relatively high cost. Over the past three years 
the costs add up to DKK 335,997 and will total about 400,000 DKK before completion in 1999. This 
is the end of the line of a 25 years old dream of having access to a professional profile for the majority 
of the Society's members, allowing it to formulate a set of search profiles to identify individuals with, 
for instance, certain language capabilities together with skill in specific areas, experience from work 
for other organisations and be willing, and have time available, to serve for a specific task at a given 
place. Further to that the efficacy of the membership register has improved considerably allowing for a 
number of statistics related to membership recruitment and termination. The Professional Register is 
built up on Access software, which is part of the Office package from Microsoft. However, most of 
the costs are related to professional programming and amending the system to be simple and user-
friendly for daily operation as well as occasional statistics. 

On the income side the Society can note that the journal, Prosthetics Orthotics International, has 
again given a handsome income. 

The Society continues to enjoy office facilities sponsored by, and located in, SAHVA and also the 
high commitment of the sole employee, Aase Larsson. With such a staffing structure it is only possible 
to run the activities of the Society through the generous understanding and support from the employers 
of the core of hard working elected officers and board members who are the corner-stones for a 
successful ISPO with a strong international profile. 

January, 1999 
Carsten T0rholm, Chairman of the Finance Committee 

J. Steen Jensen, Hon. Treasurer 
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Income Statement for the Year 1998 

ISPO Statement of Accounts, 1998 
AUDITORS REPORT 

We have audited the financial statement as of December 31 . 1998 prepared by the officers of the 
International Society for Prosthetics and Orthotics. 
Audit Performance 

We planned and performed our audit in accordance with generally accepted auditing standards as 
applied in Denmark so as to obtain reasonable assurance that the financial statements are free from 
material errors or omissions. 

During our audit we assessed the materiality and risk in order to verify basis and documentation of 
the amounts and other information disclosed in the annual accounts. Further, we considered the 
accounting practice and estimates applied by the Board of Directors and the Management, and we 
evaluated the overall adequacy of the presentation of information in the financial statements. 

Our audit did not give rise to any qualification of opinion. 
Conclusion 

The Financial Statements have been prepared in accordance with statutory requirements, and the 
constitution of the Society and generally accepted accounting policies. In our opinion, the financial 
statements give a true and fair view of the state of the affairs of the Society as of December 31 . 1998, 
and of the result for the year. 
February 2, 1999 
RevisionsGruppen 
S0ren Wonsild Glud 
State Authorised Public Accountant 

ACCOUNTING POLICIES 
Securities 

Bonds have been stated at market value at year end and shares have been stated at the lower of cost 
or market. 

Office Equipment 
Computer and office equipment have been stated at cost less accumulated depreciation computed 

straight line over 5 years. 

Accrual Concept 
The accrual concept of accounting has been used in these Financial Statements. 
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Balance Sheet as of December 31,1998 
1998 1997 

DKK DKK 
Cash 76.058 354.783 

Accrued interest 106.825 106.753 
Advertising receivable 311.810 294.770 
Prepayment, World Congress Amsterdam 1998 443.088 443.088 
Receivable World Congress Amsterdam 1998 81.912 0 
Prepayment World Congress Glasgow 2001 332.569 131.331 
Miscellaneous receivables 0 87.599 
Other prepaid items 19.808 12.940 

Receivables 1.296.012 1.076.481 

Securities (note 9) 8.059.014 6.924.071 

Office Equipment (note 8) 0 16.347 

Total Assets 9.431.084 8.371.682 

Liabilities 

Accrued expenses 149.930 370.759 
Prepaid income 135.782 83.055 

Short-term liabilities 285.712 453.814 

Equity 
Equity January 1 7.917.868 7.649.292 
Net result 1.227.504 268.576 

Equity December 31 9.145.372 7.917.868 

Liabilities and capital 9.431.084 8.371.682 

Notes to the Financial Statements 
1. Society membership fees 
Membership fees consist of fee payments from members. 

2. Sponsorship 
SAHVA 15.000 15.000 

15.000 15.000 



3. Meetings with other organisations 1998 1997 
Interbor (13.800) 0 
AOPA (23.614) 0 
W H O Geneva (3,934) 0 
RI-ICTA (8.300) 0 
Miscellaneous (3.154) (2.756) 

Expenses (52.802) (2.756) 

4. Conferences, courses e t c 
Education Committee (124.044) (30.385) 

World Congress Amsterdam 781.229 0 
NMS Education Support (10.500) 0 
ISPO Central Europe (8.248) 0 

Consensus Conferences and Seminars 
Poliomyelitis 4.845 (645.310) 
Quality Assurance (128.669) 0 
CBR Workshop (7.243) 0 
Tokyo Seminar (31.859) 0 
St. Petersburg (7.247) 0 

Courses - Industrialised world: 
Heisingborg 0 44.705 

Courses - Developing world: 
Cerebral Palsy (42.255) 13.686 
Amputation (Vietnam) (134.017) 0 
Amputation (India) 0 (190.634) 

Income (expense) 291.992 (807.938) 

5. Prosthetics and Orthotics International 
Advertising 797.224 687.073 
Subscriptions 194.645 209.335 

991.869 896.408 

Printing and mailing postage (570.646) (445.860) 
Production editor (40.275) (37.129) 
Meeting expenses (16.666) (32.994) 
Production secretary (116.000) (80.000) 
Other direct expenses (20.000) (12.776) 
Publications committee (110.000) (140.000) 

(873.587) (758.759) 

Net result 118.282 137.649 

6. Publications 
Booksales 19.304 5.895 
Amputation Video 573 1.470 

Net result 19.877 7.365 

7. Administrative expenses 
Executive Board and Officers: 

Executive Board meetings 330.020 414.934 
Officers representation 16.534 0 
IC-meeting 0 122.456 
POI publications committee (110.000) (140.000) 

236.554 397.390 

ISPO Statement of Accounts 1998 5 
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Secretariat, Copenhagen: 
Staff salaries 212.404 254.411 
Labour tax 20.216 11.672 
Data service 1.175 1.107 
EDP 835 3.349 
Meeting expenses 14.145 14.231 
Postage and bank charges 71.813 74.220 
Telephone 12.518 12.304 
Stationery 17.480 6.816 
Office supplies 19.808 40.941 
Auditing 31.431 30.739 
Bookkeeping 18.571 15.545 
Consulting fees 24.048 22.273 
Sundries (4.296) 27.218 
Rental 15.000 15.000 
Depreciation 14.824 13.000 
Society promotion 10.728 8.000 
Insurance 20.547 11.288 
Fee Rehabilitation International 7.041 0 

508.288 562.114 

Professional Register 88.692 101.167 

Total 833.534 1.060.671 

8. Office Equipment 
Computer equipment, at cost 187.544 187.544 
Office equipment, at cost 30.482 32.006 

Cost 218.026 219.550 

Depreciation January 1 (203.202) ( 190.202) 
Depreciation during the year (14.824) (13.000) 

Accumulated depreciation (218.026) (203.202) 

Net book value 0 16.348 

9. Securities 
Nominal Original Year End 

Value Cost Value 
Bonds 
6.75% Bayerische Vereinsbank 313.318 318.806 318.806 
4 % Nykiedit 2006 2.333.000 2.302.671 2.302.671 
6 % N y k r e d i t 2 0 1 9 3.072.000 3.068.928 3.068.928 
5% Nykiedit 2009 2.114.000 2.117.171 2.117.171 

7.832.318 7.807.576 7.807.576 

Shares Units Cost or Year End 
1997 Value Value 

Eurostock 50 1.780 141.065 170.880 
Den Danske Bank 94 72.560 80.558 

Total 8.021.201 8.059.014 
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Report from the Executive Board 

This report gives an update on Executive Board activities which should be of interest to most 
members of ISPO. I have included some background information which I hope will be helpful, 
particularly for new members. If there are other items you would like to see included in future reports, 
please let me know. 

Prosthetic/orthotic education 
Over the last triennium we have seen the development of the Category II (orthopaedic technologist) 

and then the Category I (prosthetist/orthotist) educational packages. The Category II professional 
would be trained to work in low-income countries where Category I training is not realistically 
achievable in the short term. However, in he long term, all countries should aim to have Category I 
professionals. For example, in Tanzania, where there has been a recognised Category II course for 
some years, a Category I course is now being introduced. 

The educational packages contain a professional profile, code of ethics, learning objectives and an 
indication of the content and procedures for final examinations. Thus they are valuable guidelines for 
any new school and may prove helpful for existing schools. A school, which provides education and 
training in accordance with the appropriate ISPO educational package, can seek ISPO recognition. 
This involves a visit by two inspectors, normally at the time of the examinations, to study the course in 
detail. The inspectors then report back to the Executive Board which will decide either to recognise 
the course (possibly with recommendations for minor changes) or advise the school that the standard 
is insufficient and suggest necessary improvements for recognition to be achieved. The cost of the 
inspection must be borne by the school. Any professional who graduates from a school at a time when 
it is recognised by ISPO will be entitled to receive a certificate of ISPO registration. Schools, which 
pass the inspection, are recognised for three years. In order for its graduates to obtain ISPO 
registration it is essential that the school should apply for re-inspection promptly. If ISPO recognition 
is allowed to lapse for a period of time, students who graduate during that period will not be eligible 
for ISPO registration. Recently, inspections have been carried out at the Cambodian School for 
Prosthetics and Orthotics (Phnom Penh, Cambodia) and Don Bosco University (San Salvador, El 
Salvador). Both schools achieved the required standard for ISPO Category II recognition. 

Currently the Category III educational package is being developed. The ISPO Category III refers to 
the technician or bench hand who does not treat patients but is skilled in the manufacture and repair of 
prostheses and orthoses. 

Consensus Conferences 
A consensus conference is a gathering of acknowledged experts and individuals with working 

experience in the topic of the conference. The conference would typically consist of invited papers to 
establish a knowledge base, syndicate discussions where groups discuss selected issues and seek to 
identify areas of agreement and conflict, followed by plenary sessions in which the findings of the 
groups are discussed. The aim is determine areas of general consensus in such matters as patient 
treatment methods, organisation of services and appropriate materials and components. 

Early in the last triennium, in June 1996, there was a consensus conference on Appropriate 
Prosthetic Technology in the Developing World held in Phnom Penh, Cambodia. This conference has 
led to improved communication between the different non-governmental organisations working in the 
region and evaluations of prosthetic systems designed for the developing world. It also set the scene 
for a conference in Wuhan, China organised by the German agencies DSE and GTZ to plan GTZ 
activity into the new millennium. Another consensus conference, this time on Poliomyelitis, was held 
in Hammamet, Tunisia. The report of this conference is due to be published very soon. Already, as a 
result of the conference, several courses on the management of poliomyelitis are being planned. The 
Executive Board is currently examining possible topics for the next consensus conference. 
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Executive Board Meeting 

World Congresses 
The Amsterdam World Congress was very successful with a total of 3428, of whom 1483 attended 

the scientific programme while 1776 attended the exhibition only. A preliminary verbal report was 
given by the Secretary General, Hans Arendzen at an early stage and this should ensure that the next 
World Congress benefits from the experience of the last. 

The next World Congress is being planned for Glasgow, UK on 1-5 July 2001. The venue is the 
Scottish Exhibition and Conference Centre in Glasgow. This centre has excellent facilities and is 
conveniently located for hotels. Preparations for this congress are progressing well but a great deal of 
work remains to be done. It seems likely that the exhibition will be large and the programme excellent 
although this is, of course, affected by the quality of papers submitted. 

Bids for the 2004 World Congress are expected to arrive soon. The deadline for receiving these is 
30 April 1999. 

Executive Board (1998-2001) 
The Executive Board is elected every three years. The first stage is the production of the slate of 

nominations by the Protocol and Nominations Committee. The Committee is helped in this by 
suggestions received from National Member Societies. There is a special form for this on which the 
National Member Society should provide all relevant information about the individual suggested. 
Once composed, the slate then goes before the Executive Board and may be approved or amended at 
this stage. Once finalised, the slate is presented at the Interim Meeting of International Committee 
Representatives and sent to all National Member Societies. At this stage any National Member Society 
may add to the slate. If names are added then an election becomes necessary. This takes the form of a 
postal ballot of the International Committee. It is always hoped that the slate produced by the 
Executive Board will be accepted because a great deal of care has been taken to achieve a good 
professional and geographical balance. 

The incoming Executive Board for the triennium 1998-2001 was elected unopposed. The elected 
members of this Board are as follows: 

President Mr Norman A Jacobs UK Engineer 
Immediate Past President Dr Seishi Sawamura Japan Orthopaedic Surgeon 
President Elect Mr Sepp Heim Germany Prosthetist/Orthotist 
Vice Presidents Mr Gerhard Fitzlaff Germany Prosthetist/Orthotist 

Dr Björn Persson Sweden Orthopaedic Surgeon 
Members Mr John Craig USA Prosthetist/Orthotist 

Dr Jan Geertzen Netherlands Rehabilitation Specialist 
Mrs Winnie Hessing Denmark Physiotherapist 
Dr Juan Martina Caribbean Rehabilitation Specialist 

Honorary Treasurer Dr J Steen Jensen Denmark Orthopaedic Surgeon 
Honorary Secretary Dr Brendan McHugh UK Engineer 

The Chairmen of the Standing Committees are also members of the Executive Board. These are: 

Education Prof John Hughes UK Engineer 
Finance Dr Carsten Torholm Denmark Orthopaedic Surgeon 

The election process is now beginning for the Executive Board (2001-2004). Forms have been sent 
to National Member Societies inviting suggestions. 

Brendan McHugh 
Honorary Secretary 
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Analyses of prosthetic episodes in trans-tibial amputees 

D. D A T T A , S. P. V A I D Y A and Z. A L S I N D I 

Mobility and Specialised Rehabilitation Centre, Northern General Hospital, 

Sheffield, England, United Kingdom 

Abstract 
The prosthetic episodes, i.e. actual processes of 

provision, identifying number of prostheses, their 
maintenance, repairs and replacements were 
analysed for 104 trans-tibial amputees aged 16 
and over, over a 10 year period. The purpose of 
this investigation was to identify how frequently 
a new prosthesis is actually required for this 
group of amputees and what are their 
maintenance requirements. Variations of 
requirement between the amputee groups of aged 
16-60 and over 60 years are also addressed. 

In the 10 years period of the study the amputees 
needed an average of 5.04 new prostheses, 6.25 
refits, 2.28 major repairs and 17.04 day repairs. 
The younger amputees, i.e. below the age of 60 
years, required significantly more new prostheses 
(p=0.003), more refit of sockets (p=0.0012) and 
more day repairs (p=0.01). Traumatic amputees 
below the age of 60 years needed significantly 
more day repairs compared to the non-traumatic 
amputees in the older age group (p=0.003). 

Introduction 
The prosthetic rehabilitation programme and 

prosthetic maintenance need the amputee ' s 
commitment to regular at tendance at the 
Prosthetic Centre as well as on-going 
expenditure related to the cost of the artificial 
limbs and their maintenance and replacement. In 
the United Kingdom prostheses are provided 
free of charge under the National Health Service 
(NHS) to the patients who need them. The 
number and type of prostheses provided in the 

UK are generally related to amputees ' 
rehabilitation needs rather than being strictly 
controlled by the number and frequency of 
supply fixed by the payers of the service. It is 
however, to be noted that the authors' centre do 
not provide swimming prostheses and certain 
sporting prostheses, e.g. Flex-foot, under the 
NHS scheme. This paper describes the results of 
the above investigation and discusses the 
prosthetic maintenance needs of 104 unilateral 
trans-tibial amputees attending a sub-regional 
prosthetic and amputee rehabilitation centre over 
a period of 10 years. 

Patients and methods 
This retrospective survey was carried out at a 

sub-regional centre, in the North Trent region of 
England serving a population of 1.8 million. 
This centre gets referrals of about 200 new 
amputees per year and has an active amputee 
population of around 2,000. 

Admission criteria for this study identified 
unilateral trans-tibial amputees age 16 and above 
who had been wearing prostheses between 10-20 
years at the time of the study. In total 104 
amputees met all the criteria and were therefore 
included. Their medical notes and prosthetic 
records were reviewed and analysed manually as 
were their computerised prosthetic records. All 
prosthetic episodes which occurred over the last 
10 years were examined. The mobility level of 
these patients was not examined. Though a 
detailed breakdown of various types of prosthesis 
was not collected for this study, the 
overwhelming majority of the subjects were using 
patellar tendon bearing modular endoskeletal 
prostheses with a multi-axial ankle joint. 

Excel software package was used and 2 tailed 
t-tests were carried out for statistical 
significance. 

All correspondence to be addressed to Dr D. Datta, 
Consultant in Rehabilitation Medicine, Mobility and 
Specialised Rehabilitation Centre, Northern General 
Hospital NHS Trust, Herries Road, Sheffield S5 7AT, UK. 
Tel: +44 (0) 114 256 1571 Fax: +44 (0) 114 243 1646. 
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10 D. Datta, S. P. Vaidya and Z. Alsindi 

Four different types of prosthetic episodes 
were analysed. 
1. New prosthesis 

Most of the new amputees have a new 
prosthesis after assessment at the primary clinic, 
if it is felt appropriate. This usually happens 
fairly soon after the amputation, i.e., within the 
first few weeks. Thereafter, as the stump alters 
in shape and size, a duplicate prosthesis is 
prescribed to retain patients' independence if 
minor adjustments are not adequate or 
appropriate. The first or the primary prosthesis 
would then be refitted at some stage depending 
on the individuals' progress and requirements. 
Once either of these two prostheses are worn out 
and become uneconomical to repair they are 
then usually replaced with new prostheses. It is 
not the practice to provide a duplicate prosthesis 
as a matter of routine. This is undertaken only on 
clinical grounds when it is considered that 
patients' independence and safety will be at risk 
without a useable, comfortable and safe 
prosthesis. 

2. Refit socket 
If and when the prosthetic socket fitting 

becomes poor or damaged, the socket is refitted 
if minor adjustments and repairs cannot resolve 
the problem. This would be carried out on both 
prostheses (primary and duplicate) if required, 
but usually not concurrently. 

3. Major repairs 
When major repairs and refurbishment work 

and other components are required which cannot 
be carried out while the patient waits, the 
prosthesis is kept in the workshop for a few 
days. Such repair work is categorised as major 
repair work. Major repair work due to the work 
content is usually less expensive than refitting a 
limb but more expensive than minor day repairs. 

4. Minor repairs 
Minor repair or refurbishment of prostheses 

can be accomplished on the same day. Such 
work is categorised as minor repairs. Examples 
of this type of repair include adjustments, lining 
of the socket, renewal of cosmesis, adjustment 
of ankle joints etc. With the use of modular 
endoskeletal prostheses, which has been the 
clinic's usual practice for the last 10-15 years, 
realignment of limbs, putting on a new ankle 
joint or foot etc. are also usually carried out as 
day repairs. 

Results 
One hundred and four (104) patient records 

were analysed. Trauma was given as the cause of 
amputation in 56 patients and 48 had 
amputations due to non-traumatic reasons. Some 
54 patients were aged between 16 years and 60 
years and 50 patients were above the age of 60 
years. Detailed reasons for amputation are 
presented in Table 1. 

Overall, in a 10 year period each of this group 
of amputees on average needed 5.04 new 
prostheses, 6.25 refits, 2.28 major repairs and 
17.04 minor/day repairs to their prostheses. 

The group of amputees over the age of 60 
years required significantly less number of 
prostheses (p=0.003), less number of refits 
(p=0.0012) and significantly less number of 
minor repairs (p=0.01). Overall, the older group 
had less number of major repairs carried out but 
this did not reach statistical significance. Details 
of provision of new prostheses, repairs, and 
refits are presented in Table 2. 

The mean number of minor repairs amongst the 
traumatic younger amputees (N=36) was 
significantly higher at 22.17 compared with that 
of older traumatic amputees (N=20) at 12.95 for 
10 years (p=0.003). There was no significant 
difference in the number of refit sockets carried 

Table 1. Causes of amputation for the study group of unilateral trans-tibial amputees 
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Table 2. Deta i l s of prosthetic ep i sodes on all patients and comparison be tween 15 to 6 0 years over 6 0 years o f age groups 

out in these two groups of traumatic amputees 
(p=0.07). Similar comparisons for patients with 
peripheral vascular disease between the two age 
groups could not be carried out as these were only 
2 amputees with PVD in the younger age group. 

Usually provision of a new prosthesis and the 
refit of socket need 3 visits to the centre by the 
patient, the first visit is to have cast and 
measurements taken, the second visit for a 
fitting and the third visit when the limb is 
completed and delivered to the patient following 
a check-out procedure. Major repairs to the 
prosthesis usually need 2 visits by the patients to 
the centre. The authors have extrapolated that 
over the 10 year period the patients on average 
needed 5.54 visits per year when all age groups 
were considered together, 6.42 visits per year for 
the 15-60 year age group and 4.8 visits per year 
for the 60+ age group. 

Discussion 
Provision of a prosthesis and the ensuing 

maintenance programme is expensive and is 
important to monitor by continuous analysis of 
data. Narang and Jape (1982) and Hoaglund and 
Jergersen (1980) have confirmed this point. 

As far as the authors are aware the pattern and 
frequency of provision of new prostheses and 
their maintenance in a group of trans-tibial 
amputees have not been previously reported. 
Narang and Jape (1982) concluded in their study 
in India that the average life of a prosthesis is 
about 5 years and also reported the number of 
prostheses issued over a 25 year period — but this 
patient group included all ages and all levels of 
upper and lower limb amputees. 

The question is frequently asked, "How often 
will an amputee need to have a new prosthesis, 
how frequently do repairs need to be undertaken 
and how often will the amputee need to attend the 

prosthetic centre?" Answers to these questions 
are important from both the patient's point of 
view and from the point of costing in 
compensation claims and to health service 
providers. Maintenance and the number of visits 
required for prosthetic maintenance are 
important for patients, and their employers to 
allow time off from work. 

It is not possible to provide for the individual 
accurate answers to the above questions 
regarding frequency of need of new prosthesis 
and maintenance as there are likely to be 
considerable discrepancies due to different levels 
of amputation, level of prosthetic use, 
availability of services, type of prosthetic 
hardware used, etc. 

The prosthetic provision in the United 
Kingdom under the National Health Service is 
very similar throughout the country with only 
minor variations. As the mobility level of the 
individual amputee was not examined and used 
in the patient selection in this study, the authors 
are confident that the study group is 
representative of unilateral trans-tibial amputees 
of a wide range of abilities. Therefore results of 
this study should be broadly applicable 
throughout the United Kingdom. 

The aim of the study was to obtain information 
on the overall pattern of prosthetic requirements 
of a defined groups of amputees over a 10 year 
period. While general criteria for each of the four 
areas of prosthetic episodes have been described 
earlier specific criteria for socket change, day or 
major repairs were not identified. 

Patients under the age of 16 years were not 
considered due to different prosthetic 
maintenance patterns due to the growth pattern. 
Only established patients who had reached a 
"steady state" and had been wearing prostheses 
for at least 10 years were considered. The 
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average number of years of wearing prostheses in 
the group was 13.9 years. This approach was 
taken in an attempt to eliminate "untypical" over 
use or under use of prosthetic services. 

The finding of less requirement of new 
prosthesis, less number of refits and less number 
of minor repairs for the older age group was not 
surprising and it is assumed this is due to a more 
sedentary lifestyle for the older amputees. 
Significantly higher figures for minor repairs for 
the younger traumatic amputees compared to the 
older non-traumatic amputees probably reflects 
the more active and adventurous lifestyle 
younger traumatic amputees tend to lead. 
However this hypothesis has not been 
specifically tested. 

Prosthetic hardware and prosthetic expertise 
are provided by an external contractor but during 
the study period of 10 years all individual 
prosthetists and technicians have remained 
virtually the same, through their employers 
changed once during this period. The expertise, 
principals and policies of prosthetics service 
provision has not altered during the study period. 

Conclusion 
Overall, the amputees in the study on average 

needed about one new prosthesis and one new 
socket every 2 years, one major repair every 5 
years and about 2 day repairs per year. It is 
however, accepted that the numbers would be 

higher at the beginning of the prosthetic 
programme due to change in the stump condition 
and the patients' continuing progress with the 
rehabilitation programme until a plateau is 
reached. The results presented here are an 
overall average for a 10 year period. 

