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or rolled so as to remove the largest possible
quantity of slag.

Discussion and conclusion

The noblemen of those times doubtlessly felt
ashamed of being maimed. They tried to
camouflage their condition as best they could.
At the same time they wanted the aid to serve
them in such vital activities as eating, drinking,
use of weapons, and riding. The question is who
in fact manufactured these prostheses. It