This study has identified the pattern of 
prosthetic episodes in a defined group of trans-
tibial amputees. As this study is limited to a 
relatively small number of amputees in one 
centre — its results cannot be accurately applied 
universally. However the results could be used 
as a base line predictor for estimating an 
amputee's prosthetic needs. 
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trans-tibial prostheses 
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Abstract 
In prosthetic practice, the question often arises 

as to whether the hand cast should be made from 
a contracted or from a non-contracted amputation 
stump. To elucidate this question, the authors 
have performed a study to quantify the volume 
difference between these 2 conditions, and to 
relate the differences to prosthetic fitting. Sixteen 
(16) trans-tibial amputees participated in the 
study. All of them were fitted with an ICEROSS 
silicone socket. Electromyographic studies, with 
electrodes attached to the anterior tibial and 
medial gastrocnemius muscles, were carried out 
to determine muscle contraction levels. Volume 
determinations were made with the CAPOD laser 
scanning system. Measurements were performed 
with and without the silicone liner on the stump. 
Without a silicone liner, the volume of the stump 
increased by 5.8% (SD=5.3) as the muscles 
contracted. This increase was statistically 
significant. With the liner donned the volume 
increased 3.5% (SD=3.3). This increase was also 
statistically significant. The volume of the 
prosthetic socket was also compared with the 
stump volume with a silicone liner on. For the 
relaxed stump, the difference was 1.8% 
(SD=10.1), and for the contracted stump -1.7% 
(SD= 11.3). Neither difference was statistically 
significant. The importance of these volume 
changes and how they influence stiffness of the 
coupling between the stump and the socket are 
discussed. It is concluded, that the observed 
difference in volume between a contracted and a 
non-contracted stump are large enough to be 
considered by the prosthetist in his decision on 
how to make a hand cast. 

Introduction 
A major deficiency in some modern 

educational programmes in prosthetics and 
orthotics is the lack of theoretical knowledge for 
the production of optimal prostheses and 
orthoses. During training in prosthetics, one of 
several questions that arises from the students is 
whether the patient should activate the stump 
muscles during the casting process for a trans-
tibial prosthesis, or if the casting should be 
performed on a relaxed stump. Generally, the 
patient is asked to try to relax all stump muscles, 
and, depending on which type of socket is to be 
used, the patient is instructed to keep the knee 
extended or slightly flexed. However , no 
theoretical basis for this procedure has been 
found in the literature. Today, students (and 
many practising prosthetists) demand a 
theoretical basis for casting and other procedures. 

It is well known that a muscle increases in 
cross-sectional area over the belly when the 
muscle is contracted. If the muscles in the trans-
tibial amputation stump follow the same pattern, 
and the prosthetist does not consider this 
phenomenon, the socket fitting could be 
jeopardised. The truth behind a well-fitted 
socket is a total control over all the different 
parameters. Burgess et al. (1974) investigated 
the possibilities of using trans-tibial muscle 
activity to control socket suspension. 

Radcliffe and Foort (1961) described the 
traditional way of manual casting for a patellar-
tendon-bearing (PTB) prosthesis. They 
introduced a complete technical procedure for 
making a PTB prosthesis and their technique has 
more or less become standard. Today, it is a 
common opinion that prosthetic fitting should be 
based on total contact and total weight-bearing 
(Kapp and Cummings, 1992; Klasson, 1995). 
One way to achieve this is to use silicone liners 
together with a controlled hand casting 
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technique (Kristinsson, 1993; Fillauer et al., 
1989). In order to improve total contact with an 
ICEROSS liner, the ICEX technique can be 
used, i.e. the socket is produced under hydraulic 
pressure applied to the stump. This new concept, 
however, puts new demands on the prosthetist 
and his/her knowledge and technique. Ever since 
computer aided design/computer aided 
manufacture (CAD/CAM) was introduced, it has 
been seen as a complement to the traditional 
hand casting technique. The different CAD/ 
CAM systems on the market today can be 
divided into 2 distinct groups: one using a 
plaster cast negative as the starting point (e.g. 
ShapeMakers) and the other using a non-contact 
scanning technique, measuring directly on the 
amputation stump (e.g. C A P O D Systems) 
(Brüssel, 1991). Both techniques have, when 
correctly used, the potential of producing total 
contact and total weight-bearing prostheses. The 
use of a non-contact scanning technique 
eliminates the necessity to make a correct hand 
cast. This technique, however , puts new 
demands on the prosthetist 's skill at designing a 
high quality socket. 

The ultimate goal for the prosthetist, no matter 
what casting technique is used, is always the 
rehabilitation of the patient by means of a well-
fitted prosthesis. This goal can be reached by 
giving special attention to the interaction 
between prosthetic socket and amputation stump 
during prosthetic fitting. The properties of the 
stump/socket interface depend on the initial 
hand casting and the subsequent rectification of 
the posit ive plaster mould. The aim is to 
establish a flexible coupling between the stump 
and the socket that is able to transfer ground 
reaction forces from the prosthesis to the 
skeleton (Klasson, 1995). If the stiffness of this 
flexible coupling is low, the skeleton and the soft 
tissues inside the socket will move during gait 
and the patient will experience less stability 
(Lilja and Johansson, 1993; Grevsten and 
Eriksson, 1975; Eriksson and Lemperg, 1970). 
If, however, the coupling is too stiff due to an 
overly confined fitting, severe problems can 
occur, for example decreased blood flow. Levy 
(1983) describes several stump problems related 
to blood circulation as well as problems related 
to increased pressure between the stump and the 
socket e.g. ischemic ulcers, stasis dermatitis. 

Muscular activity patterns during gait are 
dependent on walking speed, fatigue etc. 

(Whittle, 1991). In the amputation stump, 
muscle activity during gait is similar to that 
found during normal gait for non-amputees. This 
activity can be described as a common activity 
pattern, but there is a difference between 
amputees and non-amputees with respect to 
order of muscle activation, activity level etc. 
(Whittle, 1991; Basmajian and De Luca, 1985). 
Grevsten and Stålberg (1975) have described 
this in e lectromyographic studies. Among 
amputees, muscle activity not only accounts for 
motion of the stump, but even contributes to the 
suspension of the prosthesis (Burgess et al., 
1974; Lilja and Öberg, 1998). With this in mind, 
the question of relaxed versus contracted stump 
muscles during casting is relevant and not trivial 
from the prosthetist 's point of view. 

The most rigid flexible coupling between the 
prosthetic socket and the amputation stump 
should appear when maximum forces are 
transferred from the prosthesis to the skeleton. If 
the movements of the skeleton inside the 
prosthetic socket are not minimised, and if there 
is a discrepancy between the shape of the 
amputation stump and the shape of the 
prosthesis, severe stump problems can occur, for 
example maceration, abrasion and blister 
formations (Levy, 1983; Lilja and Johansson, 
1993). The volume of the amputation stump 
fluctuates over time after the amputation (Lilja 
and Öberg, 1997). The stump volume may also 
vary due to changes in blood perfusion during 
muscular activity. The volumes of the 
amputation stump and the socket are closely 
related to the fit of the prosthetic socket. 
Significant differences between the volume of 
the amputation stump and the volume of the 
prosthetic socket reduce the possibility of a good 
fit and thereby a successful rehabili tation. 
Conversely, a better-fitted prosthetic socket will 
reduce s tump problems and improve the 
rehabilitation process. Pat ients ' opinions, 
however , about a good fit do not always 
correspond with the prosthetist 's, and this might 
be a problem during rehabilitation of the 
amputee. It is important to stress that the 
amputee and the prosthetist must share the same 
goal with respect to prosthetic fitting and 
rehabilitation. 

Very few studies have been published on the 
influence of muscle contraction on the fit of the 
prosthesis, and the existing studies are few, and 
relatively old and incomplete in this respect. 
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Aim 
The aim of the present study was to: 

—quantify the difference in volume between a non-
contracted and contracted amputation stump; 

—discuss such volume differences in relation 
to prosthetic fitting. 

The hypothesis was that the muscle activity 
influenced stump volume, and this must be 
considered during hand casting for trans-tibial 
prostheses. 

Material and methods 
Subjects 

Seven (7) men and 9 women, with a mean age 
of 72 (57-83), were included in the study. 
Thirteen (13) patients were amputated due to 
arteriosclerosis with or without diabetes mellitus 
and 3 patients were amputated due to trauma. 
Three (3) patients were amputated with a sagittal 
flap technique and the remaining patients with a 
long posterior flap. Before and after amputation 
all patients were able to walk with or without 
crutches. Four (4) of the patients had used a 
temporary prosthesis prior to being fitted with 
the definitive prosthesis. The patients were 
included in the study at least 6 months after 
amputation. All patients were definitively fitted 
with an ICEROSS silicone liner in their ordinary 
rehabilitation and 14 of 16 used their prosthesis 
every day, between 2 and 16 hours a day. One 
(1) of 16 patients used an ICEROSS silicone 
liner with a lanyard kit, the others used the 
ICEROSS with a bayonet coupling. Thirteen 
(13) amputees used an Otto Bock single axis 
foot, 2 used an Otto Bock Dynamic Foot and 1 
used an Otto Bock Greissinger Foot. 

Questionnaire 
All amputees were interviewed according to the 

Prosthetic Profile of the Amputee questionnaire. 
Grisé et al. (1993), who also evaluated the 
questionnaire according to validity and reliability 
(Gauthier-Gagnon and Grisé, 1994), designed the 
questionnaire. To the original questionnaire, a 
second section, designed for the present study, 
was added and included questions pertaining to 
the design and function of the prosthesis, from a 
prosthetist 's point of view. The number of 
patients was too small to perform a statistical 
analysis of the results from the questionnaire. 

Muscle contraction 
Electromyographic (EMG) electrodes were 

attached epidermally over the anterior tibial 
muscle and over the medial gastrocnemius 
muscle. The electrodes used in the study were 
Blue Sensor, Medicotest. The patients were 
instructed to activate both the anterior tibial 
muscle and the medial gastrocnemius muscle 
simultaneously to a sub-maximal (as much as 
they could) level possible to contract for about 20 
seconds. To guide the patient's activity the EMG 
signals were visualised as bars on a computer 
screen, and the magnitude of the signal was 
recorded. After some practice all patients were 
able to activate both muscles simultaneously. 

Measurement of stump and socket volumes 
A black dot (6x6mm) was used as a reference 

marker, placed on the middle of ligamentum 
patellae prior to the scanning. The patients' 
relaxed amputation stumps were scanned with a 
CAPOD laser scanner, and the stump volume 
from ligamentum patellae to the distal stump end 
was calculated. After the first scanning, the patient 
was asked to activate the muscles to the previously 
stored EMG magnitude, and a new scanning was 
performed while the muscles were contracted. 
Each scanning was completed in 10 seconds. 
Volume calculations from both scans were carried 
out and compared. The same procedure was 
performed with a silicone liner donned and with 
the EMG electrodes still in place. Positive moulds 
of all patients' prosthetic sockets were produced, 
and the volumes of these prosthetic sockets were 
calculated with the C A P O D System. A 
comparison between the volume of the socket and 
the volume of the stump with the silicone liner 
donned was then performed. 

Statistical methods 
Means, ranges, standard deviations and 

student t-values were calculated according to 
standard procedures (Armitage and Berry, 
1987). The power of the study was calculated 
both a priori and post-hoc with the software 
GPower (Faul and Erdfelder, 1992). 

Results 
A limited number of the 168 variables from 

the questionnaire are described in Table 1. 
Fourteen (14) of 16 patients were satisfied with 
the comfort of the prosthesis moderately or 
better. None of the patients had any wounds on 
the amputation stump at the time of the study. 
None of the patients had constant stump pain but 
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Table 1. Patients satisfaction and use of prosthesis 

9 of the patients experienced phantom pain. For 
4 patients, during gait, the phantom pain 
increased but for 1 it decreased. Seven (7) 
patients experienced increased stump 
perspiration with the silicone liner donned. None 
of the above results have been statistically 
evaluated. The results from the measurements of 
volume changes, with and without a silicone 
liner, during muscle contraction yielded a post-
hoc power of 0.82 (α=0.05). Fourteen (14) of the 
16 amputation stumps increased in volume 

during muscle activity. The mean volume 
increase was 5.8% (SD 5.3; range -4.2-14.2%) 
during muscle contraction in the amputation 
stump (Fig. 1). This increase was statistically 
significant (p<0.001). S tump volume, with 
contracted stump muscles and the silicone liner 
donned, increased for 13 of the 16 amputees. 
The mean volume increase was 3.5% (SD 3.3; 
range -1.4-11.5%) (Fig. 1). This increase was 
statistically significant (p<0.001). The mean 
difference between the socket volume of the 

Fig. 1 Volume changes in per cent of relaxed and contracted stump both with and without silicone liner. 
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amputee's prosthesis and the stump volume was, 
for the relaxed stump, 1.8% (SD 10.1; range 
-15.3-18.7%). This difference was not 
statistically significant. The corresponding 
figures with the stump muscles contracted were 
-1.7% (SD 11.3; range -25.1-14.1%) (Fig. 2). 
This difference was not statistically significant. 

Discussion 
The primary focus of this study was to examine 

differences in volume between a relaxed trans-
tibial amputation stump and the same stump with 
the muscles contracted. The study was performed 
on trans-tibial amputation stumps with a silicone 
liner donned as well as without any liner. A 
significant increase was found in volume when 
the patients contracted the stump muscles 
compared to that of the relaxed stump, both with 
and without the silicone liner (Fig. 1). The 
increase in volume of the stump without a silicone 
liner approximately equals the volume of 1 terry 
cloth stocking. However, a comparison between 
the volume of the prosthetic socket and the stump 
volume, with the silicone liner, did not show any 
significant differences (Fig. 2). 

It has been common practice to consider the 
amputation stump, inside the prosthetic socket 
as a closed hydrostatic system filled with a non-
compressible fluid. If this were true, an increase 
in the cross-sectional area of some part of the 
system must necessarily be associated with a 

corresponding reduction somewhere else. This 
model, however, is not accurate. First of all, the 
socket is not closed, but open at its upper end. 
Secondly, the soft tissues do not behave as a 
non-compressible fluid. Not only the passive 
properties of these tissues must be considered, 
but also the biological changes associated with 
muscle activity. In a state of rest, the muscles are 
relatively sparsely perfused with blood. At the 
capillary level, blood is circulating through a 
relatively coarse metarteriole (preferential 
channel) which is directly connected to the 
venous return, and relatively few capillaries are 
open. At full activity, circulation in the muscle 
tissue can increase by a factor of 20. This is 
achieved by the opening of vascular sphincters 
at the transition between arteriole and capillary. 
This increase in capillary circulation increases 
the volume of the soft t issue as well as, 
probably, the leakage of vascular fluid into the 
extravascular t issues. Furthermore, during 
muscle activity, waste products, for example 
lactate, and other metabolic products accumulate 
in the muscle. These substances have an osmotic 
activity. If these substances are not effectively 
flushed out of the tissues, they will bind water 
and contribute to a further increase in volume of 
the soft tissues (Guyton and Hall, 1996). 

Muscular activity in the lower limb of trans-
tibial amputees during gait has been investigated 
with e lect romyography by several authors 

Fig. 2. Differences in per cent between the prosthetic socket and the stump with a silicone liner. Compared both with 
relaxed and contracted stump muscles. 
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(Winter and Sienko, 1988; Culham et al., 1986; 
Grevsten and Stålberg, 1975; Burgess et al., 
1974). However, only Grevesten and Stålberg 
(1975) analysed the activity of the amputation 
stump muscles while the other authors 
investigated the thigh muscles of trans-tibial 
amputees. Among patients with a trans-tibial 
amputat ion, fitted with a PTB prosthesis, 
Grevsten and Stålberg (1975) found a 
simultaneous contraction of the anterior tibial 
muscle and the gastrocnemius muscle when the 
load on the prosthesis was largest. The muscular 
activity is closely related to the different phases 
of the gait cycle, and among amputees it may 
contribute to the fit of the socket (Burgess et al., 
1974; Lilja and Öberg, 1998). The present study 
focuses on volume changes of the stump when 
the muscles of the stump are activated. 

In trans-tibial amputees, as well as among 
non-amputees, the maximum ground reaction 
forces during gait exceed 100% of the body 
weight (Winter and Sienko, 1988; Hermodsson 
et al., 1994; Hubbard and McElroy, 1994). 
These forces have to be transferred from the 
prosthetic socket to the amputation stump and 
further to the skeleton. The possibili ty of 
transferring these forces is influenced both by 
the biomechancial properties of the amputation 
stump and the physical propert ies of the 
prosthetic liner (Silver-Thorn and Childress, 
1996). The soft tissues of the stump have quasi-
linear viscoelastic properties with respect to 
stress and strain while the soft socket liner has 
properties related to its specific material (Sonck 
et al., 1970; Fung, 1993; Silver-Thorn and 
Childress, 1996). These factors increase the 
complexity of force transmission. 

The mechanical relationship between the stump 
and the socket is utilised to form a coupling, 
which is able to transfer the ground reaction 
forces from the prosthesis to the skeleton. The 
efficiency of this coupling depends on its inherent 
stiffness. The difference between the volume of 
the socket and the momentary volume of the 
stump is an important factor that contributes to 
regulation of the internal pressure inside the 
stump. Increased internal pressure results in 
increased stiffness of the coupling. One 
consequence of an unsatisfactory coupling (i.e. a 
coupling with low stiffness) is increased tibial 
displacement during gait resulting in a loss of 
energy and influence on proprioception and 
kinesthesis (Lilja and Johansson, 1993; Grevsten 

and Eriksson, 1975). Equally important as 
volume control is the shape of the socket. It is 
essential to have a high congruity between the 
socket and the stump, so-called surface matching, 
especially for non-voluminous amputation 
stumps with bony prominences. The primary aim 
of surface matching is to avoid tissue damage due 
to localised pressure peaks over prominent bony 
areas (Buis, 1997). Bader and Chase (1993) 
discussed the mechanics of the patient-orthosis 
interface, but similar discussions can be applied to 
prosthetics. They pointed out that tangential 
forces combined with normal forces increase the 
risk of obliteration of capillary blood flow. This 
emphasises the importance of a properly fitted 
prosthesis and knowledge about volume changes 
stressed in the present study. 

If the prosthetic socket is fitted and the 
difference in volume between the prosthetic 
socket and the amputation stump is minimised 
when the stump muscles are relaxed, the internal 
pressure of the soft tissues increases as the 
muscles contract due to the restricted expansion 
of the stump volume. This results in increased 
stiffness of the stump-socket coupling. However, 
the opposite will occur if the volume difference is 
minimised when the stump muscles are 
contracted. Then the stiffness in the coupling will 
decrease as the stump muscles relax, and an 
inferior suspension of the prosthesis will be the 
result. When prostheses are fitted without soft-
liners the consequences of muscle contraction are 
more pronounced, with the stiffness curve 
showing a steeper slope. However, if a thin soft-
liner is used between the socket and the stump, 
the increased stump volume during muscle 
activity is compensated for through compression 
of the liner, and the stiffness curve will increase 
more slowly as muscles contract. At the same 
time the patient will experience a moderate 
increase in the stiffness of the coupling between 
the amputation stump and the prosthetic socket 
and a tightening of the fitted socket The present 
study indicates an increase in stump volume of 
about 5% when contracting the stump muscles, 
and many prosthetists have probably experienced 
the problem with a well-fitted socket as the 
patient complains about the socket being too 
tight during gait. This might be the result of an 
overly tight fitting of the socket, increased 
pressure inside the stump and an excessively 
increased stiffness in the coupling between the 
stump and the socket during muscle activity. 
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In the authors' opinion, there are difficulties in 
controlling the stump shape and stump volume 
using traditional techniques, including hand 
casting and rectification. One possibility to 
increase this control is by use of CAD/CAM 
techniques (Brüssel, 1991; Lilja and Öberg, 
1995; Johansson and Öberg, 1998). All 
CAD/CAM software includes an option for the 
determination of the volume of the stump and 
modification of the positive model. In addition, 
the use of pressurised casting might, however, 
offer increased possibilities to control the stump 
volume during the production of a prosthetic 
socket (Murdoch, 1968). 

In the present study, 16 trans-tibial amputees 
participated. Even if the number of patients was 
relatively low, a post-hoc calculation of power 
with GPower (Faul and Erdfelder, 1992), 
yielded a power of 0.82 (α=0.05), indicating a 
sufficient number of patients for the study. As 14 
of 16 patients considered comfort of the 
prosthesis to be average or better, the fit of the 
prosthetic socket was good, from the patient's 
point of view. However, a comparison of the 
volume of the socket and the stump volume with 
the silicone liner donned showed considerable 
differences in volume (Fig. 2). For 1 patient 
included in the study, the volume difference 
between the prosthetic socket and the 
amputation stump was as high as 18% and the 
patient still considered the comfort to be good. 
These results indicate that there are variables 
other than mere volume differences that 
influence the results of prosthetic fitting. 
Breakey (1997) studied some psychological 
aspects of prosthetic fitting, especially the body 
image using the amputee body image scale. 
These different psychological aspects of 
prosthetic fitting probably coincide with other 
objective variables such as volume and shape. 

Differences in amputation technique among 
the participants in the study, with 3 patients 
amputated with sagittal technique and 13 patients 
amputated with a long posterior flap, might have 
had adverse effects on the results but, in this 
study, the patient was used as his own control. 

The results of the present study are naturally 
related to the patients' ability to contract the 
stump muscles. All patients trained their ability 
to contract the muscles before the first 
measurement. However, if a patient could not 
make a maximal contraction due to inability to 
co-ordinate the muscle activity, the volume 

changes can only increase as the amputee 's 
ability to activate the muscles increases. An 
increase in ability to contract the muscles will 
result in an increase in stump volume. The 
observed volume changes in the present study 
can be related to the volume of 1 terry cloth 
sock, with a volume of approximately 5% (Lilja 
and Öberg, 1977). This can then be used as a 
compensation for a discrepancy between the 
socket volume and the stump volume. 

As the profession of prosthetics aims toward a 
more academic standing, there is an increased 
need for a theoretical foundation for clinical 
practices. Today, there remain several areas with 
a lack of basic theoretical knowledge. According 
to Pike (1996), there might be a revolution coming 
to the field of prosthetics and the prosthetists of 
today have to be prepared. However, the present 
knowledge of handicraft in the profession is 
comprehensive, but it has to be supported by a 
theoretical base. The results of this study may 
contribute to the theoretical base needed for the 
future education of prosthetists/orthotists. 
Prosthetists can implement the results from the 
present study into their clinical work. 

Conclusions 
This study had identified and documented 

trans-tibial volume changes during muscle 
contraction of the anterior tibial muscle and the 
medial gastrocnemius muscle. There was a 
significant increase in stump volume of 5.8% 
during muscle contraction. With an ICEROSS 
silicone liner donned, the volume increased 
significantly by 3.5%. 

The results indicate the importance of making 
a hand cast with the stump muscles relaxed if the 
subject is to have a stiff coupling between the 
amputation stump and the prosthetic socket 
during the stance phase of gait. 
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Abstract 
Interface pressures and shear stresses at 

different sagittal plane angular al ignment 
settings were measured on 3 trans-tibial amputee 
subjects ambulat ing with patellar-tendon-
bearing total contact prostheses. Substantial 
socket-shank angular alignment modifications in 
the sagittal plane had minimal effect on stance 
phase peak interface pressures, though more 
substantial effects on stance phase peak resultant 
shear stresses. No consistent trend of a greater 
stress at misal igned vs nominally aligned 
settings was identified. Changes in interface 
stresses from session to session tended to be 
greater than those for different al ignment 
settings, suggesting that subjects compensated 
well for misalignments but less well for session 
differences. 

Introduction 
The sagittal plane angular alignment of a 

lower-limb prosthesis, the angular position of 
the foot relative to the socket in the sagittal 
plane, influences the distribution of mechanical 
stress at the stump-socket interface. However, 
data reported in the literature vary as to the 
degree of influence of the alignment on interface 
stresses, Pearson et al. (1973) found that 10 
degree flexion adjustments (with no translational 
compensat ion) on one subject resulted in 
pressure changes of 9 9 % (285kPa) , 5 1 % 
(135kPa), 26% (26kPa), and 4 0 % (21kPa) for 

the anterior distal tibia, patellar tendon, lateral 
tibial condyle, and medial tibial condyle sites 
respectively. Ten degree extension adjustments 
resulted in pressure changes of 42% (150kPa), 
3 5 % (83kPa), 0% (0kPa), and 40% (21kPa). 
However, Appoldt et al. (1968) on 2 trans-
femoral amputee subjects found only a small 
reduction (complete quantitative data not 
provided) at every test location for 5 degree 
flexion and extension adjustments (with 
translational compensat ion) . Winarski and 
Pearson (1987), on trans-tibial amputee subjects, 
found 30% (67kPa) pressure changes for 1 
subject and 30% (28kPa) changes for a second 
subject at a patellar tendon site when 10 degree 
flexion adjustments were made (with no 
translational compensation). Ten degrees of 
extension produced changes of 5 3 % (80kPa) and 
54% (46kPa) in the same 2 respective subjects. 

The purpose of this research was to extend 
from and add to this database of interface stress-
alignment investigations. An intent here is 
inclusion of resultant shear stress data with 
pressure in the analysis so as to determine if the 
changes of interface resultant shear stresses to 
alignment follow similar patterns to those for 
pressures collected at the same site. It was also 
intended to compare interface pressure sensitivity 
to alignment with results reported in the literature 
adding data to analysis of this important issue. 

Methods 
Subjects 

All subjects were male unilateral trans-tibial 
amputees who regularly wore total contact 
patellar-tendon-bearing (PTB) prostheses with 
sleeve suspensions and had been amputees for at 
least 1 year. Subject No. 1 was 23 years of age, 
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Fig. 1. An instrumented prosthetic socket. Transducers are 
positioned in mounts at anterior-medial proximal, antero-
medial distal, lateral and posterior proximal sites. Dummy 
transducer plugs fill mounts at sites that are not monitored. 

of mass 65.9kg, and had his right l imb 
amputated 4 years prior to this study as a result 
of a gunshot wound. His stump was very bony 
with little soft tissue especially distally and was 
of length 14.6cm from the patellar tendon to the 
distal end. He regularly used a PTB total contact 
socket with a 3-ply wool sock, a Pelite™ liner, 
and a latex or Neoprene sleeve suspension. 
Subject No.2 was 25 years of age, of mass 
68.2kg, and had his right limb amputated 8 years 
prior to this study as a result of a motorcycle 
accident. He had a prominent medial distal 
osteophyte, and his stump was of length 15.2cm. 
He regularly used a PTB total contact socket 
with a nylon sheath, a Pelite liner, and a 
Neoprene sleeve suspension. Subject No.3 was 
46 years of age, of mass 86.4kg, and had his 
right limb amputated 8 years prior to this study 
as a result of a climbing accident. He had 
excessive superficial tissue in his stump, a 
prominent peroneal nerve, and a deep cleft in the 
antero-distal suture line. He regularly used a 
PTB total contact socket with a nylon sheath, a 
Pelite liner, and supracondylar suspension. 

Instrumented prostheses 
An instrumented prosthesis was designed and 

manufactured for each subject by certified 
prosthetists using computer-aided design 
(ShapeMaker™) and manufacturing methods. 
Sockets were designed to be slightly smaller 
than those normally used by the subjects because 
no socks or sheaths were worn with the 
instrumented prosthesis. Only a Pelite liner, 
made during vacuum-forming of the socket, was 
between the socket and stump and it was bonded 
with a thin layer of epoxy to the inside of the 
socket. At selected, relatively flat, locations on 
the anterior, lateral, and posterior surfaces of 
each socket, holes of diameter 8.73mm were 
drilled through the socket wall and Pelite liner. 
Mounts, carefully aligned to be perpendicular to 
the inside socket surface, were fixed to the 
outside of the socket with epoxy. The mounts 
held custom-designed transducers (Sanders and 
Daly, 1993) of diameter 6.35mm so that their 
sensing surfaces were flush with the inside Pelite 
liner surface (Fig. 1). Each transducer surface 
was a Pelite disk of the same thickness as the 
surrounding Pelite, thus no foreign material was 
introduced to the s tump. The transducers 
measured shear stresses in 2 perpendicular 
directions in the plane of the transducer surface 
as well as pressure applied perpendicular to the 
surface. Dur ing a data collection session, 
stresses were monitored at 4 of 7 possible 
locations at a time (Table 1). It was not possible 
to monitor all 7 sites simultaneously because of 
a limited number of channels in the data 
acquisition system. Mounts of unmonitored sites 
were filled with dummy transducer plugs. 

The prosthesis was completed with a Berkeley 
alignment unit, an instrumented pylon (Sanders 
et al., 1994), and a Seattle™ LightFoot. Because 
of a limited number of data acquisition channels 

Table 1. Transducer locations. 
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on the computer data collection system (16 
channels total), only 4 of 6 shank forces and 
moments were monitored simultaneously in a 
session. Axial force was measured in all 
sessions. Data were collected at a 125Hz 
sampling rate. The Berkeley alignment unit was 
modified to include an apparatus for 
measurement of angular alignment changes 
(Sanders et al., 1990). The apparatus added 
minimal mass to the prosthesis. An instrumented 
prosthesis weighed approximately 3.1kg, typical 
of a fitting prosthesis (most of the mass was in 
the Berkeley alignment unit). Subject No.2 used 
a suprapatellar strap attached to an elastic belt to 
facilitate suspension. Subject No.1 used a latex 
sleeve suspension. Subject No.3 used a latex 
sleeve suspension and supracondylar socket 
design. 

Data collection sessions 
Trials were carried out and data collected with 

the sagittal plane angular alignment at 1 of 3 
settings for each subject. Misalignment settings 
were selected to be the max imum of the 
available range on the Berkeley unit but within 
safety ranges acceptable to the research 
prosthetists. No translational compensat ions 
were made for the flexion and extension 
adjustments. During each trial, the subject 
walked the length of an 18m hallway at a 
cadence controlled to between 94 and 99 
steps/min using a metronome. The selected 
value was the closest to the subject's normal 
self-selected walking rate. Data collection was 
initiated 1 step after walking was initiated and 
lasted for 8 s. At least 4 consecutive trials were 
conducted at each alignment setting, thus the 
alignment was changed at least twice over the 
course of a data collection session. Alignment 
ordering was randomly selected. As many 
sessions as possible were conducted on each 
subject over a 1 month period, with a minimum 
of 2 sessions on each subject. The purpose of the 
1 month time restriction was to limit effects of 
stump changes on socket fit. It was expected that 
session effects on interface stresses would not be 
as drastic as alignment effects thus the 4 sites 
selected for monitoring in each session were 
selected randomly rather than systematically. 

Data processing 
Data from the transducers and instrumented 

shank were converted into interface pressures 

and shear stresses and shank forces and 
moments using calibration data. For the 
transducers, resultant shear stress magnitudes, 
which were the resultant stresses in the plane of 
the interface, and pressure magnitudes at each 
transducer site were calculated. Only data from 
complete steps were included in the analysis and 
the first step in a trial was not included because 
of possible acceleration effects on the results. 
Steps in which instrumentat ion problems 
occurred were not included in analysis. Steps 
were segmented into stance and swing phases 
based on a slope threshold of 0.63N/ms for heel 
contact and -0.63N/ms for toe-off in the shank 
axial force channel. For stance phase of each 
step, the peak magnitude pressures and resultant 
shear stresses were determined. The basis for 
using the peak magnitude pressure and resultant 
shear stress data in analysis is that it is expected 
that these are threatening times for stump soft 
tissues and thus are of strong clinical interest. 

Results 
Alignment deviations were at least 4 degrees 

in each direction (plantarflexion, dorsiflexion) 
for all subjects. Values reflect the maximal 
acceptable safety ranges for each subject as 
established by the research prosthetists. In Table 
2 angles are specified relative to the centre of 
rotation for sagittal plane adjustments on the 
Berkeley alignment unit at the nominal (zero) 
alignment setting for each subject. 

The coefficient of variance (defined as the 
standard deviation/mean)(COV) was, in general, 
less for pressure than for resultant shear stress. 
For pressure, COV was typically greater than 
10% for antero-medial proximal and antero-lateral proximal sites (Table 3) but less than 10% 
at remaining sites. There was not a trend of 
greater C O V for misal igned vs nominally 
aligned settings. 

Alignment changes had minimal effect on 
pressure maxima and resultant shear stress 
maxima at most of the sites for most of the 
alignment modifications. Data shown in Figure 
2 are typical. Absolute value pressure changes 

Table 2. Angular alignment changes for each subject. 
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Table 3, Interface stress magnitudes and coefficients of variance. 
Stance phase maximal magnitudes (kPa) and coefficients of variance (%). Site abbreviations are listed in Table 1. 
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Table 4 Effects of changes in alignment of interface stresses. 
Changes in interface stresses for dorsiflexion (dflex) and plantarflexion (pflex) alignments relative to the nominal (zero) 

alignment. 
Magnitudes (kPa) and fractions of the mean (%). Site abbreviations are listed in Table 1. 
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were less than 10% of the mean in 14 of 16 cases 
for Subject N o . l ; 18 of 24 cases for Subject 
No.2; and 26 of 32 cases for Subject No.3 (Table 
4), Pressure changes were larger than 20% of the 
mean in 1 of 16 cases for Subject N o . l ; 3 of 24 
cases for Subject No.2; and 0 of 32 cases for 
Subject No.3. Axial force changes were less than 
10% for all subjects for all misal ignment 
settings. 

Resultant shear stresses (kPa) showed lower 
absolute magnitude changes than pressures in all 
cases but greater percentage changes. Resultant 
shear stress changes for different alignments 
were less than 10% in 14 of 16 cases for Subject 
No.1 ; 10 of 24 cases for Subject No.2; and 20 of 
32 cases for Subject No.3. Resultant shear stress 
changes were larger than 20% in 2 of 16 cases 
for Subject No .1 ; 7 of 24 cases for Subject No.2; 
and 9 of 32 cases for Subject No.3. 

Typically a change of more than 10% in 
pressure was accompanied by a corresponding 
greater than 10% change in resultant shear stress 
at the same site. This occurred in 1 of 2 cases for 
Subject N o . l ; 6 of 6 cases for Subject No.2; and 
3 of 6 cases for Subject No.3 . However, in a 
number of cases a greater than 10% change in 

resultant shear stress occurred without a 
correspondingly greater than 10% change in 
pressure. This occurred in 1 of 2 cases for 
Subject No . l ; 8 of 14 cases for Subject No.2; 
and 9 of 12 cases for Subject No.3. 

Pressure changes for alignment modifications 
in the dorsiflexion direction were not always 
opposi te of those for the plantarflexion 
direction, i.e. there was a maximum or minimum 
at the zero alignment relative to the dorsiflexion 
and plantarflexion values. This result occurred 
in 4 of 8 cases for Subject No.1 ; 8 of 12 cases for 
Subject No.2; and 6 of 16 cases for Subject 
No.3. For resultant shear stress, there was a 
maximum or minimum at the zero alignment 
relative to the dorsiflexion or plantarflexion 
alignments in 4 of 8 cases for Subject N o . l ; 6 of 
12 cases for Subject No.2; and 8 of 16 cases for 
Subject No.3 . 

Inspection of Tables 3 and 4 also demonstrates 
that the magnitude changes between sessions 
were in some cases substantial compared with 
those for different alignments within a session. 
Investigation of session to session differences 
was not an aim at the outset of the study. The 
study protocol was not designed to make these 

Fig. 2 . Changes in pressure (pr) and resultant shear stress (rs) for different alignments. Stance phase peak stresses for Subject 2, session 2 are shown. 
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comparisons thus only limited data are available. 
However, analysis of available data 
demonstrated substantial session to session 
changes. For pressure, 2 of 3 cases for Subject 
No. 1 had changes greater than 20%; 1 of 6 cases 
for Subject No.2; 5 of 12 for Subject No.3 
(Table 5). For resultant shear stress 1 of 3 for 
Subject No.l had changes greater than 20%; 4 of 
6 for Subject No.2; and 8 of 12 for Subject No.3. 
Thus for all subjects session to session changes 
had a greater proportion of cases with changes 
greater than 2 0 % than did al ignment 
modifications. Data comparing alignment and 
session to session changes for Subject 1 are 
shown in Figure 3. Axial force changes between 
sessions were less than 10% for all possible pairs 

of sessions within a subject. The results suggest 
a more complete investigation of session to 
session differences on interface stresses is 
warranted. 

Discussion 
Interface pressure data presented here are 

consistent with those reported by Appoldt et al. 
(1968). Alignment effects on interface pressures 
were low. For each subject, very few sites 
demonstrated changes greater than 20% for 
pressure. 

The minimal effects of al ignment are 
inconsistent with the results of Pearson et al. 
(1973) and Winarski and Pearson (1987), where 
substantial changes in interface pressures for 

Table 5 . Effects of changes in session on interface stresses. 
Changes in interface stresses from session to session. Magnitudes (kPa) and fraction of the mean (%). 

Site abbreviations are listed in Table 1. 
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Fig. 3. Changes in pressure and resultant shear stress for different alignments and different sessions. Stance phase peak 
stresses for Subject 1, sessions 1 and 2 are shown. 

alignment changes in trans-tibial amputees were 
reported. Differences could reflect protocol 
differences, subject variations, or amputation 
level differences. Another possibility that all the 
data supports, however, is that in cases in which 
the transducers were flush with the interface 
(Appoldt et al. (1968) and this study) results 
showed substantially lower pressure changes for 
misaligned vs nominally aligned trials compared 
with studies in which the transducers protruded 
into the skin (Pearson et al. 1973; Winarski and 
Pearson, 1987). Effects of sensor protrusion on 
interface pressure measurement have been 
investigated (Appoldt et al., 1969; Patterson and 
Fisher, 1979) and shown to have an important 
influence on measurement repeatability, 
particularly at sites with thin skin over bone. 
Thus data from Pearson's and Winarski and 
Pearson's studies may reflect instrumentation 
design limitations. 

The coefficients of variance, in general, were 
higher for resultant shear stress than for 
pressure. Thus resultant shear stress is less 
consistent from step to step than is pressure. 
Fluctuations in frictional coefficient with 
changes in skin temperature and surface 
moisture could be part of the reason. Frictional 
coefficient sensitivity to temperature has been 

reported (Naylor, 1955). 
The percentage changes in pressure magnitude 

reported here for the different alignments are 
comparable in magnitude to the coefficients of 
variance expressed as a percentage for steps at a 
setting within a session. Thus compared to the 
variability from trial to trial, misalignment 
effects were not substantial. It is important to 
note that the alignment changes were extreme, 
the maximal range of the Berkeley alignment 
unit at which alignments were considered safe. 
More subtle changes, as would be typical during 
a fitting session would be expected to have a 
reduced impact on changes in interface stresses. 
It is important to note, however, that the 3 
subjects evaluated in this study were 
experienced prosthesis users; they adapted their 
gaits well to the alignment changes, based in part 
presumably on interface stress sensations on 
their stumps. It is interesting to note that, a 
greater number of sites showed greater than 10% 
changes for resultant shear stress than for 
pressure, suggesting that alignment changes 
influenced resultant shear stress more than they 
did pressure. Possibly the subjects used pressure 
sensation more than resultant shear stress 
sensation as feedback to compensate for the 
al ignment modifications, resulting in more 
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consistent pressure values than resultant shear 
stress values. 

Though not part of the original study design, 
analysis of session to session differences showed 
that session changes had a greater impact on 
interface stresses at a greater proportion of sites 
than did alignment changes within a session. 
Differences from session to session were not 
accompanied by greater changes in shank axial 
force. Possibly, changes in stump shape or 
material properties were responsible for the 
session to session differences. To investigate 
their relative influence, further studies need to be 
conducted in which stump shape and/or material 
properties as well as interface stresses are 
measured. Appoldt et al. (1968) also noted 
significant session to session differences but he 
reported for the 2 subjects tested that only in 
sessions weeks or months apart were the effects 
significant. Day to day variations were typically 
within the larger of ±7kPa or ±20%. It is clear 
from Appoldt 's results and those presented here 
that the relative influence of session to session 
effects compared with alignment changes or 
other modifications to the prosthesis is an area 
worthy of further investigation. If session to 
session changes were shown to be more 
influential on interface stress magni tude 
changes, then more intensive design and fitting 
concentration on techniques to overcome shape 
changes would be warranted. 
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Abstract 
A quantitative method was developed for 

defining manual socket modifications, averaging 
these modifications over a series of amputees, 
and using the average modifications as a template 
in commercial C A D / C A M systems. The 
CADVIEW programme (i.e. software for 
viewing and analysing C A D sockets) was 
rewritten to provide comparison functions for 
aligning sockets to a common axis, visualising 
the differences between sockets, generating 
modification outlines, assigning apex point 
values, and averaging the modification outlines. 
A CAD template generated in this manner should 
be the best general representation of a 
prosthetist 's modification style. To test this 
hypothesis, 13 people with trans-tibial 
amputations were fitted with both a manual and a 
C A D / C A M socket. Questionnaires were 
completed by the subjects and by the prosthetist 
to obtain information on prosthetic comfort, 
function, and overall satisfaction. Ground 
reaction force and stride parameter data were also 
collected for each prosthesis during gait 
laboratory testing. No significant differences 
were found between the manually designed 
socket and the CAD/CAM designed socket for all 
data except the vertical peak forces on the 
amputated side. These results support the clinical 
application of this quantitative technique for 
making the transition from manual to CAD/CAM 
prosthetic modification procedures. 

Introduction 
C A D / C A M (Computer Aided Design/ 

Computer Aided Manufacture) has become a 
viable clinical tool in the field of prosthetics and 
orthotics. The CAD/CAM process provides a 
controlled method for shape modification, an 
accurate method for positive mould fabrication, 
a decrease in production time, and a more 
efficient platform from which to service remote 
areas (Lemaire and Johnson, 1996; Torres-
Moreno et al., 1995). Improvements in CAD 
software have enabled clinicians to make almost 
any stump shape modification. Generally, a 
prosthetist uses computer modification tools to 
outline a modification region, specify points of 
maximum change, and set modification 
amounts. While these tools are effective, the 
prosthetist must be able to visualise socket 
modifications on a 2-dimensional screen — as 
opposed to hand-sculpting modifications on a 
physical object. Exper ience with clinical 
C A D / C A M applications has shown that 
transferring manual prosthetic modification 
skills to a computer system is neither easy nor 
time-efficient. This knowledge-transfer problem 
is compounded when the individuality of clinical 
modification procedures is considered (i.e. 
modification styles are particular to each 
prosthetist). In most cases, a prosthetist will 
learn to modify a shape on a CAD system by 
trial and error. 

One approach to easing the manual- to-
CAD/CAM transition is to develop a method of 
quantitatively defining manual socket 
modifications. Once a manual modification 
technique has been quantitatively defined, these 
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digital modifications can be transferred to a 
C A D system as a template or overlay. A 
template will allow the user to apply an 
individual's modification technique to a shape in 
1 step. Custom modifications can then be made 
to the averaged modification pattern. This 
process should improve the efficiency and 
effectiveness of moving from traditional to 
computer socket design. 

This document describes a project for 
quantitatively defining manual socket 
modifications and then using these 
modifications to produce a template for 
C A D / C A M socket fabrication. Template 
validation involves comparing C A D / C A M 
produced sockets with manually manufactured 
sockets. 

Methods 
Subjects 

All subjects were recruited through the 
Prosthetics and Orthotics Service at the 
Rehabilitation Centre, Ottawa, Canada and the 
protocols for the investigation were approved by 
the Centre 's ethical committee. These trans-
tibial (TT) amputees used their patellar-tendon-
bearing (PTB) prostheses with supracondylar 
suspension as their main ambulatory assistive 
device. If the person agreed to participate in the 
study, they were informed of the project 
protocol and asked to complete a consent form. 
Each subject 's s tump was evaluated by a 
prosthetist before starting the project to ensure 
that there were no tissue problems that would 
affect socket fitting. 

Seven (7) subjects with TT amputations were 
recruited to define the standard modification 
pattern. These people provided a good 
representation of the prosthetist 's typical clients. 
An additional 4 experienced prosthesis wearers 
were recruited for a pretest of the CAD/CAM 
rectification pattern. Long term prosthesis users 
were chosen to assist in refining the standard 
modification pattern since they should be better 
at communicating their concerns to the clinician 
and providing informed feedback. Thirteen (13) 
subjects with TT amputations, who were more 
than 1 year postoperative, were recruited for the 
project 's validation phase. 

Equipment 
All CAD/CAM software and hardware were 

available in the Prosthetics and Orthotics 

Service of the Rehabili tat ion Centre . The 
average modification pattern shapes were 
digitised with the CANFIT-PLUS C A D system. 
The Shapemaker software package was used to 
produce all test sockets. Both CANFIT-PLUS 
and Shapemaker use a cast digitiser for shape 
input and are capable of generating output for a 
variety of numerically controlled carvers. An 
IPOS carver was used to produce the positive 
models. 

Each socket consisted of a polyethylene inner 
socket (liner) and a polypropylene outer socket. 
An Otto Bock thermoplastic socket attachment 
plate and pylon were used to connect the socket 
to the subject's foot/ankle unit. A soft, Pelite 
liner was used for 2 subjects. Gait testing 
facilities at the Rehabilitation Centre included 1 
AMTI force platform (AMTI, 176 Waltham 
Street, Watertown, MA, 02172, USA), an Ariel 
Performance Analysis System (APAS — video 
kinematic/kinetic analysis), electrogoniometers, 
and a proprietary EMG data collection system. 

Modification pattern 
To develop a quanti tat ive approach for 

defining prosthetist-specific socket modification 
patterns, new software routines were added to 
the C A D V I E W programme (software for 
viewing and analysing CAD sockets (Lemaire, 
1994)) to compare original and modified stump 
shapes. By entering a series of pre- and post-
modification socket shapes into CADVIEW, 
common modification areas could be averaged 
to produce a generalised rectification pattern 
suitable for use with a C A D / C A M system 
(Lemaire and Johnson, 1996). 

To define a personal modification pattern for 
the research prosthetist, 7 people with TT 
amputations were fitted using manual 
modification techniques. After a cast was taken 
of a subject's stump, a mandril was placed inside 
the cast and the cast was filled with plaster. The 
mandril was visually aligned to the middle of the 
longitudinal section that was distal to the mid-
patellar tendon (MPT) region. After the plaster 
had set, the cast was stripped off the model and 
residual plaster outcrops were trimmed. A nail 
was driven into the model at a right angle to the 
mandril and at the MPT landmark location (i.e. 
the main reference point). This model was 
digitised into the computer using CANFIT-
PLUS and a Seattle Digitizer. A special 
mounting adapter was used to hold the mandril 
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in the same vertical position for the pre- and 
post-modification digitisations. A consistent 
main reference point location was also location 
was also maintained on the model during 
modification and during digitising. After the 
first digitisation, the prosthetist modified the 
model by hand to produce a PTB socket with 
supracondylar suspension. While modifying, the 
nail at the MPT location was driven into the cast 
so that material could be removed without losing 
the main reference point. The modified plaster 
model was digitised using the same procedure as 
the first digitisation. 

All the pre-modification and post-
modification shapes were loaded into the 
C A D V I E W software to visually determine 
common modification areas for each subject 
(Fig. 1). The following steps were used to 
generate a comparison shape: 
• each subject 's pre- and post-modification 

shapes were viewed individually as shaded 3D 
and cross-section images. This step served as 
an initial data quality check and allowed the 
prosthetist to see how each shape looked as 
3D rendered and 2D cross-section images; 

• the 2 shapes were compared using 
CADVIEW's Compare Sockets function and 
displayed using the colour-mapped view; 

• printouts were produced that showed anterior, 
posterior, medial, and lateral views of all 
colour-mapped comparison images. The 
printouts were laid out on a table so that 
common modification areas could be 
identified; 

• common modification boundaries were 
defined for each socket using CADVIEW's 
Outline Generation function; 

• in cases where 2 modifications were blended 
into each other, the Break Outline tool was 
used to separate the larger shape into the 
desired outlines; 

• in some cases, the Edit Outline function was 
used to change the "broken" edge of the new 
boundary so that it better conformed to the 
colour-mapped image; 

• each separated outline was saved to disk; 
• the peak difference value for each 

modification was determined by using the 
Show Difference Value function. This number 
was recorded on a data sheet; 

Fig 1. Average modifications at the patellar tendon. Thin lines represent normalised PTB modification outlines from seven 
subjects. The thick line represents the average PTB modification outline 
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• similar outlines (i.e. outlines from the same 
area on each socket) were selected and 
averaged to generate 1 typical modification. 
All selected modifications and the averaged 
modification were displayed on-screen for 
visual confirmation; 

• the peak difference values were averaged and 
recorded on the data sheet; 

• after all modification outlines had been 
processed, the averaged outlines were 
rendered on 1 subject's original socket (using 
CADVIEW) The same socket shape was 
loaded into the Shapemaker C A D / C A M 
software; 

• using Shapemaker , the averaged 
modifications were redrawn to match the 
images in CADVIEW. Since each prosthetic 
C A D / C A M system has its own outline 
definition idiosyncrasies, the size of each 
modification and the amount of overlap 
between modifications were defined to suit the 
Shapemaker p rogramme. The average 
modification shapes and modification 
magni tudes were consistent between 
Shapemaker and C A D V I E W . When all 
modifications had been redrawn, the set of 
modifications was saved as a template; 

• the size and position of the modification 
outlines were adjusted by applying the new 
template to 3 of the original socket shapes, 
saving the resulting socket, and using 
CADVIEW to compare the results to the 
related modified socket file. 
The standard modification pattern was used for 

all CAD/CAM produced sockets in this study. 
Since CAD systems can be used to make fine 
modifications to the socket shape, software 
modifications were allowed after applying the 
template. These modifications were divided into 
minor and major groups. Minor modifications 
were expected since most sockets will require 
shape customisation to accommodate the 
subject's characteristics. These modifications 
include depth/height changes over a modification 
area, volume changes, length changes, relocation 
of modification areas, and modification surface 
shape changes on modification areas. Major 
modifications included extensive modification 
outline reshaping, creating new modification 
areas, and point editing. 

Clinical evaluation 
Before formally validating the CAD/CAM 

technique, a pre-test was performed involving 4 
experienced users of TT sockets. After each 
subject was fitted with a CAD/CAM produced 
socket, the prosthetist and the end-user assessed 
the success of the standardised modification 
pattern. The success was based on clinical 
criteria and whether major modifications were 
required. If the rectification pattern was found to 
be unsatisfactory, the "Modification Pattern 
Development" stage would have been repeated 
with additional subjects. 

Validation 
Thirteen (13) validation subjects were fitted 

with a CAD/CAM produced socket and, if their 
current socket was unsatisfactory, fitted with a 
new conventional socket (mean age 55.9 years — 
s.d=14.7, mean height 1.78m — s .d=0 .1 , mean 
mass 82.1kg — s.d=13.9). The same components 
were used for both prostheses. The subjects 
wore their new prosthesis for at least 2 weeks 
before completing a questionnaire and having 
their gait evaluated. 

A clinician quest ionnaire and a subject 
questionnaire were used to assess satisfaction 
with the conventional and CAD/CAM produced 
sockets. The clinician questionnaire recorded 
information on the prescribed device, the time 
required to fit the subject, clinician satisfaction 
with the manufactured socket, the number and 
type of modifications required for final fitting, 
and a qualitative assessment of walking gait. 
This questionnaire also recorded the subject's 
personal data; such as, date of birth, occupation, 
gender, height, weight, amputation site, date of 
amputation, medical conditions, date of last 
prosthesis, number of years of prosthetic use, 
and mobili ty aids. Before gait testing, 1 
questionnaire was completed for each socket. 

The subject questionnaire inquired about 
comfort, security, ease of gait, pain and pressure 
problems, general satisfaction, and general 
comments. This questionnaire was administered 
2 weeks after the device had been dispensed. 

Quantitative gait analysis was used to ensure 
that no significant walking pattern differences 
were produced by wearing either a CAD/CAM 
or a conventional socket. Examination of the 
ground reaction forces was considered an 
acceptable means of quantitatively assessing the 
differences between the 2 test cases (Prince et 
al., 1992; Seliktar and Mizrahi, 1986; Yang et 
al., 1991). 
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All gait testing took place in the Gait and 
Motion Analysis Laboratory at the 
Rehabili tat ion Centre. APAS was used to 
collect/filter all analogue data and digitise video 
clips of the subjects. Post-processing was 
completed on a Quattro Pro 7 spreadsheet. An 
additional software programme was written to 
display APAS force output and calculate 
impulses. 

When a subject arrived in the laboratory, the 
test procedures were re-explained and reflective 
markers were attached at the toe, ball, heel, 
ankle, knee, hip, and shoulder locations. While 
only the toe marker was used for this study, the 
other marker data were collected as part of a 
standard data collection procedure. After all the 
markers were attached, the subjects walked at a 
natural cadence along a 10 metre walkway until 
they felt comfortable in the laboratory and 
consistently stepped on the force platform. 

For the first 3 subjects, data were collected 
from the amputated side. The subject walked in 
the same direction for all 12 trials. For the other 
10 subjects, data were collected from both sides 
of the body. In these cases, the subjects walked 
back and forth along the walkway while data 
were collected on the side that was closest to the 
video camera. Twelve (12) trials were collected 
for each side of the body (total of 24 trials per 
session). For each trial, 2 seconds of ground 
reaction force data were sampled at 200Hz. 

Following each data collection session, the 
force data were digitally filtered at 12Hz (dual 
pass 4th Order Butterworth filter) and 
transferred to the data processing computer. The 
APAS system was used to capture a digital video 
clip of each trial and digitise the 2D marker 
positions. After the data had been transformed, 
most marker data were digitally filtered at 10Hz. 
In a few instances, 6 or 8Hz filter settings were 
required to smooth the data. The APAS graphing 
utility was used to obtain stride length, stride 
time, and walking speed by subtracting toe 
marker positions and times at successive toe-off 
events. Stance time was calculated from the 
ground reaction force data. 

Force post-processing involved importing a 
subject's filtered data into Quattro Pro so that all 
12 trials could be averaged. Each trial was 
normalised to 100% of stance using linear 
interpolation. The average and standard 
deviations were calculated at 1% intervals. Peak 
forces for each trial were calculated from the 

filtered data (i.e. data not normalised and not 
averaged). These peaks included the maximum 
mediolateral force (Fx), the maximum value of 
the decelerating force (Fy-brake), the maximum 
push-off force (Fy-push), and the maximum 
vertical forces (Fz-brake, Fz-push). Impulse 
values for Fx, Fy-brake, Fy-push, Fz-brake, and 
Fz-push were calculated using a separate 
Microsoft Windows programme and then copied 
into Quattro Pro for statistical analysis. The 
force and impulse ratio measures were 
calculated by dividing the braking value by the 
push-off value. 

Data analysis 
All questionnaire data were analysed using 

descriptive statistics. Below average client 
satisfaction with the CAD/CAM sockets, as 
compared to a satisfactory response with the 
conventional sockets, would contra-indicate 
continued use of the new modification pattern. 

Force and impulse values obtained from the 
gait analyses were compared between sockets 
using a paired t-test (p<0.05). The average 
ground reaction force curves were also 
compared using Pearson product moment 
correlation coefficients and root mean square 
error (RMSE) statistics. Since ground reaction 
forces are sensitive to increases in walking 
speed, the walking speed data were analysed to 
ensure that any differences were not due to a 
faster gait. 

If no differences were found between gait 
results for the 2 fabrication methods, or if the 
results for the CAD/CAM produced leg were 
clinically different but closer to gait results for 
normals, the CAD/CAM template generation 
procedure was considered appropriate for 
clinical use. 

Results 
Pre-test 

While each subject's socket required specific 
modifications, some common changes were 
required for all 4 pre-test subjects. To 
accommodate individual variations in 
anatomical structure, modification locations 
were change for each subject. For the same 
reason, apex point positions were changed for 
some modifications. The size of certain 
modifications also had to be changed due to 
Shapemaker 's inability to adequately scale the 
template for long or short shapes. Creation of a 
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"long socket" modification outline, while 
maintaining the same modification shapes, 
alleviated some of these template application 
problems. The medial tibial flare modification 
was split into 2 sections to create an appropriate 
medial tibial flare relief when applying a 
Shapemaker template. The revised modification 
template was considered appropriate for clinical 
use and full validation testing. 

Validation 
Questionnaire results 

A subject questionnaire was used to obtain 
each subject 's perspect ive on comfort and 
function for the manual and C A D / C A M 
prostheses (Fig. 2). Wilcoxen signed ranks test 
results showed no significant differences 
(p<0.05) between the 2 prostheses based on 
comfort, ability to walk, and overall satisfaction. 
McNemar test statistics also showed no 
significant between-group differences (p<0.05) 
on the basis of pain and perceived safety during 
prosthetic use. These results supported the 
premise that the new C A D / C A M design 
technique can produce a socket that the client 
considers as good as a manually produced 
socket. 

The prosthetist questionnaire results also 
supported the premise that the C A D / C A M 

technique could produce a socket of equal 
quality as a manually produced socket (Fig. 3). 
No significant differences (p<0.05) were found 
between the 2 groups for walking gait and socket 
fit (Wilcoxen signed ranks test at p<0.05). 

The prosthetist graded CAD/CAM socket fit 
as superior in 4 cases and manual socket fit as 
superior in one case. These results compared 
well with the results from the subject 
quest ionnaire; however, the prosthetist and 
subject differed in opinion in 2 instances. In both 
these cases, the subject liked the manual socket 
better but the prosthetist rated both sockets the 
same. One (1) case that differed was for a long 
term prosthetic user who did not like a hard 
socket. For the other case, the subject 
experienced some medial patellar discomfort 
when using the CAD/CAM prosthesis. This 
discomfort was resolved after the second gait 
analysis session by using a heat gun to modify 
the socket. 

Individual results 
Examinat ion of individual subject data 

showed that, in 4 cases, the C A D / C A M 
prosthesis was considered superior to the manual 
prosthesis. In each case, the ratings were only 1 
level higher. Three (3) other subjects considered 
their manual prosthesis superior. These subjects 

Fig 2. Subjec t questionnaire results for comfort, walking and satisfaction (percent of responses) 
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Fig 3. Prosthetist questionnaire results (percent of responses). 

were long-term prosthetic users who were very 
satisfied with their current prosthesis. Two (2) of 
these subjects experienced some discomfort in 
the fibular head and medial patellar regions 
when ambulat ing with their C A D / C A M 
prosthesis. All of the CAD/CAM sockets were 
considered safe to use; however, 1 subject did 
not consider the original prosthesis safe. The 
subject was not able to explain this opinion. 

On average, 1.5 (s=0.63) CAD/CAM sockets 
were required to produce an acceptable device. 
Eight (8) out of 13 sockets were acceptable on 
the first attempt and 1 socket required 3 attempts 
to obtain a satisfactory result. Three (3) attempts 
were necessary for the 1 successful trial (i.e. the 
trial when the subject and the prosthetist 
considered the manual socket to be superior). 

To obtain a satisfactory socket, minor 
template modifications were required in 7 cases 
and major template modifications were required 
in 8 cases. The major modifications involved 
either boundary reshaping or, in 1 case, the 
addition of a new modification. Boundary 
reshaping was required to compensate for long 
stumps, stumps with bulbous distal ends, or a 
prominent distal fibular region. For 5 subjects, 
38% of the cases, no heat gun modifications 

were required. Heat gun modifications refer to 
using a heat gun to warm up the thermoplastic 
socket so that the prosthetist can adjust the 
socket shape during fitting. 

The main areas that required attention during 
fitting were the fibular head region, the 
supracondylar suspension region, the posterior 
shelf, and the distal end. For most subjects, 
Shapemaker did not correctly cap the socket 's 
distal end. This problem was corrected by 
lengthening the socket before carving and then, 
after carving, manually modifying the distal end 
of the foam blank. Most fitting problems 
occurred with people who liked their manual 
socket better. 

Gait results 
Gait analysis results from the manual and 

CAD/CAM socket groups were very similar 
(Tables 1. 2 and 3). T-test analysis results 
showed no significant differences between 
groups (p<0.05) in all cases except peak vertical 
forces on the amputated side. Data from both 
groups were significantly correlated (p<0.05) for 
all measures. When examined as a percentage of 
the data ranges from the manual socket trials, the 
average differences between the manual and 
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Table 1. Summary of stride parameter analysis for the amputated side. Standard deviations are in parentheses 

Table 2 . Summary of force analysis for the amputated side (in N). Standard deviations are in parentheses Force directions 
x, y and z are respectively in the following directions, M/L, A /P and vertical 

Table 3. Summary of impulse analysis for the amputated side (in N.s). Standard deviations are in parentheses. Force 
directions x,y and z are respectively in the following directions, M/L, A/P and vertical 

CAD/CAM groups were less than 6.5%. The 
majority of measures had a difference of less 
than 4.0%. No significant differences (p<0.05) 
were found for any measures from the non-
amputated limb. All measures on the non-
amputated side were significantly correlated 
(p<0.05). 
Since all but 1 Pearson correlation coefficients 

were greater than 0.93, it can be concluded that 
the CAD/CAM prostheses did not affect the 
force/time curve shapes. For most subjects, the 
RMSE values were low. This suggested that the 
C A D / C A M prosthesis did not affect the 
force/time curve magnitudes. All cases with a 
RMSE over 5% were from subjects with the 
most variable gait. The Fx force component was 
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Fig 4. Ground to prosthetic foot force data from the manual and CAD sockets - representative trial with three vertical 
force peaks. 

Fig 5. Force data from the manual and CAD sockets - representative trial showing higher peak force. 
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the most variable within-subject measure and 
had the largest relative RMSE values. 

Discussion 
The reliance on hand-sculpting techniques in 

the field of prosthetics has contributed to the 
development of prosthetist specific methods for 
socket design. Since the optimal method for 
designing a functional and comfortable socket 
has yet to be discovered, the patient must rely on 
an individual prosthetist 's clinical judgement to 
design and fit a TT prosthesis. 

Though a prosthetist can modify a socket 
successfully, many are unable to define exactly 
what was done to the positive model. During 
modification, the original shape is lost as 
material is added and removed. Because 
modifications are made over the entire shape and 
not as a series of individual changes, picking out 
exactly how the stump shape was modified is 
difficult. The inability to define how individual 
prosthetists modify a socket can impede the 
transition from manual techniques to 
CAD/CAM. To address this issue, a Microsoft 
Windows software programme was written to 
display, analyse, and compare manual and 
CAD/CAM socket shapes. 

CADVIEW was used to generate a CAD 
modification template that was specific to the 
prosthetist 's manner of working. The variability 
in prosthetic modification styles made it 
essential that this template produced a shape that 
was visually acceptable to the prosthetist; 
otherwise, the clinician would likely reject the 
template. Averaging a series of modifications 
from 7 subjects produced an acceptable and 
functional design. 

The averaged modifications varied in size and 
shape. Even with these variations, it was 
observed that the averaged modification shapes 
conformed well with theoretical modification 
procedures. This variability also supported the 
idea that 1 template is not sufficient to fit all 
amputees without some fine-tuning. By 
analysing a large database of prosthetic socket 
modifications, a series of templates could be 
developed to better accommodate the wide 
variety of stump contours. 

Some operator experience was necessary to 
translate the averaged modifications into a 
Shapemaker , C A N F I T - P L U S , or ipoCAD 
template because all these software packages 
differed in the way they applied overlays and 

blended outlines into the socket surface. Since 
Shapemaker was used for the validation portion 
of this study, only Shapemaker templates were 
produced. 

It was necessary to fine-tune the Shapemaker 
template for different socket lengths and to 
blend modifications into the surface. 
Unfortunately, current template functions are 
not able to retain inter-modification 
relationships when accommodat ing various 
socket lengths, accommodating some socket 
volumes, and maintain blending between 
overlapping areas. Currently, these problems are 
corrected by the prosthetist after a template is 
applied. 

Most of the template fine-tuning occurred 
during the initial pre-test trials. The pre-test 
trials were also beneficial for identifying areas 
that could be expected to differ between 
subjects. While examining socket modifications 
for the template generation subjects, it became 
apparent that the fibular head and tibial crest 
regions were more variable than other areas on 
the socket. The variability in fibular head 
position, shape, and orientation was supported 
by the template changes that were made during 
the pre-test. While the new template gave a good 
starting point, it was unreasonable to assume 
that the prosthetist would not have to change the 
fibular head modification in some manner to 
provide a proper fit. 

The tibial crest modification did not require as 
many changes since variations in orientation and 
position were accommodated by the template. 
Since the template was linked to the proximal 
and distal tibial landmarks, Shapemaker skewed 
the tibial crest modification to correspond to the 
current landmark posit ions. While using 
multiple landmarks helped, Shapemaker had 
difficulty scaling the tibial crest modification for 
length. 

Even though the clinician was satisfied with 
the system, it was unfortunate that major 
template modifications were required for 62% of 
the sockets. In all but 1 case, the major 
modifications only involved reshaping 1 or 2 
modification boundaries. Many of the boundary 
changes were required to compensate for 
Shapemaker 's inadequacies in maintaining the 
relationship between modifications on different 
limb shapes. The adjustments were done to 
maintain the template shape, rather than make 
alterations. 
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Some boundary reshaping was also needed to 
accommodate the individual 's anatomy. In 1 
case, the distal portion of the lateral tibial crest 
modification was expanded to conform to the 
bulbous distal end of the subject's stump. For the 
3 subjects with long stumps, the medial tibial 
flare modification was extended posteriorly so 
that it overlapped the popliteal modification. 
This change was needed for soft tissue control. 
Supracondylar modification changes were 
required in 2 other cases to provide relief for the 
lateral tibial condyle. 

Since the same major modifications were 
necessary to fit the subjects with long stumps, it 
may be necessary to create a long stump 
template to accommodate these shapes properly 
without making major changes to the socket 
modifications. A bulbous stump template may 
also be required; however, more subjects would 
have to be evaluated to determine if the template 
modifications were related to individual 
characteristics or general trends. A larger sample 
would also be needed to determine the long and 
bulbous template shapes. 

It should be noted that most of the template 
modifications did not require major changes (a 
typical socket design will have 14 discrete 
modifications). In fact, 7 of the 8 sockets that 
had major modifications only required that 1 
template modification be reshaped. Since the 
same modification was not changed in each 
instance, this type of reshaping may be an 
expected occurrence due to individual 
differences. Another possible explanation is that, 
as mentioned in the previous paragraph, a series 
of general templates are likely required to 
accommodate different stump types. 

From a functional point of view, the amount 
of time savings that would be gained by 
providing a large number of different templates 
and individual modification shapes must be 
considered. Contemporary prosthetic CAD 
software has been designed to allow a prosthetist 
to complete boundary point changes very 
quickly (a few minutes per modification). If only 
1 modification is being altered, it may be more 
efficient for the clinician to use 1 familiar 
template and customise the modifications as 
needed. 

It was encouraging that heat gun 
modifications were not required in 4 2 % of the 
cases. This indicated that almost half of the 
sockets produced with the CAD template were 

able to be fitted directly on the subject. Since 
minor socket adjustments are often required 
during the fitting process, this result is at least as 
good as the results during manual fittings. 

One area that was not accommodated by the 
CAD/CAM system was the socket 's distal end. 
Since the cast digitiser's tracking wheel does not 
reach the bottom of a cast, the distal end is 
mathematically closed by the CAD software. 
Unfortunately, the generated shape does not 
necessarily conform to the subject. The CAD 
endcap was often too flat and, as a result, 
produced a socket that was too short. In these 
cases, the prosthetist used the CAD programme 
to lengthen the socket before carving a positive 
model. He would then manually modify the 
distal end to produce the correct shape. This 
complication was not related to the template but 
to current, cast-based, prosthetic CAD/CAM 
systems. Progression to more sophisticated 
digitising methods should el iminate this 
problem. 

The posterior shelf was another region that 
was defined by the C A D programme and caused 
some difficulty for the prosthetist. While the 
shape of this modification was usually 
acceptable, the posterior shelf height was 
occasionally difficult to set. More experience 
with the Shapemaker programme was required 
before the prosthetist could consistently set the 
correct shelf height. 

The people who preferred their manually 
produced socket had specific fitting 
requirements. For the case where the subject and 
prosthetist agreed that the manual socket was 
superior, the client had a short stump and walked 
with excessive knee hyperextension. When these 
factors were combined with excessive soft tissue 
in the posterior popliteal region, it became 
difficult to control the tissue while maintaining 
the appropriate posterior shelf height. This 
subject also required extra work on the fibular 
head region. Upon discussion with this subject's 
regular prosthetist, it was found that months of 
trial and error were necessary to fit this person 
successfully with a prosthesis (using manual 
methods). This person is also very stoical and 
will put up with some discomfort before asking 
for an adjustment. Even though the CAD/CAM 
socket was not as good as the subject's usual 
device, the level of success was considered 
typical for this client. Although this does help to 
explain the results, it does not change the fact 
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that the socket fitting was unsuccessful. 
The second subject had a trigger point distal to 

the fibular head that made fitting this region 
difficult. The subject was also very sensitive to 
pain. It took more than 8 modification sessions 
totally to relieve pain associated with his 
manually produced socket. This person also 
indicated that the hard CAD socket was too 
different from his old, Pelite lined, socket. To 
correct this, a second socket was made that 
incorporated a soft liner. The subject felt more 
comfortable with the soft liner; however, he was 
unable to explain why he still preferred the 
manual socket. It was interesting to note that this 
subject was the only person that did not return 
for adjustments after the initial fitting. This may 
have meant that the socket did not require 
adjustments or that the subject did not want to 
make the effort to have an optimally fitting CAD 
socket. 

The third subject had a very bony stump (i.e. 
very light subcutaneous tissue). He also had a 
scar in the medial patellar region that 
camouflaged pressure problems since the skin 
did not discolour after wearing the prosthesis. 
Unfortunately, the subject did not report any 
medial patellar discomfort to the prosthetist until 
returning for post-evaluation. The prosthetist 
could easily have corrected this problem with a 
heat-gun modification. Since this discomfort 
was not present when ambulating with his 
regular prosthesis, it is understandable that the 
subject would assign higher ratings to his 
manually designed socket. There were no 
special stump characteristics for the people who 
preferred their CAD/CAM socket. 

Questionnaires 
Since the prosthetist and subject 

questionnaires produced similar results, the 
opinions rendered in these questionnaires can be 
considered valid. The results indicate that the 
prosthetist and the subjects considered sockets 
designed using the CAD/CAM technique to be 
at least as good as the manually designed 
sockets. 

The questionnaire data from individual cases 
provided insight into the clinical realities of 
using a CAD modification template. Of the 13 
test cases, 1 socket fitting can definitely be 
considered unsuccessful since both the 
prosthetist and client had lower ratings for the 
CAD/CAM socket. In 2 other cases, fitting 

success was not as clear. These 2 subjects 
preferred the manual socket over the CAD/CAM 
socket; however, the prosthetist considered the 
C A D / C A M sockets to be as good as the 
manually produced ones. 

In 4 cases, the client considered the 
C A D / C A M socket superior. The prosthetist 
concurred on 3 of these cases - he considered 
the fourth case to be as good a fit as the previous 
socket. This consensus between the subject and 
the prosthetist suggests to the authors that the 
new C A D / C A M modification technique is 
capable of creating a prosthetic socket that is 
better than a person's current device. Although it 
was clear that some subjects preferred the 
C A D / C A M socket, the reasons for this 
preference were diverse. 

In 1 case, the subject was experiencing some 
pain when walking with the old prosthesis. This 
pain was not present when the subject was re-
tested with the new prosthesis. The resolution of 
this pain may have been related to the new socket 
or the pain may have resolved itself over the 2 
week inter-test interval. For the second and third 
cases, the new socket required 3 to 4 ply fewer 
socks than the manually produced socket. The 
reduction in socket volume may have led to 
better prosthetic control during gait. A tighter 
socket may also have felt more comfortable since 
it would have had to conform to the subject's 
anatomy. It was difficult to identify one factor 
that could describe why the last subject preferred 
the CAD/CAM socket. Since the fitting session 
was extremely easy, it may be concluded that the 
prosthetist made the correct choices to produce 
an optimal socket for this patient. 

Since each C A D / C A M prosthesis was 
compared with the subject's current prosthesis, 
it was not possible to blind the subject or the 
prosthetist as to what device was being tested. 
The novelty of using a new socket may also have 
contributed to a superior rating; however, bias 
against a new device may also have contributed 
to the inferior ratings. 

Both manual and C A D / C A M methods 
sometimes require that more than 1 socket be 
fabricated before a successful fit is achieved. For 
this study, the average of 1.5 iterations was 
comparable with C A D / C A M results in the 
literature and falls within the expected clinical 
range (i.e. 1-2 sockets). It was not surprising that 
the subject who was not successfully fitted 
required 3 iterations before an acceptable socket 
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was designed. There were no visible trends 
between satisfaction with one type of prosthesis 
and the number of iterations that were required 
to obtain an acceptable result. 

Gait analysis 
The gait analysis results supported the 

hypothesis that there was no difference between 
the CAD/CAM socket group and the manually 
produced socket group. In almost all cases 
(Tables 1-3), there were high correlations and 
small between-mean differences. These results 
were consistent for discrete measures and for 
ensemble averaged curve comparisons. 

The stride parameter results from this study 
were comparable with similar results in the 
literature (Torburn et al., 1990; Winter and 
Sienko, 1988; Barth et al., 1992; Robinson et al., 
1977). These results were also very similar when 
comparing the 2 groups. Since the stride length, 
stride time, and walking speed results were so 
close, between-group gait comparisons should 
not be substantially affected by variations in 
walking speed. 

Between-group ground reaction force 
comparisons produced the only significantly 
different measures. On the amputated side, 
vertical ground reaction forces from the manual 
socket trials were significantly higher than 
vertical forces from the CAD/CAM socket trials. 
The average vertical peak forces were also lower 
on the non-amputated side; however, these 
results were not significant. Since the 
differences in vertical impulse values were 
small, it can be concluded that the vertical forces 
on weight acceptance and push-off were 
redistributed over each of these phases. 
Examination of the average force/time curves 
for each subject supported this idea since curves 
with lower peak forces compensated by having a 
lower slope, and hence a more equal area. Other 
methods for achieving similar vertical impulses 
included a reduced unweighting phase and a 
more abrupt push-off (thereby increasing the 
area under the force-time curve). 

The medial-lateral horizontal force 
component was the most variable measure. This 
is not an uncommon finding when testing people 
with, or without, a lower limb amputation. Even 
with the high variability, each curve had the 
same general shape. There were no clinically 
identifiable between-group differences for the 
medial-lateral ground reaction force curves. 

It was interesting to note that people who 
preferred the CAD/CAM socket had the largest 
reduction in peak vertical ground reaction 
forces. No such trend was apparent for the 
people who preferred their manually designed 
socket. The people who liked their CAD/CAM 
prosthesis also had lower Fx impulse values, 
higher Fy braking impulses, and larger push-off 
impulse values. While these results were not 
significant, they may help explain the success of 
these new prostheses. Lower Fx impulses may 
have indicated that there was less total body 
centre of gravity movement away from the 
midline. This could improve the subject ' s 
perception of balance. The higher braking and 
push-off impulse values could indicate that these 
subjects were making better use of their 
prosthesis for reducing their forward 
acceleration. Improved force transfer from the 
prosthesis to the ground should result in overall 
improvements in walking gait and, as a result, in 
improved client satisfaction. 

The averaged force/time curve shapes were 
similar in almost all cases. Some of the 
differences that were observed by examining the 
ensemble averaged data included the following: 
• C A D / C A M trials produced some Fz 

force/time curves that were closer to typical, 
non-amputee walking results. These changes 
usually involved improved symmetry and 
similar peak forces at early and late stance; 

• smoother horizontal braking and push-off 
curves. There was no relationship between this 
measure and the type of socket; 

• more symmetrical braking and push-off 
periods. There was no relationship between 
this measure and the type of socket; 

• perturbations in the force/time curves in early 
stance were present for the poorer walkers in 
both groups. While the use of a CAD/CAM 
socket usually changed the shape of these 
curves, the new socket did not necessarily 
minimise these perturbations. 
Even with these documented variations, the 

force/time curves from the CAD/CAM trials 
were usually within 1 standard deviation of 
similar data from the manual trials. 

Except for the differences in peak vertical 
forces, there were no clinically or statistically 
relevant differences between gait parameters 
with the manual socket and CAD/CAM socket 
groups. This result supports the use of the 
modification outline generating process to 
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develop a clinically viable CAD/CAM template. 
The modification outline generating process may 
also help prosthetists make the transition from 
manual socket design to computer-aided design. 

Conclusion 
This document has described a process for 

defining manual socket modifications and, by 
averaging these modifications over a series of 
TT prosthetic sockets, generating a personal 
CAD/CAM template. Test results confirmed that 
this method produced sockets as good as sockets 
designed by traditional methods. 

Since the CAD/CAM manufacturing process 
can be more efficient and more consistent than 
the manual modification process, this study 
supports the use of CAD/CAM in some clinical 
environments. By using CADVIEW to help 
define a CAD design strategy, the process of 
moving from traditional design methods to 
computer design methods should also be more 
efficient. The process of making a modification 
template that is specific to an individual 
prosthetist can ease the transition from hands-on 
socket design to computer aided methods. 

Other beneficial side effects are suggested by 
this study. Educators could use the socket 
comparison feature to examine student 
modificat ions. The students could use 
C A D V I E W to compare their socket 
modifications with the instructor ' s 
modifications. CADVIEW could also be used in 
orthotics to examine the progression of spinal 
deformities over time or to chart the changes in 
head shape when applying a head orthosis to a 
client with cranial plagiocephaly. Further 
research would be required to confirm these 
advantages. 

This study has led to the other questions 
regarding prosthetic fitting. The CAD/CAM 
modified socket was not exactly the same shape 
as the subject's previous socket; however, the 
majority of subjects were successfully fitted 
using both design methods . These results 
suggest that there is a certain tolerance within 
which a prosthetist can work. This tolerance 
might be expected when you consider that a 
person with a TT amputation walks with a 
mechanical device fixed, or strapped to their leg. 
Part of the fitting process is helping the patient 
adapt to a socket shape. It would be 
advantageous to know what this tolerance is so 
that decisions can be made regarding CAD 

approaches (i.e. measurement or limb digitising) 
or manual modification accuracy (i.e. can the 
manual modification t ime be reduced by 
working within, and not beyond, the tolerance 
range). The CADVIEW programme could be 
used to document inter-clinician variations when 
fitting the same subject. These data would help 
in an investigation to document prosthetic fitting 
styles and to define fitting tolerances. 

Since people accommodate to a prosthetic 
socket, it is understandable that long term 
prosthetic users prefer their existing socket 
shape. The socket comparison functions could 
be beneficial when a prosthetist is having a 
problem fitting a new socket on a subject who is 
only satisfied with a certain style and feel. By 
using CADVIEW to examine the differences 
between the old socket and the new socket, the 
prosthetist could refine the design to better 
accommodate the individual ' s previous 
preferences. 

Whi le looking at future applications is 
important, the main application of note from this 
project is the successful implementation of a 
quantitative method for defining and averaging 
manual prosthetic socket modifications. These 
results are both academically and clinically 
relevant. 
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Abstract 
The Intelligent Prosthesis may enable lower 

limb amputees to walk faster than with 
conventionally damped prostheses and as a 
result the physical burden involved in walking 
could be expected to be considerably higher. 
The aim of this study was to investigate whether 
or not physiological cost index (PCI) is 
applicable as an indicator for monitoring the 
amount of exercise load involved in walking 
with an Intelligent Prosthesis. The method used 
a treadmill and monitored gas exchange, 
ventilation and heart rate (HR) in 6 unilateral 
trans-femoral amputees, ages were between 17 
and 34 with an average age of 23.1 . The exercise 
protocol was as follows: for each person speeds 
at 0.8 times the subject's free level walking 
speed, 1.0 times, 1.2 times, 1.4 times and for 
some 1.6 times were applied. In each case the 
index of correlation between PCI and oxygen 
uptake in response to walking speed was 
calculated. A significant correlation was 
observed between PCI and oxygen uptake in 
each case, which indicated a close relationship 
between cardiopulmonary factor and energy 
consumption while walking. These results 
suggest that PCI is of use as an indicator for 
ascertaining the amount of exercise load in 
walking with an Intelligent Prosthesis. 

Introduction 
The, so called, Intelligent Prosthesis is 

electronically controlled to dynamically regulate 
the degree of opening of the needle valve of a 
pneumatic damping cylinder at the prosthetic 

knee joint in response to walking speed. A 
microcomputer is used for swing phase control. 
The Intelligent Prosthesis may allow lower limb 
amputees to walk faster than was possible with 
conventionally damped prostheses (Zahedi, 
1993). The authors' centre offers an additional 
Intelligent Prosthesis walking training 
programme to teach amputees the techniques of 
walking rapidly. In this c i rcumstance the 
exercise load involved in prosthetic walking can 
be expected to be considerably higher than 
normal. Consequently the exercise load while 
walking with the prosthesis must be 
appropriately monitored to make walking 
training safer. In many cases in clinical 
situations physical therapists are responsible for 
training and their work would be facilitated by a 
simple, convenient and real-time monitoring 
method. 

PCI is one of the cardiopulmonary factors 
suggested by MacGregor as an indicator of 
energy cost. (MacGregor, 1979; MacGregor, 
1981). This indicator is the value of the heart 
rate (HR) at rest subtracted from the HR under 
load and divided by the walking speed, which is 
comparatively simple to measure. The research 
reported here aims to investigate whether or not 
PCI is applicable as an indicator for monitoring 
the amount of exercise load involved in walking 
with an Intelligent Prosthesis. 

Subjects 
The subjects were 6 unilateral trans-femoral 

amputees (5 male, 1 female) aged between 17 
and 34 with average age of 23.1 who had been 
hospitalised in the authors' centre and completed 
the Intelligent Prosthesis walking training 
programme. The amputees had been well trained 
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in the use of the Intelligent Prosthesis and were 
skilled in its use. The fit of prosthesis was 
clinically reviewed by certified prosthetists. 
Optimum adjustment of the Intelligent knee joint 
for each amputee was carried out by certified 
physical therapists. The physical characteristics 
of the subjects are shown in Table 1. 

Method 
Firstly most comfortable walking speed for 

each subject using an Intelligent Prosthesis, i.e. 
the free level walking speed (FWS) , was 
measured prior to testing. HR at rest was 
recorded after the subject had been seated for 15 
minutes. Laboratory environmental conditions 
were controlled at a temperature between 20°C 
and 23°C, and relative humidity at 60%. 
Informed written consent was obtained before 
entry into the study. In this research a treadmill 
was used. The exercise protocol was as follows: 
for each subject after 5 minutes of warm-up at 
0.8 times the subject 's FWS, the speed was 
increased continuously in steps every 5 minutes 
by 0.2 t imes the subject 's F W S until the 
maximum speed was achieved. The treadmill 
was held level for the duration of testing. During 
exercise the respiratory gas was monitored with 
a respiromonitor (Minato RM-300 system, 
Osaka, Japan) on a breath by breath basis. At the 
same time the ECG and HR were monitored 
during exercise by Stress Test System (ML-
5000, Fukuda Denshi, Tokyo, Japan), and cuff 
blood pressure was determined every minute 
with an autoelectrocardiometer (Colin STPB-
780, Japan). Treadmill walking is used in the 
Intelligent Prosthesis walking training and it was 
judged that the subjects were skilled in its use, 
Consequently the measurements were taken only 
once. To guard against falling during 
measurement the subjects were allowed to 

lightly grip a support bar in both hands, but they 
were directed not to grip strongly (Fig. 1). The 
parameters during the last 2 minutes of the 5 
minutes of each exercise stage were averaged. 
PCI was calculated as (HR while walking — HR 
at rest) / walking speed. The Pearson Product-
Moment technique was used in all correlation 
analysis. Differences were considered 
significant at p<0.05. 

Results 
The relationship between walking speed and 
oxygen uptake 

In all cases oxygen uptake increased with 
increasing walking speed (Fig.2). 

The relationship between walking speed and 
PCI 

With the exception of case 5 PCI increased 
with increasing walking speed in each case. In 
case 5 PCI fell slightly at FWS and 1.2 times that 
speed, but there was a rising trend at 1.4 times 
and 1.6 times (Fig.3). 

The relationship between PCI and oxygen uptake 
In each case the index of correlation between 

PCI and oxygen uptake in response to walking 

Table 1. Physical characteristics of the subjects 

Fig. 1. Experimental subject undergoing respiratory gas 
analysis. Subject is instructed to hold the support bar 
lightly with both hands to avoid the danger of falling 

during measurement. 
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Fig. 2. The relationship between walking speed and oxygen uptake for each case. 

speed was calculated. A significant correlation 
was observed between PCI and oxygen uptake in 
each case. In case 1 the correlation coefficient 
for the relationship between PCI and oxygen 
uptake was 0.926, indicating a significant 
correlation between the two (p<0.05). In case 2 
the correlation coefficient was 0.972 (p<0.001). 

In case 3 the correlation coefficient was 0.751 
(p<0.001). In case 4 the correlation coefficient 
was 0.997 (p<0.01). In case 5 the correlation 
coefficient was 0.907 (p<0.05). In case 6 the 
correlation coefficient was 0.903 (p<0.05). 
Figure 4 shows an example of the correlation for 
case 4. 

Fig 3 The relationship between walking speed and PCI for each case. 
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Fig. 4. Single correlation chart for case 4. Examination of relationship between PCI and oxygen uptake in response to 
walking speed gives a significant correlation between the two (r=0.997, p<0 01) 

Discussion 
The aim of the study was to investigate 

whether or not PCI is applicable as an indicator 
for monitoring the amount of exercise load 
involved in walking with an Intelligent 
Prosthesis. PCI is one of the cardiopulmonary 
factors, which combine the elements of HR and 
walking speed, suggested by MacGregor 
(MacGregor, 1979; MacGregor, 1981). Steven 
et al. (1983) have reported that PCI is effective 
in judging the efficacy of medication on patients 
with rheumatoid arthritis. Butler et al. (1984) 
demonstrated that in a comparison of PCI 
between children with impaired walking and 
children with normal walking, the PCI is a useful 
indicator for the diagnosis of walking. Nene and 
Jennings (1992) measured the PCI of patients 
with spinal cord injury walking with the aid of 
the ORLAU ParaWalker and found it useful in 
comparison with other movement measurement 
methods. In Japan, Wada et al. (1993) have 
observed a significant correlation between PCI 
and walking energy consumption in patients 
suffering from osteoarthritis of the coxa. Thus 
PCI is known as an indicator for evaluation of 
walking efficiency. 

It is well known that for lower limb amputees, 
particularly trans-femoral amputees, the energy 
consumption required for walking with a 

prosthesis is high (Gonzalez et al., 1974; Waters 
et al., 1976). The characteristics of an Intelligent 
Prosthesis may allow a higher walking speed 
than with conventionally damped prostheses 
(Zahedi, 1993). In this circumstance the energy 
consumed in walking would be higher and the 
burden on the cardiopulmonary function greater. 
It is therefore important to ascertain accurately 
the exercise load involved in walking with an 
Intelligent Prosthesis to provide safety in its use. 
The best means of accurately ascertaining the 
exercise load is to directly measure oxygen 
uptake. However, it is not easy to measure this 
directly due to the complexity and awkwardness 
of the equipment and measurement technique. 
Furthermore, it is not possible to make direct 
measurement during prosthetic walking training 
in the ordinary place of rehabilitation. Therefore 
in place of oxygen uptake a simple objective 
indicator which will allow the estimation of 
exercise load is required. 

In this research the energy consumption of 
walking with an intelligent prosthesis was 
measured by oxygen uptake at a wide range of 
walking speeds and the relationship with PCI 
was investigated. In each case it was observed 
that an increase in walking speed was 
accompanied by a tendency toward increased 
PCI and oxygen uptake. Furthermore, in each 
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case there was a significant correlation between 
PCI and oxygen uptake as they varied with 
walking speed, which indicates a close 
relationship between cardiopulmonary factor 
and energy consumption factor while walking. 
PCI can be measured easily in a clinical 
environment while it makes it potentially useful 
as an indicator for ascertaining the amount of 
exercise load involved in walking with an 
Intelligent Prosthesis and monitoring the 
cardiopulmonary function under exercise load. 

Conclusion 
The applicability of PCI measurement as an 

indicator for monitoring the amount of exercise 
load involved in walking with an Intelligent 
Prosthesis has been established. This study 
indicated the feasibility of the clinical 
application of PCI in Intelligent Prosthesis 
walking training for amputees. 
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Abstract 
Landmine explosions cause most of the war 

injuries in the battlefield. Amputations resulting 
from severe injuries reveal serious problems 
despite the improvements in surgery. Bilateral 
lower limb amputations have more impact than 
unilateral on social life. 

Some 29 cases with lower limb amputations 
due to landmine injuries were treated in the 
Department of Orthopaedics and Traumatology, 
Gülhane Military Medical Academy between 
January 1992 and December 1996. Amputation 
levels were as follows: 1 case had hip 
disarticulation and a trans-femoral amputation, 6 
had bilateral trans-femoral amputations, 6 had 
trans-femoral and trans-tibial amputations, 12 
had bilateral trans-tibial amputations, 1 had 
trans-femoral and Chopart amputations and the 
remaining 3 cases had trans-tibial and Chopart 
amputations. 

The initial treatment was done for all cases in 
the first 6-8 hours after injury at the field 
hospitals. Aggressive debridement, excision and 
primary closure were performed. None of the 
stumps required reamputations and/or revision. 
No case had gas gangrene or tetanus. 

Postoperative, pre-prosthetic training 
programme which ranged between 30-120 days 
with an average 48 days; and prosthesis fitting 
and adequate post-prosthetic training 
programme which ranged 32-126 (average 94) 
days was applied. All the cases were followed-
up with a mean of 38.5 months (14-72 months). 
Nine (9) cases (31%) returned to their previous 
occupation, while 20 (69%) cases had to change 
their jobs. 

Introduction 
The trade of weapons and explosive materials 

is a huge market where much investment is 
made. Since there are conflicts in different parts 
of the world, money and time is spent in treating 
the complications of resulting injuries, instead of 
on human welfare. 

Surgeons have learned new treatment 
techniques and would care on the battlefield 
(King and Rne, 1969; Coupland and Howell, 
1988). Landmines cause most war traumas. 
They are often used since they are explosive, 
easily installed and effective in discouraging 
personnel on the battlefield (Baise and 
Baumgartner , 1990). Amputat ion for war 
wounds is difficult and different (Coupland and 
Korver, 1991). Failure to appreciate the 
disparities between amputation in war surgery 
and civilian practice result in unhealed stumps, 
bone exposure and serial proximal amputations. 

Lower limb traumatic amputations and/or 
severe limb injuries result from landmines. 
Therefore, the treatment and rehabilitation of 
cases with bilateral lower limb amputations is 
important in social life. 

Material and methods 
A total of 29 male patients with bilateral lower 

limb amputations due to landmine injuries were 
treated and followed up at the department of 
Orthopaedics and Traumatology, Gülhane 
Military Medical Academy between January 
1992 and December 1996. 

Age average was 22.4 (21-23.5) years old. 
Patients were divided into 6 groups in terms of 

amputation level and are presented in Table 1. 
First aid and prophylaxis for tetanus were 

applied in all cases with evaluation at the field 
hospitals of Mangled Extremity Severity Score 
(MESS) (Robertson, 1991) within the first 6-8 
hours following the injury. Appropriate 

All correspondence to be addressed to A. S. Atesalp, 
Depar tment of Or thopaedics and Traumato logy , 
Gülhane Military Medical Academy, 06018, Etlik, 
Ankara, Turkey. 
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Table 1. Amputation levels of the cases. 

amputation level was determined after 
aggressive excision and debridement of the 
contaminated, contused and dead tissues under 
tourniquet control; then the wound was closed 
with primary myoplasty technique. Antibiotics 
were given for 5 and 7 days. (Crystallized 
Penicillin 5x4.106 IU, iv. + Aminoglycoside 
80mg 2xl im) . 

One (1) case with bilateral trans-femoral 
amputation had a perineal wound, one (1) with 
bilateral trans-femoral amputation had upper 
limb trans-humeral amputation, one (1) with 
bilateral trans-tibial amputat ion had tibia 
diaphysis fracture which was treated with 
internal fixation at the same time as the 
amputation. All cases were referred to 
physiotherapeutic training immediately and 
transported from the field hospital to the 
authors' hospital between 2 and 8 (average 3.4) 
days after operation. 

An intense training programme including 
postoperative and pre-prosthetic exercises, was 
initiated for all cases . This programme 
comprised contraction prevention and 
strengthening. Bandaging and pain treatment 
were also used. 

Prosthetic fitting was applied between 30 and 
120 (average 48) days. Three (3) Group-1 
amputees were provided with PTB (patellar-
tendon-bearing) prostheses and Chopart 
prosthesis . Group-2 amputees had PTB 
prostheses. One (1) Group-3 amputee was 
provided with a suction socket prosthesis with 
free knee motion and a Chopart prosthesis. All 
of Group-4 amputees had a suction socket 
prosthesis with free knee motion and a PTB 
prosthesis. A suction socket prosthesis with free 
knee motion and the same socket type prosthesis 
with knee lock were applied to Group-5 
amputees . One (1) Group-6 amputee was 

provided with a total contact socket hip 
disarticulation prosthesis with knee lock and a 
suction socket prosthesis with free knee motion. 

After prosthetic fitting, a training programme 

Fig. 1. Above: the appearance of the patient with 
bilateral trans-tibial amputation before prosthetic fitting. 
Below: same patient after prosthetic fitting and training. 
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including standing, balance training and walking 
training were also initiated. Post-prosthesis 
training period was 32-126 (average 94) days. 

Samples from the cases are presented in 
Figures 1 and 2. 

The average follow-up period was 38.5 (14-
72) months. 

Results 
No early complicat ion such as bleeding 

and/or infection was encountered in any case. 
One (1) case with trans-femoral and trans-tibial 
amputation had skin necrosis on the stump and 
was treated with skin graft. Six (6) cases had 
phantom pain. 

No case had neuroma, protrusion, or limitation 
in range of motion or joint contracture. 

Revision or reamputations were not performed 
in any case. 

All of the patients used their prosthesis every 
day. Group-1,2,3,4 amputees were able to put on 
their prosthesis by themselves. As for the 
Group-5 amputees, 4 managed to put on their 
prosthesis without any assistance, while 2 
required assistance from others. The Group-6 
amputee also required assistance from others. 

For determination of the outcome in relation 
to the objective for amputees supplied with 
prosthesis various definitions were established: 
bad result, fair result, and good result 
(Christensen et al., 1995) as outlined in Table 2 

The result of the evaluation of the functional 
level of the patients is stated in Table 3. 

Group-1,2,3 amputees were able to walk 
without any aid. Group-4,5 amputees used 1 or 2 
canes. The Group-6 amputee used 2 canes. 

All the patients thought that the training 
period was adequate. As to the quality of the 

Fig. 2. Above: the appearance of the patient with bilateral 
trans-femoral amputation before prosthetic fitting. 

Below: same patient after prosthetic fitting and 
training. 

Table 2. Definition of bad, fair and good result. 

Table 3 Functional level - result 
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training 20 patients thought it was good. Nine 
(9) patients found that it was acceptable. 

At follow-up it emerged that 9 cases (31%) 
returned to their previous occupation while 20 
cases (69%) had to change their jobs. 

Discussion 
For amputation surgery, the preservation of 

the joints during the urgent intervention is of the 
utmost importance for rehabili tation and 
prosthetic fitting (Atesalp et al., 1995). The 
amputation level should be determined 
according to the extent of the wound (Bowen 
and Bellamy, 1988). Reamputat ion will be 
inevitable when the surgeon tries for too low a 
level where there is an infection risk (Coupland, 
1989). 

Amputation in war surgery must eliminate all 
dead, contaminated and contused tissue. The 
stump should be covered with enough soft tissue 
using the myoplasty technique. In trans-tibial 
amputation medial gastrocnemius myoplasty 
technique should be preferred (Coupland, 1989). 

Most authors recommend delayed primary 
closure of the wound in order to prevent 
infection. (Trong, 1972; Bowen and Bellamy, 
1988; Coupland, 1989; Simpler, 1993). In case 
of early wound closure, there is a high risk of 
anterolateral compartment syndrome in lower 
limb amputations (Coupland, 1989). 

In open amputation, muscle edema and/or 
proximal skin retraction within 4-5 days may 
cause problems for delayed primary wound 
closure, and even may result in reamputation. 
(Baise and Baumgartner, 1990). 

In the authors' clinical experience, the wound 
may be closed primarily following aggressive 
excision and debridement within the first 6-8 
hours in the treatment of traumatic limb 
amputations as a result of landmine injuries. The 
wound should be left open for 3-7 days after 
excision, and debridement; then delayed primary 
closure should be applied if the patient is 
transported more than 8 hours after the primary 
impact. 

Two hundred and ninety-eight (298) (78.2%) 
patients out of 381 with lower limb amputation 
transported to the authors' department within the 
first 6-8 hours between 1989 and 1994 were 
treated by primary closure and 83 (21.8%) 
patients who arrived more than 8 hours after 
injury had delayed primary closure. Only 24 
cases (8%) out of 298 with primary closure had 

superficial infection, which was treated in a 
short period by daily wound care, dressing, and 
antibiotic therapy. None of them had severe 
stump infection, toxemia septicemia and gas 
gangrene. Some 7 cases (8.4%) out of 83 with 
delayed primary closure had muscle edema and 
skin retraction and required reamputation. These 
patients are usually distressed in the expectation 
of a new operation (Atesalp et al., 1995). 

Surgical intervention should be gentle since 
the disability ratio is 80% in cases with bilateral 
lower l imb amputat ion. In addition to the 
orthopaedic surgeon, plastic and microsurgery 
specialists should be in the operating team. 

The bilateral amputee has specific problems 
during the rehabilitation process. Not only does 
the patient have to train with two prostheses but 
also the increased energy requirement needs 
special attention (Rommers et al., 1996). 
Improving technique in fitting, improved 
availability of sizes and types of sockets and 
appropriate patient selection should decrease 
failure or rejection rate (Kerstein et al., 1975). 

It is recommended that the bilateral amputee 
should be trained and encouraged in self-
strengthening exercises for the muscles of the 
amputated limb. Stronger muscles will improve 
standing balance and quality of gait, especially 
among those with a short stump (Kerstein et al., 
1975). Training of the bilateral amputee consists 
of 4 periods: preoperative, postoperative, pre-
prosthetic and post-prosthetic periods (Millstein 
et al., 1985; Thornhill et al., 1986). 

Preoperative period; since all the amputations 
were unplanned and resulted from landmine 
injuries a preoperative rehabilitation programme 
could not be initiated. Postoperative period; 
appropriate position of the stump should be 
maintained. For trans-femoral amputees flexion, 
abduction, and external rotation and for trans-
tibial amputees a flexion position should be 
avoided. The programme should include upper 
limb muscle strengthening, breathing exercises, 
paravertebral and abdominal muscle exercises. 
Active exercises for s tump muscles for 
contraction prevention and strengthening is also 
necessary. No contractures were observed in this 
series. 

Pre-prosthetic period; in addition to the 
postoperative exercises, bandage application in 
order to relieve edema and give a suitable 
position to the stump is necessary. Post-
prosthetic period; includes muscle 
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strengthening, standing, balance and walking 
training. 

Suitable prosthetic fitting and training 
including the rehabilitation periods described 
above may provide free walking without aids in 
young bilateral amputees as resulted in this 
study group. 

Conclusion 
Intense physical therapy at the postoperative 

and pre-prosthetic periods, proper prosthetic 
fitting with postoperative training programme 
offers the young traumatic bilateral amputee 
patients mobility and often the possibility to 
return to their previous occupation as soon as 
possible. 
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Abstract 
A study has been made by questionnaire, 

personal examination and telephone interview of 
unilateral upper limb amputees seen at the 
Prince Henry Hospital, Australia between 1994 
and 1997. There were 60 questionnaires posted. 
Replies were received from 46. Problems were 
noted in the remaining arm of 23 (50%). The 
respondents ' problems not only consisted of 
overuse symptoms, but also of an exacerbation 
of pre-existing arthritis and injury due to trauma 
to the remaining arm during the accident. Case 
histories are given in 3 typical cases. Treating 
professionals are warned about the hazards that 
one arm amputations present to the remaining 
arm. 

Introduction 
The loss of one arm is followed by the transfer 

of that arm's function to the other arm. The 
increased workload for the remaining arm may, 
at some time in the person's life, produce minor 
aches and pains or the more serious conditions 
of impingement in the shoulder, tenosynovitis in 
the abductor pollicus longus tendon, 
epicondylitis or other overuse syndromes. 

A literature survey has not revealed any 
published articles on arm conditions in the 
remaining arm of a unilateral amputee. As there 
have been amputees attending the Prince Henry 
Hospital , Austral ia with conditions in the 
remaining arm, a s imple study has been 
performed to note the extent of these conditions. 
Overuse injuries of workers with both arms have 

had extensive worldwide coverage (Cullen and 
Molloy, 1994; Hales and Bernard, 1996; Novak 
and Mackinnon, 1997; Robert et al., 1995; Von 
Schroeder and Bolte, 1996). Conditions such as 
tenosynovit is , epicondyli t is , carpal tunnel 
syndrome, shoulder impingement and diffuse 
repetition overuse injuries are the syndromes 
precipitated. The following study illustrates how 
common such conditions are in unilateral upper 
limb amputees. 

Method 
All unilateral upper limb amputees, who were 

treated at the Prince Henry Hospital between 
January 1994 and January 1997, were sent a 
questionnaire asking if they had any problems 
with their remaining arm; if they used a 
prosthesis; and if they worked. Repeat 
questionnaires were sent to those who failed to 
reply. Where possible, those who replied and 
had arm problems, were given an appointment to 
be seen. Those, who could not be reviewed, were 
questioned by telephone. Where contact could 
not be made by telephone, their replies were 
classified into "unspecified arm pain". 

Results 
Questionnaires were sent to 60 upper limb 

amputees. Replies were received from 46 (76%). 
Of the 13 who did not reply, 1 had died and 6 
were returned "addressee unknown". Of those 
who responded, the sex distribution was 5 
females and 41 males. Amputation levels of all 
the respondents are shown in Table 1. 

Age at amputation ranged from 6 to 71 years. 
The mean age was 32 years at the time of 
amputation. At the time the questionnaire was 
sent out, the ages ranged from 13 to 84 years. 
The mean age was 38 years. Prostheses were 
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Table 1. Prince Henry Hospital upper limb amputees 

worn by 29 (63%) of these people. Of the 26 
who were working, 19 (73%) wore a prosthesis. 
In the unemployed, prosthetic use was more 
evenly divided, with 10 wearing a prosthesis and 
11 not wearing a prosthesis. 

Problems with the remaining arm were noted 
by 23 (50%) of the respondents. Amputation 
levels of these people are also shown in Table 1. 
The people who had problems with their arm, 
are listed in Table 2. Some people had several 
problems. 

The time from amputation until the first onset 
of symptoms varied widely, as did the response 
to treatment. Some had symptoms and signs 
soon after the amputation. With others, the onset 
of symptoms took years. The following case 
reports illustrate some of the problems these 
patients have had. 

Case report 1 
Mr N. B. was 24 when he underwent a 

traumatic trans-humeral amputation in 1995 on 
his way home from work. He returned to his job 
as an electrician in an electricity plant, after 6 
months, where he carried out his usual duties 
wearing a prosthesis. He had no problems with 
his remaining arm until just prior to Christmas 
1996. At that time he had a flat car tyre on his 
way to an emergency at work. He had to undo 
stiff nuts on his car tyre with one arm. Then at 
work, he also had to undo some stiff nuts on 
bolts, following which he noted pain along the 
abductor pollicus longus tendons and flexor 
tendons of his wrist. He then found that 
repetitive nut and bolt work aggravated his 
symptoms. He presented at the Prince Henry 
Hospital after 1 month with classical 
tenosynovitis. This was treated with splinting, 
local physiotherapy techniques and non-steroidal anti-inflammatories. He was placed off 
work for three months. He then returned to part-
time work on selected duties. 

Table 2. Problems noted with remaining arm 
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Plans were made to change to a voice-
activated computer instead of a keyboard, but 
his job appeared to depend on a return to normal 
duties. However, by that time his tenosynovitis 
had resolved itself and he returned to work on 
normal duties. He is now undergoing part-time 
retraining to do Human Resource Management. 
The tenosynovitis does not trouble him now, but 
he now has symptoms and signs of epicondylitis. 

Case report 2 
Other people continue to suffer problems over 

a prolonged period. The following case report 
illustrates the distribution and severity of 1 
patient's problems. 

Mr G. W. was 40 years old when his left hand 
was crushed in a press in 1989. He underwent a 
left trans-radial amputation. He was right-hand 
dominant. He was fitted with a body-powered 
prostheses and returned to his former work as a 
factory foreman. He was an extremely good 
worker and in the next 2 years did extensive 
house renovations, wearing out his prostheses in 
the process. His medico-legal claim, except for 
medical costs, prosthetic costs and wages, was 
settled in 1992. 

In 1993 he reported burning discomfort in the 
right first web space, forearm and shoulder. He 
had signs of impingement in his right shoulder 
which was treated with physiotherapy and 
steroid injections. The shoulder problems were 
exacerbated by the harness of his prosthesis. He 
also developed epicondylitis and a right carpal 
tunnel syndrome. He underwent a right carpal 
tunnel release in 1995. His prosthesis was 
changed to a myoelectric prosthesis in 1995. He 
had not wished for a myoelectric prosthesis 
formerly. His shoulder problems diminished for 
several years. When reviewed in 1998, 
Mr. G. W. had a further exacerbation of the 
supraspinatus tendonitis in his right shoulder. He 
had ceased using his prosthesis because of a 
recurrence of sensitivity in his stump of his 
amputated arm. The static forearm contraction 
required to activate the electrodes precipitated 
pain. He requested a further body powered 
prosthesis. He is now 59 and his problems with 
both arms threaten his employability. 

Case report 3 
Even if an amputee is not working, symptoms 

in the remaining arm may limit lifestyle as 
shown in the following report. 

Mr K. H. underwent a traumatic short left 
trans-humeral amputation at the age of 17 in 
Syria. He was fitted with cosmetic prostheses in 
Germany. He studied in the US. He has not been 
employed since migrating to Australia 21 years 
after his amputation and 4 years prior to the 
onset of the right arm pain. This arm pain was 
along the right epicondyle and the thenar 
abductor tendon. He was noted to have 
epicondylitis and tenosynovitis of the abductor 
pollicus and longus tendon. He was advised to 
reduce his heavy lifting and writing. He can 
control his arm pain by this lifestyle adjustment, 
but is limited in his physical activity. 

Discussion 
It is surprising that no one has formally 

described overuse injuries in the remaining arm 
of upper limb amputees. The above study has 
noted that 5 0 % of upper l imb amputee 
respondents in this study had overuse problems 
of varying severity and type. These problems are 
found throughout the non-amputee population, 
but are not so prevalent. It was noted by Cullin 
and Molloy (1994) that people with tasks which 
require repetit ive hand movement are at 
increased risk of carpal tunnel syndrome. It was 
also noted by Hales and Bernard (1996) that 
long-term exposure to excessive loading will 
result in soft tissue damage depending on 
duration, frequency and load. How much more 
repetitive work is done by the one-armed 
person! A prosthesis is at best a tool aiding 
activities. It is not suitable for the fine sensory 
work done by the remaining arm. We note the 
damage done to shoulders, elbows and wrists of 
the champion sports person with two arms 
repetitively playing tennis, cricket or golf. These 
are people in superb physical condition whose 
bodies respond to overuse with injuries similar 
to the amputee population. 

The distribution of the injuries, shoulder 
impingement, epicondylitis, tenosynovitis and 
diffuse aching illustrate that the stress may fall 
on different parts of the body depending on the 
physical stress. 

Many of this group of patients unfortunately 
tried to carry on life as though no injury had 
occurred to their physical detriment. The 
rehabilitation implications of this should be 
noted by those involved in the care of the upper 
limb amputee. These people should be advised 
that they are at significant risk of damage to their 
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remaining arm. They are not able to perform at 
the same level as formerly. This has medico-
legal implications. The former manual worker 
may be able to continue in the same job for some 
years, but that person has a 50% chance of 
developing problems in the remaining arm. 

The problems may continue with a carpal 
tunnel syndrome being followed with shoulder 
impingement so that, in the long-term, the 
person is no longer employable. 

Counselling about the risk of overuse injuries 
should certainly be undertaken. This will help 
amputees to recognise these problems when they 
do occur and seek immediate medical advice. 
Until now there has been little research, 
indicating the prevalence of problems in the 
remaining arm and therefore, it is suspected that 
therapeutic staff have not been advising 
amputees of the potential problems. People may 
need to prove to themselves that they are still 
competent with only one arm and so do 
themselves further damage. It may also be that, 
despite counselling, amputees are aware that 
unless they resume their pre-injury duties they 
are unlikely to be employable in the short and 
long-term. 

Once the person is symptomat ic , then 
conservative management is most desirable. The 
only surgical intervention in this study was that 
of the carpal tunnel release in Mr. G. W. In his 
review of the patterns of a carpal tunnel 
syndrome and cumulat ive trauma, Dittmars 
(1993) notes that symptoms can usually be 
controlled without surgical intervention. 
Occupational therapy advice regarding work 
situations and specific interventions with 
employers for job modification may well be 
required. Vocational retraining to assist the 
amputee to change occupations is vital, 
especially for those who were previously doing 
manual work. Local physiotherapy techniques 
for inflamed tendons and shoulders, as well as 

medical intervention with steroid injections, 
have also been useful. In the long-term, the 
person with an overuse injury of any type in the 
remaining arm has to come to terms with the 
problem and avoid those activities which 
precipitate symptoms. Neither lack of 
employment nor presence of prosthetic use is 
protective of the remaining arm. 

Conclusion 
It is a sad fact that in half of the amputees in 

this study, problems of varying severity were 
noted in the remaining arm. The more proximal 
the amputation, the more likely the person is to 
suffer problems in the remaining arm. Prosthetic 
use and lack of employment are not protective of 
the remaining arm. 

The amputee needs to pace work and leisure 
activities so that these problems do not occur. 
Therapists need to warn their patients of the 
hazards they face, so that problems can be 
avoided. The patient with a legal claim, should 
have this factored in to protect them. With 
advice, the risk of these problems may diminish. 
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Abstract 
Orthopaedic shoes are individually handmade 

after a prescription from an orthopaedic surgeon, 
hence relatively expensive. Bad compliance is 
mentioned in the literature but not investigated. 
In order to evaluate patient compliance and the 
effect of orthopaedic shoes, 85 patients who 
were prescribed orthopaedic shoes at the 
authors' department during a 3 year period 
received a questionnaire concerning relief of 
symptoms and daily use of the shoes. The 
answers from 74 patients were correlated to the 
prescription procedure and the degree of medical 
follow-up. 

Only 60 of 74 patients used their shoes. Some 
51 patients had some benefit while 23 had no 
effect or even worse symptoms. Some patients 
even used their shoes despite no symptomatic 
relief. However, patients who felt they were well 
informed about the purpose and function of their 
shoes had more benefit than the rest. Only 12 
patients of the 74 were checked by the 
orthopaedic surgeon after delivery of the shoes. 

In conclusion the authors believe there is a 
great need for information to be given to the 
patients about the functions and limitations of 
orthopaedic shoes and that every patient should 
be offered a control check-up by the surgeon. 
Further investigations of the effect of 
orthopaedic shoes should be carried out to 
optimise the use of these expensive devices. 

Introduction 
Orthopaedic shoes are individually made 

which makes them expensive. If the shoes are 
uncomfortable or do not have the desired 

subjective effect, minor corrections are possible 
after the shoes are manufactured. McDermott et 
al. (1987) found that response to shoe 
modifications often varied among patients with 
the same foot deformities and Brodsky et al. 
(1988) emphasised the lack of literature dealing 
with objective evaluation of inserts for 
orthopaedic shoes. 

Patient compliance with prescribed regimens 
is well investigated in chronic diseases such as 
diabetes (Friedman, 1988). Bad patient 
compliance with orthopaedic shoes is mentioned 
by several authors (Wickstrom and Williams, 
1970; McDermott et al., 1987; Hollingshead, 
1991; Sauvain et al., 1991) but no literature was 
found investigating this problem. 

The aim of this study was to evaluate the 
compliance and effect of orthopaedic shoes. 

Patients and methods 
All patients (in total 100, 30 males and 70 

females) who were prescribed orthopaedic shoes 
in the authors' department, during the period of 
1.1.90 - 31.12.92, were included in the 
investigation. At the time of the inquiry 15 were 
dead, thus 85 patients received a questionnaire 
concerning relief of symptoms (defined in 5 
degrees ranging from total relief of symptoms to 
worsening), and daily use of the shoes (every 
day, occasionally, never). These questions, were 
correlated to disease and other circumstances in 
connection with the prescription and 
manufacturing. 

Information about the doctor 's prescriptions 
was taken from the hospital files and 
prescription forms. Information about the 
manufacturing of the shoes was taken from the 
orthopaedic shoemaker 's files. The value of the 
written prescriptions was assessed as detailed, 
fair or with no details. Median age of the 85 
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Table 1. Effect and use of orthopaedic shoes The value of factors that could increase the effect of orthopaedic shoes. 

patients who were still alive was 64 (percentiles: 
55-84) years. 

Distribution of disease was: 44 rheumatoid 
arthritis, 10 diabetes, 10 arthrosis, 7 traumatic 
deformity, and 14 with other diseases. 

Some 74 patients returned the questionnaire. 
Only 5 patients were still working, 64 were on a 
pension, 2 were on sickness benefit, and 3 had 
unknown working status. 

The time between prescription and delivery 
was less than 2 months in 19 cases, 2-5 months 
in 42 cases, longer than 5 months in 11 cases and 
not specified in 2 cases. 

For comparison of relief of symptoms/effect 
of shoes with other parameters, Fishers test was 
used. Answers concerning the main questions 
were divided into 2 groups (Table 1): 

1. Patients using the shoes to some degree and 
patients with some benefit from the use, 

versus 
2. no use/relief at all. 
A significance level of p<0.05 was chosen. 

The value written prescriptions was tested by 
use of chi-square test for trend. 

Results 
In all 51 patients had some benefit from the 

use of shoes. In 23, the shoes had no effect or 
even made symptoms worse (Table 1). 

Some 42 patients used the shoes every day, 18 
used them intermittently and 14 never. Two (2) 
patients used their shoes although they gave no 
relief. Eight (8) used their shoes even though 
they made symptoms from the feet worse (Table 
1). 

The 3 most frequent complaints were 
heaviness of the shoes, the lack of style of the 
shoes and pain when using them. Thirteen (13) 
patients reported that ulcers developed during 
the use of the shoes (Table 2). 

Applying a rocker-sole, a forefoot pad and a 
heel were the 3 most common modifications 
(Fig. 1). Compar ing the 3 most common 
modifications with the effect of shoes only 
change of the heel for unequal length of legs was 
significantly bad in outcome according to the 
patients' answers (p=0.03). Twenty-seven (27) 
patients who were experienced with orthopaedic 
shoes did not have better compliance than 47 
patients with a first time prescription (p=0.25) 
(Table 1). 

A detailed written prescription did not result in 
a better function of the shoe (Chi 2=0.306, p=1.0) 
(Table 1). 

Only 12 of the 74 patients were controlled by 

Table 2. Seventy-four (74) patients complaints of orthopaedic shoes. 
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Fig. 1. Total number and location of modifications on 74 
pairs of orthopaedic shoes. Each modification is related to 
1 pair of shoes without regards to different build up or 

right and left shoe. 
*Modification to relieve direct pressure on a foot ulcer. 

the orthopaedic surgeon after the shoes were 
delivered. These patients did not have a better 
effect from the shoes (p=0.33) (Table 1). 

Patients who felt informed about the purpose 
and function of the shoes had a better result from 
them (p<0.01) (Table 1). 

Discussion 
The majority of patients in this material had 

rheumatoid arthritis and were on pension. 
Younger, working patients would probably 
make other demands on orthopaedic shoes. Two 
thirds of the patients had some result from the 
shoes justifying the prescription. The fact that 13 
patients were using badly functioning shoes, 
indicates that they are in a great need of further 
evaluation by the orthopaedic surgeon, even 
though the 12 patients that were checked in this 
study, did not benefit significantly from this 
(Table 1). 

The span of time before the shoe is finally 
tested, and the problems with emphasising to the 
patient the need for reattendance (Armstrong et 
al., 1990) can explain some of the problem. A 
note from the orthopaedic shoemaker to the 
surgeon when the shoes are finished followed by 
a call for a check-up visit, would probably be the 
easiest and most important contribution to better 
functioning shoes and better compliance 
especially when the patients are given 
information about the purpose and function of 
the shoes and realistic expectations. 

Complaints about the weight and appearance 
of orthopaedic shoes are well known 
(Wickstrom and Williams, 1970). Computing 
techniques and new materials have been 

developed to design more modern and light 
styles. Some degree of pain must be expected 
among some of these patients with serious 
chronic diseases even with well manufactured 
shoes. Ulcers developing during the use of the 
shoes should not be accepted. As several of these 
patients have diabetic neuropathy, the high 
incidence of ulcers among the patients in this 
series stresses the need for check-up 
consultations several times after the shoes are 
delivered. In some cases the written prescription 
was discussed with the orthopaedic shoemaker 
during a weekly meeting at the hospital. This 
could add necessary information to a non-
detailed prescription. The surprising fact that 
shoes made from a detailed written prescription 
did not produce a better result than shoes made 
from very short, non-detailed prescription could 
indicate difficulties for the orthopaedic 
shoemaker in implement ing the surgeons 
theoretical prescriptions for the shoes. 

Applying orthopaedic shoes as an orthopaedic 
treatment is chiefly a matter of experience and 
skill (Chen and Lord, 1995). The theoretical 
considerations for proper fit of shoes and 
selection of the specific modifications have been 
discussed in several papers (Brodsky et al., 
1988; Cracchiolo, 1979; Janisse, 1992; 
Wickstrom and Williams, 1970). It is suggested 
that the modifications, if possible, should be 
tested before the shoe last is made, and the use 
of a generic shoe is suggested as an adjunct to 
decision-making and as a predictor of patient 
compliance (McDermott et al., 1987; Chen and 
Lord, 1995). 

In conclusion there was a need for better 
information to patients about the purpose, 
function and limitations of the shoes. Every 
patient should be checked not only by the 
orthopaedic shoemaker, but also by the surgeon 
after the shoes have been in use for a while. 

Further investigations of the effect of 
modifications on orthopaedic shoes should be 
carried out to optimise the use of these 
expensive devices. 
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Abstract 
This paper compares the bending stiffness of 5 

different colours of copolymer polypropylene 
(CCP) with that of natural copolymer 
polypropylene (NCP) . Flesh coloured and 
natural sheets are supplied thicker than other 
pigmented sheet. The bending stiffness of a 
specimen may be defined as EI, i.e. the product 
of E, Young 's modulus of elasticity and I, the 
2nd moment of area. 

Strips of "as supplied" (AS) and "post-draped" 
(PD) specimen were clamped and subjected to 
bending to assess the effect of pigmentation on 
bending characteristics. The gradient of the 
graph of bending deflection δ versus bending 
moment enables EI to be estimated. The process 
of thermoforming polypropylene reduces EI, the 
bending stiffness. However, the manual draping 
and vacuum procedure introduces so many 
variables that it is difficult to quantify the effect 
of pigmentation. The E of a bent specimen may 
be estimated from the gradient of the graph of δI 
versus bending moment. In the case of AS sheet, 
the effect of pigmentation on E is inconclusive. 
PD specimens indicate a significant reduction in 
E due to thermoforming. This was verified by an 
electron-microscope study of AS and PD 
specimens. 

Draping an ankle-foot orthosis (AFO) results 
in a non-uniform wall thickness. The results of 

this study with respect to the effects of 
pigmentation on the bending stiffness of AFOs 
are inconclusive. More detailed studies require 
to be completed in order to confirm which 
factors are responsible for this non-uniformity in 
wall thickness and consequent variation in 
bending stiffness. 

Introduction 
The use of CCP in paediatric orthotics has 

grown in popularity over recent years, in an 
attempt to improve the "cosmes is" or 
acceptability. This use of CCP has been 
associated with uncertainty as to the consistency 
of the mechanical properties between colours. 

One of the major clinical concerns of the 
orthotist is the ability of an AFO to resist 
bending in the sagittal plane. The AFO bending 
normally occurs in the vicinity of the ankle joint. 
The success or failure of most AFOs lies with 
the ability of the orthosis to control ankle joint 
position and/or motion. 

This study establishes the bending stiffness of 
NCP and compares it with that of 5 different 
colours of CCP. 

A number of researchers have studied the 
bending stiffness of different AFOs. Yamamoto 
et al. (1993) reported on the plantar/dorsiflexion 
and inversion/eversion bending stiffness of a 
selection of different orthoses fitted to a normal 
limb. The 3-dimensional bending stiffness of a 
polypropylene AFO was reported by Klasson et 
al. (1998). Lunsford et al. (1994) reported on the 
variation in wall thickness of 3 AFOs 
thermoformed from the same sheet over the 
same plaster model . The variation in wall 
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thickness of 4 AFOs thermoformed from the 
same sheet over a plaster model was as reported 
by Golay et al. (1989). 

Method 
Typically 3mm thick extruded polypropylene 

is used in paediatric orthotics. The following 
colours of polypropylene sheet were obtained 
from an established supplier of "prosthetic/ 
orthotic" grade materials: 

natural flesh tone 
royal blue poppy red 
asian brown fluorescent green 
The supplier's thickness specification of flesh 

coloured and natural sheets was 3.1mm ± 5 % and 
for the other four colours 3.0mm ±5%. All 
sheets were copolymer polypropylene with 
approximately 5% ethylene and < 2 % pigment. 
The test specimens were prepared as follows. 

Three (3) strips of each colour, each 200mm 
long and 30mm broad, were cut from the AS 
sheet by a technician. A 3mm hole was drilled 
on the centre line of each strip, 30mm from the 
end of the AS specimens, as shown in Figure 1. 

As a monitor of the effect of a typical orthotic 
manufacturing process, single sheets of each 
colour were heated in an oven at 180°C for 9 
minutes. The hot sheets were then vacuum 
moulded over a steel rectangular mould and left 
overnight to cool. PD specimens were cut from 
the moulded sheet by another technician to 
provide 3x200mm long strips, 30mm broad. As 
with the AS specimens, a 3mm hole was drilled 
on the centre line of each strip, 30mm from the 
end of the PD specimens. 

The thickness and breadth dimensions of the 
AS and PD specimens were measured using a 
micrometer at 2 locations, one at mid-length and 
the other 10mm from the end with the 3mm hole. 
The measures were taken by 3 orthotists in order 
to take account of individual differences in using 
the micrometer. The variation in breadth 
measurements identified the accuracy to which 
the 2 technicians cut the specimens, following 

Fig. 2 . Bending test apparatus 

Fig. 1. "As supplied" test specimen. 

the same instructions. The variation in the 
thickness measurements identified whether 
thermoforming had any effect on the thickness 
dimension. 

The AS and PD specimens were positioned 
horizontally and clamped at one end. When 
subjected to a load W at a distance L from the 
clamp, as shown in Figure 2, the deflection of 
the specimen (δ) at the load point in the direction 
of the applied load is: 

δ=WL3/3EI (Equation 1) 
Where W =m x g 

m =the suspended mass (kg) 
g =acceleration due to gravity 9.81ms 2 

L =horizontal distance from the 
clamped end to the load point 

WL =applied moment 
E =Young 's modulus of elasticity 
I =2nd moment of area of the beam 

=(breadth x thickness 3)/12 
EI =Bending stiffness or flexural rigidity 

A clamped dial gauge measured the vertical 
deflection at the load point of each AS and PD 
specimen. A metal adaptor was fitted to the 3mm 
hole in the specimens. The dial gauge contacted 
the flat top surface of the adaptor while masses 
were suspended from the hook on the under-
surface of the adaptor, A 0.05kg hanger was 
suspended from the hook at a distance L=80mm 
from edge of the clamp. Incremental masses of 
0.05kg were applied in a consistent "cushioned" 
procedure and left for 1 minute before 
measuring the vertical deflection. Deflections δ 
were measured during increasing and decreasing 
load cycles specimens to minimise any 
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differences caused by the effects of creep and 
shock loading. Bending moments of 39Nmm, 
79Nmm, l l 9 N m m and l59Nmm were applied 
and the corresponding deflections δ were noted. 
This procedure was repeated for all AS and PD 
specimens 

Equation 1 may be expressed as: 
δ =(L 2 /3EI)Moment 

L 2/3EI may be determined by plotting δ versus 
the applied moment and determining the 
gradient of the graph. The bending stiffness may 
be estimated from this gradient and the effect of 
pigmentation and thermoforming on the bending 
stiffness of the coloured specimens may be 
assessed by comparing the differences between 
the AS and PD specimens. 

If the thickness or breadth dimensions vary 
along the length of the specimens, this affects I 
of the specimen and hence the deflection. As an 
approximation for variations of I, rather than 
plotting δ versus applied moment the Equation 1 
may be re-written as: 

δI = (L 2 / 3E)WL 
Deflection x 2nd Moment of Area = (L2/3E) Moment 

By plotting δI versus the applied moment and 
determining the gradient of the graph, E may be 
estimated. The effect of pigmentation and 
thermoforming may be assessed by comparing 
the differences in the estimated E values of the 
AS and PD specimens. 

Single sheets of each colour were heated in an 
oven at 180°C for 9 minutes and then vacuum 
moulded over identical plaster casts to form 
AFOs. Each AFO was trimmed to the same 
landmarks to allow direct comparisons. The wall 
thickness of the 6 AFOs was measured with a 
micrometer at the following locations: 
• the medial malleolus; 
• the lateral malleolus; 
• the sole plate; 
• the proximal aspect of the calf section. 

A set procedure was adopted for the bending 
tests on the AFOs. First, an outer acrylic resin 
shell was laminated over an AFO and the master 
mould. A metal plate was then drilled and 
threaded with 3x5mm holes. These 3 holes were 
transferred to the sole plate of the laminated 
shell. An additional 2 holes, 3mm and 5mm, 
were drilled on the centre line of the calf section 
of the laminated shell, at 30mm and 20mm 
respectively from the edge of the proximal calf. 
Each of the AFOs was fitted intimately within 
the inner wall of the laminated shell. The 5 holes 

in the laminated shell were transferred 
accurately to each of the AFOs. 

The metal plate, incorporating the 3 threaded 
5mm holes, was attached to a vertical wall so 
that each AFO could be bolted to the plate with 
the calf located in a "horizontal" position. A 
metal adaptor, with 2 flat platforms, was fitted to 
each AFO through the 3mm hole located 30mm 
from the proximal calf edge. A clamped dial 
gauge in contact with the platform of the adaptor 
accurately measured vertical displacements. 
Masses were suspended from the AFO using the 
D ring attached to the 5 mm hole located 20mm 
from the proximal calf edge. A 0.4kg hanger was 
suspended from the adaptor at the proximal calf 
edge and masses were added to the hanger in 
increments of 1kg up to a maximum of 5kg. The 
corresponding deflections were noted 1 minute 
after each increment of load was applied. The 

Fig. 3 . (a) AFO plantarflexion test, (b) AFO dorsiflexion 
test. 
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maximum mass of 5.4kg suspended from the D 
ring resulted in the application of a maximum 
moment of 9.2Nm. 

With each AFO bolted to the metal plate as 
shown in Figure 3a, plantarflexion moments 
were applied and the dial gauge measured the 
corresponding deflections. The mounting plate 
was freed, inverted and re-attached to the 
vertical wall. Each AFO was re-bolted to the 
metal plate as shown in Figure 3b, with the D 
ring re-attached to apply dorsiflexion moments 
while the dial gauge measured the corresponding 
deflections. This test procedure was adopted to 
establish if the bending stiffness of the AFOs 
was influenced by: 
(1) the addition of pigments; or 
(2) the typical orthotic production procedure. 

Results 
The mean thickness and breadth 

measurements of AS and PD specimens are 
presented in Graphs 1 and 2 respectively. The I 
values, calculated from Graph 1 and 2, are 
presented in Graph 3. 

Table 1 lists the bending stiffness of the AS 
and PD specimens, calculated from the gradient 
of the deflection versus moment graphs. Table 2 
lists the estimated E values from the gradient of 

δI versus bending moment graphs of the AS and 
PD specimens. The mean AFO wall thickness 
measurements are presented in Graph 4. Graph 5 
illustrates the dorsiflexion and plantarflexion 

Table 1. Bending stiffness EI (Nmm 2) 

Graph 1. Variations in thickness. 
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stiffness of the coloured AFOs. 

Discussion 
The variation in thickness of the AS 

specimens in Graph 1 corresponds to the 
supplier's specification of thickness of sheet, i.e. 
the flesh coloured and natural sheets were 
marginally thicker. Graph 1 indicates that in 
general the fabrication process reduces the 
thickness of the PD specimens relative to the AS 
specimens. As a rough approximation the 
thickness of the PD specimens reduced by 
0.3mm or approximately 10% of the original 
thickness. However, the PD specimens were not 
necessarily draped from the same sheets used to 
cut the AS specimens. (This may explain the 
exception with the PD specimen, flesh 10, which 
indicated an increase in the PD thickness 
measurement). 

Graph 2 illustrates that the technician who cut 
the PD specimens to an instructed breadth of 
30mm was not as consistent as the technician 
who cut the AS specimens. This highlights a 
typical variable in workshop standards. 

The breadth and thickness dimensions at a 
particular location were consistent when 
measured by the 3 orthotists. However, there 
was a variation along the length of all the 
specimens. For example, the average breadth 

and thickness dimensions of the PD specimen 
Blue 3 at mid-length were 31 .08mm and 
2 .64mm whereas at the hole end the 
corresponding dimensions were 30.56mm and 
2.54mm. Based on these dimensions the I of this 
specimen may be estimated as 47.7mm 4 at mid-
length and as 41 .7mm 4 at the hole end. Some 
specimens "taper" towards the loaded end while 
others "taper" towards the clamped end. These 
factors influence I and hence the bending 
characteristics of the specimen. 

For a given applied load bending deflection 
decreases with increasing I. The I characteristics 
illustrated in Graph 3 represent the average I, 
calculated between the mid-length and loaded 
end of the specimens. In general , the AS 
specimens display a larger I value than that of 
the PD specimens. However , without 
confirmation of the original thickness data of the 
pre-draped sheets, it is not possible to verify that 
the reduction in I was due to the drape process. 
(Note that the I value of each specimen is 
significantly influenced by the thickness of the 
specimen, I = (breadth x thickness 3)/12). 

The bending stiffnesses listed in Table 1 do 
not correlate with the I values presented in 
Graph 3. This may be due to the variation of I 
along the length of individual specimens. A 
comparison of the AS and PD rows in Table 1 

Graph 2. Variations in breadth. 
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suggests that the thermoforming process reduces 
EI. 

In order to allow for variations of I, the 
monitored bending deflections were multiplied 
by the appropriate I presented in Graph 3. The 
Young 's modulus of elasticity, E, of the AS and 
PD specimens were estimated from graphs of δI 
versus moment and the results are listed in 
Table 2. The effect of p igmentat ion is 
inconclusive. Table 2 indicates only a small 
variation in E in the AS specimens. Relative to 
natural AS sheet, the addition of flesh, blue and 
green pigments may increase E, whereas red and 
brown pigments may reduce E. In general, the E 
values of the PD specimens were significantly 
smaller than the AS specimens. This indicates 
that thermoforming reduces E and that this 
reduction in E may be greater for particular 
pigments. 

Single AS and PD specimens of each colour 
were examined with an electron-microscope. 
The electron-microscope results were 
inconclusive although the following were noted: 
• significant differences in the AS and PD 

specimens were observed confirming that 
differences in E may be anticipated between 
AS and PD specimens; 

• the extrusion process to produce the original 
sheet introduced a longitudinal formation to 
the polymer chains; 

Table 2. Young's modulus of elasticity E (Nmm 2 ) 

Graph 3. Variations in 2nd moment of area. 
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Graph 4. Average thickness of AFO. 

• during the extrusion process, turbulence of the 
"molten" copolymer occurs, resulting in non-
uniformity or surface effects; 

• pigmentation may encourage crystallisation of 
the copolymer but the degree of crystallisation 
varies dependent on the pigment added. 
Graph 4 illustrates a significant variation in 

wall thickness of the different coloured 

polypropylene AFOs. Lunsford et al. (1994) and 
Golay et al. (1989) reported similar variations in 
wall thickness of draped AFOs. The following 
factors may be responsible for variations in the 
wall thickness of an AFO: 
(1) the thickness consistency of the original 

sheet; 
(2) the pigmentation of polypropylene; 
(3) the repeatability of the manual draping 

procedure; 
(4) the vacuum or lack of vacuum applied. 

In the same way as it is not possible to 
distinguish the exact reason for the variation in 
the bending stiffnesses of the PD specimens, so 
also the results for the AFOs are inconclusive. 
The manual draping procedure is the most likely 
reason for the non-uniformity of wall thickness 
demonstrated in Graph 4. 

Graph 5 illustrates that the plantarflexion 
stiffness of the coloured AFOs exceeded that of 
the dorsiflexion stiffness. For example, the 
deflection of the Natural AFO when subjected to 
a plantarflexion and dorsiflexion moment of 

Graph 5. Bends stiffness of AFO: 



70 R. S. Ross, R. J. Greig and P. Convery 

7.5Nm was 5.0mm and 6.6mm respectively 
(approximately 2° angular motion). This agrees 
with other researchers such as Yamamoto et al. 
(1993). The thicker Flesh coloured AFO 
demonstrated maximum bending stiffness or 
least deflection. 

The theoretical predictions of the influence 
that trimlines or wall thickness may have on the 
stiffness of an A F O are presented in the 
Appendix. The bending stiffness and bending 
stress of an AFO are influenced more by the 
removal of material from the front edge of the 
AFO than by a ± 0.5mm variation in the wall 
thickness. In the case of a 2.5mm thick AFO, the 
effect on bending stiffness of a reduction in wall 
thickness of 0 .5mm, is the equivalent to 
trimming only 2.6mm from the front edge of this 
AFO. 

Conclusions 
Thermoforming polypropylene reduces EI, the 

bending stiffness of the material. This may be 
due to: (a) a reduction in the thickness and hence 
the I characteristic; (b) a reduction in E due to 
the heating cycle; and (c) strain created during 
the vacuum thermoforming. Pigmentation of the 
polypropylene may have an influence on EI 
characteristics of the PD specimen. However, 
the manual draping procedure introduces so 
many variables that it is difficult to devise a 
mechanical test procedure which clearly 
identifies the effect of pigmentat ion. No 
conclusions can be established regarding the 
effect of certain pigments on the bending 
characteristics of AS sheet. Particular pigments 
may influence the bending characteristics of PD 
specimens. 

The manual draping of an AFO and the 
application of vacuum results in a non-uniform 
wall thickness. The results of this study with 
respect to the effects of pigmentation on the 
bending stiffness of AFOs are inconclusive. 

Electron-microscopy studies of the physical 
structure of the pigmented specimens suggest 
that thermoforming relieves the chain formation 
induced during extrusion thereby changing the 
structural and physical properties of the AS and 
PD specimens. Comments from experienced 
polymer researchers suggest that additional 
studies of pigmentation may be fraught with 
insurmountable problems. 

Appendix 
The bending stiffness of an AFO is a function 

of EI. For calculation purposes it is assumed that 
a constant moment of lONm is applied. It is 
possible theoretically to predict the influence 
that the trimlines or the wall thickness may have 
on I of an AFO. 

At the anterior edge of the AFO, σ, the 
bending stress, may be expressed as: 

σ = My/I 
where M = the bending moment applied, 

I = the 2nd moment of area, and 
y = the distance from the centroidal 

axis to the anterior edge. 
It is assumed that initially the AFO extends to 

the malleoli such that a semi-circular arc is 
formed, of inner radius R = 30mm and thickness 
t = 2.5mm. Figure 4a illustrates the horizontal 
cross-section of an unmodified semi-circular arc 
while Figure 4b illustrates the horizontal cross-
section of the modified AFO with the trimline 
cut back by a distance d. 

I about the XX axis passing through the 
centroid of the cross-section of the unmodified 
AFO (Figure 4a), may be calculated as I x x = 
22.8x10 3 mm 4 . The distance from the XX axis to 
the anterior edge of the AFO, y, may be 
estimated as 19.9mm and the bending stress, σ, 
may be estimated as 8 .7Nmm 2 . 

A similar procedure may be followed to assess 
the effect of altering the trimline of the AFO. 

Theoretical trimline effects are presented in 

Fig. 4. (a) Cross-section of semi-circular arc (b) Cross-section of modified AFO with trimline d. 
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Table 3 . Effect of trimline variation Table 4 . Effect of wall thickness variation 

Graph 6 . Effect of trimline on 2nd moment of area ( I ) 
and bending stress (σ) 

Graph 7 . Effect of AFO wall thickness on ( I ) and (σ). 

Table 3. Graph 6 illustrates the predicted effect 
of varying the trimline on second moment of 
area (I) and the bending stress (σ). Theoretically, 
removal of 9mm from the front edge of this AFO 
reduces the stiffness by 57% and increases the 
bending stress by 68%. 

Similarly, it is possible to predict the influence 
wall thickness may have on the stiffness of an 
AFO, It is assumed that the inner radius of the 
AFO remains constant at R = 30mm and that the 
trimline of the AFO is not modified (i.e. d = 
0mm). Graph 4 indicated that the AFO wall 
thickness varied from 2.5mm ± 0.5mm. The 
effect of varying the wall thickness of the AFO 
cross-section illustrated in Figure 4a, is presented 
in Table 4. Graph 7 illustrates the effect of 
varying the wall thickness on second moment of 
area (I) and the bending stress (σ). Theoretically 
increasing t, the wall thickness of this AFO, from 
2.5mm to 3mm increases the stiffness by 2 1 % 
and reduces the bending stress by 25%. Reducing 
t from 2.5mm to 2mm reduces the stiffness by 
2 1 % and increases the bending stress by 25%. 
However, an increase in t from 2.5mm to 5mm 

increases the stiffness by 130% and reduces the 
bending stress by 55%. 

From these calculations it may be concluded 
that removal of 3mm from the anterior trimline 
of an AFO has the same reduction in the AFO 
stiffness as a reduction of 0.5mm in the wall 
thickness of the untrimmed AFO. 
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Technical note 

Creating a model for fabricating a partial hand glove prosthesis 
using the realigned casts of the contralateral digits 
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Abst rac t 
A method for creating a model for fabricating 

a partial hand glove prosthesis is described. The 
realigned casts of the corresponding digits of the 
contralateral uninjured hand were used to 
substitute for the lost digits on a cast of the 
stump. The technique allows an exact 
reproduction of the anatomical and fine surface 
details of the digits. It has the advantage of 
customisation, allowing a close match in the 
size, shape and surface characteristics of the 
prosthesis to that of the remaining digits of the 
hand. 

Introduction 
The first step involved in producing a custom 

fabricated prosthesis for aesthetic restoration of 
lost digits of the hand is to create a finger model 
from which an impression is made for moulding 
the prosthesis. Conventionally, the finger model 
is created by sculpting in wax to reproduce the 
skin details, size and shape of the lost digit using 
the cast of the corresponding digit of the 
contralateral uninjured hand as reference 
(O'Farrell et al., 1996; Alison and Mackinnon, 
1992; Buckner, 1992). However, when more 
than one digit is involved as in partial hand 
amputat ions , sculpting becomes time 
consuming. The method also requires the trained 
hands of a skilled sculptor and good results are 
not readily achieved. 

The authors describe in this paper a method 
for creating a model for fabricating a partial 

hand glove prosthesis. The realigned casts of the 
corresponding digits of the contralateral 
uninjured hand, with the skin details fully 
duplicated, are attached to a cast of the stump as 
substitution for the lost digits. The technique 
allows an exact reproduction of the anatomical 
and fine surface details of the digits. It has the 
advantage of customisation, allowing a close 
match in the size, shape and surface 
characteristics of the prosthesis to that of the 
remaining digits of the hand. Using this 
technique, the authors have fabricated and fitted 
prostheses to over 165 patients since 1990 
(Leow et al., 1997; Leow et al., 1996; Pereira et 
al., 1996). 

Mate r i a l s and method 
Case example 

Patients who sustain the loss of the digits of 
their hand are assessed for suitability for 
prosthetic fitting. The case example used in this 
technical note involved a 41-year-old male who 
sustained a machine injury to his right hand with 
loss of the ring and little digits at the level of the 
metacarpophalangeal joint (Fig. 1). 

Impression taking 
Impressions of the stump and of the digits of 

the contralateral uninjured hand which 
correspond to the lost digits were taken using 
dental silicone (Dent Silicone-V, Shofu Inc., 
Kyoto, Japan). Both hands were cast with the 
digits in the semiflexed and relaxed position. 
The impression moulds were reinforced 
externally with 2 layers of plaster of Paris to 
ensure structural integrity and filled with epoxy 
resin (Chemi R77N, Ciba-Geigy, Switzerland) 
which was then al lowed to cure at room 
temperature (24°C). The skin details of the 
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Fig. 1. The stump cast with the tapered screws implanted 
and showing the alignment lines drawn to guide the 

positioning and fixation of the finger casts. 

contralateral digits would be exactly duplicated 
in the finger casts obtained from the impression 
moulds. 

Alignment modification of the finger casts 
The right and left hands are mirror images of 

one another. The corresponding digits of the 
right and left hands are invariably skewed in 
opposite directions — the tips of the middle, ring 
and little fingers are aligned somewhat radially 
while that of the thumb and index finger are 
oriented ulnarly when the hand assumes a 
relaxed position. 

Before the finger casts can be used to 
substitute for the lost digits, some alignment 
changes are necessary. After allowing the resin 
to cure for 18 hours, the finger casts were 
withdrawn from the impression moulds. The 
resin had solidified but remained malleable at 
this stage. A light lateral bending force was 
applied manual ly (proximal and distal 
interphalangeal joints are fulcra) on the finger 
casts to produce the respective mirror alignment. 
The finger casts were "frozen" in reversed 
orientation by immersing them in cold water 
(4°C) for 1 hour. The tips of the realigned finger 
casts should be somewhat radially deviated 
when positioned on the stump cast to substitute 
for the lost digits. 

Preparation of the stump cast for fixation of the 
finger casts 

Two dorsal alignment lines were marked out 
on the stump cast along the location of the fourth 
and fifth metacarpals to guide the positioning of 
the realigned finger casts for fixation (Fig. 1). A 
lateral al ignment line equally dividing the 

thickness of the "palm" was marked on the ulnar 
aspect of the stump cast. A 10mm hole about 
15mm deep was made at each digit at the points 
of intersection of, and para l l e l to. the alignment 
lines for implanting tapered screws (length 
38mm) on to which the finger casts would be 
attached. The screws were implanted into the 
drilled holes and fixed with fast-curing resin 
(Araldite™ Rapid, Ciba-Geigy, Switzerland). 

Fixation of the finger casts on the stump cast 
The next step involved the positioning and 

fixation of the finger casts on the stump cast 
(Fig. 2) . Wi th the dorsal and the lateral 
al ignment lines as guides, the appropriate 
position for the fixation of the finger casts was 
established. The location for drilling the holes 
into which the threads of the screws on the 
stump cast would go were mapped and marked 
out on the proximal base of the finger casts. The 
holes were made (bit size 7/32 inches) along the 
longitudinal axis of the finger casts following 
which they were "screwed" on to the stump cast. 
The orientation and the lengths of the finger 
casts in relation to the remaining digits were 
checked, making the necessary al ignment 
changes to ensure conformity to the contour of 
the hand. 

Bridging the defects between the finger casts 
and the stump cast 

With the finger casts attached to the stump 
cast, the defects around the metacarpophalangeal 
joint area were bridged using plaster to restore 
the contour of the hand (Fig. 3). Skin details can 
be imprinted on these built-up areas using 
silicone impression of the corresponding 

Fig. 2 . The finger casts were securely attached to the 
stump cast after their orientation and lengths in relation to 
the remaining digits were adjusted to conform to the 

contour of the hand. 
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Fig. 3. The defects between the finger casts and the stump 
cast were "bridged" with plaster to restore the contour of 

the hand. 

segment of the skin on the contralateral hand. 

Fabrication and trial-fitting of test prosthesis 
An impression of the completed model was 

made for the fabrication of a test prosthesis 
which was trial-fitted on the patient (Fig. 4). The 
test prosthesis was moulded in layers of silicone 
rubber, tinted but not matched to the patient 's 
skin colour. In addition to anchorage onto the 
adjacent intact digit, the fixation of the 
prosthesis on the stump was augmented with the 
use of a skin adhesive. When an aesthetic 
appearance is achieved and the prosthetic fit is 
sufficiently secure, the final prosthesis can be 
fabricated and colour-matched to the patient 's 
skin. The edge of the finished prosthesis can be 
trimmed and ground to taper at the proximal 
edges to flush and blend with the skin. 

Discussion 
A significant advantage of this technique is 

the exact duplication of the anatomical and the 
fine surface details of the digits. This allows the 
surface characteristics of the prosthesis to be 
closely matched to that of the remaining digits of 

the hand. With the appropriate al ignment 
modifications, the technique can be applied to 
cases of partial hand amputations involving the 
other digits, including the thumb. The technique 
is especially useful in cases of multiple-digit loss 
through the level of the metacarpals with no 
residual length remaining to allow individual 
digital fitting. 

The realignment of the finger casts before they 
were used to substitute for the lost digits on the 
stump cast constituted a pivotal procedure of this 
technique. The choice of resin used (Chemi 
R77N, Ciba-Geigy, Switzerland) to cast the 
contralateral digits allows this alignment change 
to be effected. This resin has a slow and gradual 
curing process whereafter 16 to 18 hours, the 
material would have solidified but would still 
remain malleable, al lowing bending and 
alignment changes. 

The strength of this technique also lies in the 
exact duplication of the skin details of the 
contralateral digits with the use of silicone 
rubber as the impression material. The use of 
screws to attach the finger casts onto the cast of 
the stump has the benefit of allowing their 
orientation and lengths to be adjusted in relation 
to the remaining digits to conform to the contour 
of the hand. 

Fig. 4. The test prosthesis was trial-fitted on the patient to 
check the results before the final prosthesis was fabricated. 
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Abs t rac t 
An ankle-foot orthosis (AFO) is employed 

principally to treat musculoskeletal disorders of 
the ankle and/or subtalar joints although, 
occasionally, it may be prescribed to provide 
stance phase control of the knee. In order to 
function satisfactorily, an A F O must apply 
appropriate forces to the lower leg in a manner 
which does not cause local tissue damage or 
discomfort. Equally the leg will apply forces to 
the AFO which it must be capable of 
withstanding without breakage or loss of 
function. Thus it is useful to know where the 
body-device interface forces act during walking 
and to be able to estimate their magnitudes. This 
is not well understood and has not been 
satisfactorily documented. This paper explains 
the force actions between the AFO and the leg, in 
the sagittal plane, where there is absence of 
muscle power. Furthermore, it explores the 
possibility of estimating the magnitudes of these 
forces. It is found that the forces are greatest 
when orthotic assistance is needed to compensate 
for plantar flexor insufficiency in late stance 
phase. On the other hand, where the AFO is used 
to support the foot, in the absence of dorsiflexion 
power in swing phase, the forces are relatively 
small. Understanding these force levels is 
relevant to the design of the AFO in terms of 
choice and use of materials and components. 

Introduction 
The AFO may be employed to treat musculo

skeletal disorders at the ankle and/or subtalar 

joints. In this analysis, the specific case of 
insufficiency of the plantar flexors and of the 
dorsiflexors will be considered and the analysis 
of forces and moments will be confined to the 
sagittal plane. The aim is to show that the 
configuration of body device interface forces 
can be determined and their magni tudes 
estimated for key points in the gait cycle (early 
stance phase, late stance phase and swing 
phase). 

In analysing A F O body-device interface 
forces, it is important to understand the function 
of the A F O and this, in turn requires a 
knowledge of the functional deficit that the AFO 
is intended to correct . An A F O may be 
prescribed to treat one or more of a number of 
different pathological conditions which have 
been described previously (Sarno and Lehneis, 
1971; Rubin and Dixon, 1973; McHugh and 
Campbell, 1987). It will be helpful to briefly 
describe the function of an A F O which is 
prescribed to provide assistance for two of these 
conditions: dorsiflexor insufficiency and plantar 
flexor insufficiency. 

A F O function in dorsiflexor and plantar 
flexor insufficiency 

Firstly, reduced or absent dorsiflexion power 
will be considered. The dorsiflexors contribute 
significantly to ankle joint control in swing 
phase and early stance phase of walking. During 
swing phase they exert the small dorsiflexion 
moment required to support the weight of the 
foot. In early stance, between heel strike and 
foot-flat they control the plantar flexion of the 
foot induced by the ground reaction force acting 
posterior to the ankle. Weakness of this muscle 
group can result in rapid plantar flexion in early 

All correspondence to be addressed to Dr B. McHugh, 
National Centre for Training and Education in 
Prosthetics and Orthotics, University of Strathclyde, 
131 St. James' Road, Glasgow G4 OLS, Scotland, UK. 

75 



76 B. McHugh 

stance phase ending with a characteristic audible 
foot slap. If the weakness is more marked, there 
may be insufficient power even to support the 
foot in swing phase. This leads to the danger of 
toe contact with the ground (drop-foot, toe-
drag) and a consequent tripping hazard. If 
proprioceptive feedback is intact, the danger can 
be averted by increased knee and hip flexion 
during swing phase. Toe clearance could also be 
achieved by circumduction (swing phase 
abduction of the non-supporting hip), hip hiking 
(elevation of the pelvis and non-supporting leg 
during mid-stance) or vaulting (mid-stance 
plantar flexion of the supporting foot). In more 
severe cases it is likely that heel strike will be 
replaced by flat footed contact or even toe 
contact. The orthotic requirement is to support 
the foot in swing phase and resist (but not 
prevent) plantar flexion in early stance phase. 

The second condition to be considered is 
reduced or absent plantar flexion power. One 
consequence of severe plantar flexor 
insufficiency is an inability to oppose the 
external dorsiflexion moment, induced by the 
ground reaction acting anterior to the ankle joint, 
during late stance phase between the instants of 
mid-stance and toe-off. This reduces stability 
and eliminates the contribution of ankle motion, 
at this stage, to preventing excessive lowering of 
the body centre of gravity. During the mid-
stance phase, the role of ankle control by the 
plantar flexors in stabilising the knee may be 
replaced by knee extensor activity. An effective 
AFO can be of great assistance in preventing the 
unwanted dorsiflexion in late stance. Weakness 
of the plantar flexors will also result in the 
absence or impairment of the active plantar 
flexion which contributes significantly to the 
forward propulsion of the body during the 
normal push-off. An A F O is less able to provide 
this function but some compensation by means 
of increased hip extensor activity is possible. 

In this analysis, total loss of dorsiflexion and 
plantar flexion power will be assumed. A 
common prescription in this instance would be 
an AFO which would prevent motion at the 
ankle joint. As a side effect, movements such as 
subtalar rotations may be suppressed but this is 
usually considered an acceptable compromise. 
There are alternative designs of AFO which can 
provide this type of control. The traditional 
design consists of a calf band (metal covered by 
leather) connected by metal bars to a robust 

shoe. The more modern designs include a plastic 
foot section which is contained within the shoe 
but is not attached to it. However, in a functional 
sense, the shoe is an essential part of the AFO 
and will be considered as such in this analysis. 
The analysis presented herein may be selectively 
applied to cases where there is isolated absence 
of plantar flexion power (affecting late stance 
phase) or of dorsiflexion power (affecting early 
stance phase and swing phase). 

Force actions 
When analysing the force systems which act 

on the patient and on the AFO, the gait cycle 
may be considered in two distinct phases: stance 
phase and swing phase. Stance phase may be 
subdivided into early stance and late stance 
although, as will be seen, the method of analysis 
for these is essentially the same. 

Early stance phase 
During stance phase (Fig. 1), the ground 

reaction force, R , is equal and opposite to the 
force denoted by B which is a combination of 
body weight and body inertia force. The ground 
reaction force exerts a moment about the ankle 
joint (Fig. 2) equal to (R * a) where a is the 
perpendicular distance from the ankle joint to 
the line of action of the force R . The moment 
about the ankle due to the ground reaction is 
normally opposed by muscle action. If the 
muscle force is FD, and the perpendicular 

Fig. 1. The ground reaction force R is equal and opposite 
to body weight and inertial effects B in stance phase. 
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Fig. 2. Forces acting on the foot in early stance phase with 
normal muscle activity. 

distance from the ankle to the line of action of 
the muscle force is b, then the moment exerted 
by the muscle is (FD * b). If the foot is stationary, 
or travelling with constant velocity, the 
moments acting about the ankle joint are in 
equilibrium, and thus (FD*b) = (R*a). 

If there is muscular insufficiency such that 
(FD*b) < (R*a), this will cause the foot to 
accelerate and produce the aforementioned 
audible slap. The weight of the foot makes a 
small contribution to the plantar flexion moment 
but in stance phase this may be considered to be 
negligible, compared with the ground reaction 
force, and will be ignored in this analysis. If an 
AFO is used to compensate for dorsiflexor 
insufficiency, the ground reaction force, in early 
stance phase, acts directly on the heel of the 
AFO. The AFO, in turn, exerts a supporting 
force Q on the foot (Fig. 3). If this force were to 
act posterior to the ankle joint, the foot would 
plantar flex involuntarily (since it has no 
dorsiflexion power) until it reached a position in 
which there was no plantar flexion moment; that 
is, the force Q would move forwards until it 
acted directly through the ankle joint. The 
precise orientation of the force Q can be 
determined by further analysis. Since every 
action has an equal and opposite reaction, a force 
equal to Q is applied by the foot to the AFO as 
shown in Figure 4. The AFO would plantar flex 
were it not for the calf section which experiences 
the proximal force P. If inertial effects (related 
to acceleration) are considered to be negligible, 
then the A F O may be assumed to be in 

equilibrium. In this case, the forces P, Q and R 
must satisfy the following criteria: 

(i) they must be concurrent (all meet at one 
point); 

(ii) when they are drawn as vectors, head to 
tail, in any sequence, they must form a 
closed triangle; 

(iii) their components, in any direction, must 
sum to zero; 

(iv) their moments about any point must sum 
to zero. 

The first criterion allows the line of action of 
force Q to be drawn more precisely since two 
points through which it must pass (the ankle 

Fig 3 In the absence of muscle activity, the support force 
Q applied to the plantar surface of the foot by the AFO 

will act through the ankle joint. 

Fig, 4. Forces acting on AFO during early stance phase in 
the absence of muscle power about the ankle joint. 
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joint and the intersection of R and P) are known. 
There are several different ways to proceed with 
the analysis. The method presented here entails 
drawing a vector triangle as follows. 

(i) Draw a vector representing R (magnitude, 
line of action and direction known) using 
an appropriate scale (for example 10mm: 
200N). 

(ii) From one end of vector R draw a line 
parallel to force P. 

(iii) From the other end of R, draw a line 
parallel to force Q. 

(iv) These lines form a triangle. The lengths 
of the sides representing P and Q are 
measured and the forces are calculated 
using the scale originally used to draw 
vector R. 

Late stance phase 
So far, a method for estimating body device 

interface forces during early stance phase has 
been described. However the same approach can 
be used for late stance phase. 

The large dorsiflexion moment which occurs 
between heel-off and toe-off is normally 
opposed by the gastrocnemius and soleus, which 
act powerfully though the Achilles tendon (force 
FP in Figure 5). Moreover these muscles are 
capable of producing the active plantar flexion 
which occurs during this phase. In the absence of 
plantar flexion power, an orthosis may be 
prescribed to prevent dorsiflexion. The ground 
reaction force is borne by the anterior portion of 
the AFO footplate as seen in Figure 6. It cannot 
be transferred to the metatarsal heads because, in 
the absence of plantar flexion power, the foot 

would passively dorsiflex until the line of action 
of the force Q between the AFO and the foot 
passed through the ankle joint. Using the same 
method as described above, for lack of 
dorsiflexion power in early stance phase, the 
body device forces can be estimated as indicated 
in Figure 7. 

It is valid to treat each body-device force as a 
vector acting at a single point in a force analysis 
of the kind presented here. However, it must be 
recognised that, in reality, each force would be 
distributed over an area which should be large 

Fig. 5. Forces acting on the foot in the late stance phase. 

Fig 6 In the absence of muscle activity, the support force 
Q applied to the plantar surface of the foot by the AFO 

will act through the ankle joint. 

Fig. 7. Forces acting on AFO in late stance phase in the 
absence of plantar flexion power. 
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Fig. 8. A force should not act at a single point. It should 
be distributed over a sufficient area to give an acceptable 

pressure level. 

enough to avoid excessive pressure as, for 
example, indicated in Figure 8. The precise 
manner in which each force is distributed is 
dependent on the way the orthotist shapes the 
orthosis in the location of that force. 

Swing phase 
In normal swing phase (Fig 9), the foot exerts 

a plantar flexion moment (W*x) due to its weight 
W effectively acting through its centre of mass at 
a distance x anterior to the ankle joint. This is 
counteracted by the dorsiflexors which produce 
an equal and opposite moment. If dorsiflexion 
power is lacking, the foot will plantar flex and 
there will be a risk of tripping. If an AFO is 
fitted, and the foot attempts to plantar flex 
contact will occur between the body and the 
orthosis at the points indicated in Figure 10. The 
force applied by the AFO to the leg are shown in 
Figure 11. The foot will apply a downward force 

Q on the A F O in the forefoot region and 
downward motion of the orthosis will be 
prevented by a force S exerted by the dorsal 
surface of the foot. As the foot and AFO try to 
plantar flex, the force P, acting in the posterior 
proximal zone provides a moment (P*c) about 
the ankle which counteracts the plantar flexion 
moment (W*x) due to the weight of the foot. The 
three forces P, Q and S are in equilibrium and 
thus can be estimated by means of a vector 
triangle as shown in Figure 11. To achieve this it 
is helpful to calculate force P from the fact that 
(P*c)=(W*x). Then the vector P can be drawn 
and lines parallel to Q and S added at either end 
of it to form a vector triangle. Again, it must be 
emphasised that the orthotist determines the 
precise manner in which these forces are 
distributed by the shaping of the AFO in the 
vicinity of each force. 

Fig. 10. Body-device contact points as the foot plantar 
flexes inside an AFO during swing phase. The AFO is 
shown larger that the foot for the purpose of illustration. 

Fig. 9. Forces acting on the foot in normal swing phase. 
Fig. 11. Force system applied by AFO to body to 
compensate for dorsiflexor insufficiency in swing phase. 
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Effect of location of proximal force P on its 
magnitude 

It should be noted that, if the aim was to 
determine only the proximal force P in stance or 
swing phase this could be found relatively easily 
as shown in the previous paragraph. The force P 
must exert a moment about the ankle joint equal 
to the external moment ME due to the ground 
reaction force in stance phase or the weight of 
the foot in swing phase. If P acts at a distance c 
from the ankle joint, then, summing moments 
about the ankle gives (P*C=ME). This shows 
that, for a given external moment, the further the 
force P is from the ankle, the smaller its 
magnitude will be. 

Magnitudes of ankle moments and design of 
AFO 

As an approximate order of magnitude, the 
ankle moments, due to the ground reaction, in 
early and late stance phases are 10Nm and 
100Nm respectively. In swing phase the 
moment, due to the weight of the foot, is less 
than 1Nm. This is relevant to the design of the 
AFO. In the case of dorsiflexor insufficiency, 
the AFO must be able to prevent plantar flexion 
during swing phase when the moment is 1Nm 
and permit controlled plantar flexion in early 
stance phase when the moment is around 10Nm. 
Where there is an absence of plantar flexion 
power, the AFO must oppose an ankle moment 
during push-off, of the order of lOONm with 
minimal deformation. Thus an AFO, which 
compensates for lack of plantar flexion power in 
late stance phase, must be considerably more 
rigid than one which is prescribed for dorsiflexor 
insufficiency in early stance and swing phase. 
Since the ankle moment to be controlled in late 
stance, in the case of dorsiflexor insufficiency, is 
of the order of l00Nm, the correspondingly 
large proximal orthotic force may present 
problems at this stage in the gait cycle and 
requires careful design of the proximal body-
device interface. 

Effects of spasticity 
The foregoing analysis does not take account 

of the possible presence of inappropriate muscle 
action related to spasticity. If this occurs during 
swing phase, due to contraction of the plantar 
flexors, the resulting force configuration is the 
same as that shown in Figure 11 for dorsiflexor 

insufficiency. However, the force magnitudes 
would be greater depending on the intensity of 
muscle contraction and it may be noted the calf 
muscles are clearly capable of producing ankle 
moments of the order of l00Nm in late stance 
phase. Thus , if they were to produce a 
comparable moment in swing phase , it is 
possible that the body-device force levels could 
be as much as two orders of magnitude greater 
than those experienced in the case of absence of 
muscle power. In reality, the force levels would 
depend on the severity of the spasticity and 
should be reflected in the rigidity of the 
prescribed AFO. During early stance phase the 
situation would differ from that described above 
for lack of muscle power. The force Q would no 
longer act through the ankle joint, but would be 
displaced anteriorly such that its moment about 
the ankle balanced that due to the force through 
the Achilles tendon. The proximal force P, 
acting during early stance phase, would be 
greater than that estimated for the case of 
absence of muscle power. This is because it must 
provide the additional ankle moment required to 
oppose the plantar flexion moment caused by 
spasticity. 

Conclusions 
Where an AFO is prescribed to compensate 

for dorsiflexor and/or plantar flexor 
insufficiency, the configuration of the body-
device interface forces can be determined for 
any specified point in the gait cycle. 

It is possible to estimate the body-device 
interface forces acting throughout the gait cycle 
for a person wearing an AFO to compensate for 
muscular insufficiency, if the configuration of 
the orthosis and the ground reaction force are 
known. These body-device interface forces are 
found to be greatest in late stance phase and least 
in swing phase. 

The distribution of each force cannot be 
predicted theoretically without precise 
knowledge of the geometry and mechanical 
properties of the body-device interface. Each 
force may be distributed over an area or split 
into two or more equivalent components which 
may themselves be distributed in their respective 
locations. 

The ankle joint moments to be controlled by 
an AFO vary greatly throughout the gait cycle 
and it is important to identify clearly those 
periods during the gait cycle orthotic assistance 



is required before deciding on the structure of 
the AFO. 

The presence of spasticity can increase force 
levels by an amount which depends on its 
severity. 

The magnitude of the proximal orthotic force 
is inversely proportional to its distance from the 
ankle joint and proportional to the magnitude of 
the ankle moment which it is required to control. 
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Abstract 
This paper describes the application of low 

level controlled torque to an elbow contracture 
through the use of an active orthosis. Over a 
period of twenty months the lack of elbow 
extension range was reduced from 105 degrees 
to 57 degrees. A description of the important 
orthotic design factors which led to significant 
functional improvement is provided. 

Introduction 
The use of gas springs incorporated into an 

orthosis in order to augment conventional 
stretching of hips and knees by physiotherapy 
has been reported previously (Moore et al., 
1990). One advantage of using adjustable gas 
springs is that the active torque can be closely 
controlled to match the clinical need. Other 
applications of dynamic or lively orthoses have 
been described (Chalmers and Hamer, 1985; 
Parker, 1987; Nuismer et al., 1997) but in 
general the correcting torques are not noted. 
This is not surprising given that the use of 
elasticated members does not lend itself to 
precise settings and these settings change rapidly 
as soft tissue deformation takes place in a 
viscoelastic manner (Nordin and Frankel, 1980; 
Moore et al., 1990). The general impression is 
that most systems are tensioned so as to provide 
the highest correcting force consistent with 
comfort and safety. This paper describes the 
application of a gas spring orthosis where 

torques needed to be restricted to very low 
values in order to cope with clinical conditions 
and reports on the outcome 

Patient and method 
A female patient, in her mid-twenties, with an 

elbow contracture which had persistently failed 
to respond to conventional treatment was keen to 
co-operate with the examination of the 
effectiveness of a gas spring orthosis. The 
patient, suffering from a recurrent bilateral 
shoulder dislocation, had bilateral capsular 
reefing undertaken within the shoulder joints 
and, following this surgery and the rest period 
afterwards, had developed bilateral elbow 
contractures. Her left elbow had been very 
successfully straightened by routine 
physiotherapy. The right elbow, however, had 
failed to respond to this treatment and the patient 
was left with a range of motion which allowed 
her full flexion, but with extension lacklng 105°. 
The restricted range prevented her from carrying 
out many tasks of daily living including ironing 
and tying shoelaces. Her referring orthopaedic 
consultant confirmed the suspicion that the 
restraint was due to soft tissue problems as 
opposed to bony deformity and that orthotic 
stretching could be applied. The main objective 
was to improve function by increasing the range 
of elbow motion through orthotic intervention. 

Design criteria for the orthotic device included 
the need for the patient to apply the orthosis 
herself with one hand; that the forces applied 
through the orthosis must be tolerable and that it 
must be possible for these to be overridden so 
that any discomfort could be alleviated through 
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Department, Newcastle General Hospital, Newcastle 
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voluntary flexion of the elbow. Given that the 
cause of the initial shoulder problem was 
unknown it was decided that any applied 
correcting torque should be kept to a minimum. 

The orthosis was constructed from above 
elbow and below elbow sections moulded in 
polypropylene lined with three millimetre 
"Evazote". The fastenings were "Velcro" 
through ring and return, and the above elbow 
and below elbow sections were joined by a 
single lateral stem with a freely hinged joint. The 
gas spring incorporated a pressure relief valve to 
allow precise setting of the restoring moment. 
To prevent the orthosis from fully extending 
when not being worn a strap to hold it in the 
flexed position was incorporated. Thus the 
donning procedure was as follows: 

1. offer the orthosis to the arm; 
2. apply the fasteners; 
3. slightly flex the elbow to remove tension 

from the strap; 
4. release the strap and relax the flexors to 

allow the desired function. 
Doffing the orthosis was the reverse of this 

procedure. 
The elbow extension torque which could be 

applied by the device and still be voluntarily 
overridden was recorded using a simple 
myometer with the force applied through a 
measured moment arm. This was used in 
determining the correct setting of the gas spring 
combined with the moment arm acceptable 

within the orthotic design. It was decided, with 
the aid of the myometer, that it would be safe to 
apply a corrective moment produced by a force 
of 10N applied at a distance of 200mm from the 
elbow joint (2Nm) and that this could actively be 
overcome by the patient's flexors. These figures 
were then designed into the orthosis and a force 
of 100N acting through a moment arm of 20mm 
resulted in an appropriate orthotic solution. It 
should be noted that the force applied to the 
upper and lower arm was distributed by the 
moulded sections. 

After a period of becoming accustomed to the 
system the patient self-administered the 
treatment on a daily basis, wearing the device for 
most of the day. The available elbow extension 
range was monitored over a 20-month period. 

Results 
Attempts were made to review the subject on 

a regular basis but lifestyle limitations prevented 
this from taking place. Thus measurements of 
the elbow contracture were recorded on an 
irregular basis. The range of movement, shown 
in Figure 1. shows that initially full extension 
was reduced by 105° and during the first two 
months no improvement was noticed. When 
seen at month three it was found that the reduced 
extension had moved from 105° to 82°. This 
figure continued to improve to 78° at month 
four, but then increased over the next three 
months to 90°. Continued use of the orthosis led 

Period Post Orthotic Supply (Months) 
Fig. 1. Right elbow contracture results 
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to a range restriction of 57° at 20 months when 
many of the desired functions were achievable. 

With regard to restoration of function the 
patient is now able to lift her young son from the 
floor; tie her own shoe laces and undertake a 
range domestic tasks, including ironing, all of 
which she had previously been unable to do. She 
has found these activities extremely important to 
her lifestyle and continues to use the device in 
the hope of achieving yet further improvement 
in her condition. 

Discussion 
The successful outcome of this intervention is 

quite surprising given the very low torque 
applied by the orthosis. This orthotic solution 
was only attempted since other conservative 
methods had failed and the clinic team was not 
very optimistic. Indeed with no change after two 
months use the decision had been taken to 
withdraw the orthosis if no change was seen by 
month three. The improvement at month three 
continued until the available range started to 
decrease for a period. On discussion with the 
patient, this was thought to be due to the fact that 
she was then in the late stages of pregnancy and 
found the orthosis rather tiring and unhelpful. 
After the birth of her child she continued once 
more to wear the orthosis and the improvement 
shown is clearly visible. 

The extension of this technique to other 
conditions must be approached with caution 

since the original aetiology is unknown but the 
results are encouraging and suggest there is 
merit in using low torque devices where the 
action can be carefully controlled. An important 
implication of this work is that low torque 
applied in a consistent manner may be able to 
achieve correction of intransigent contractures. 
It therefore suggests that it may be possible to 
apply the techniques at the ankle. 
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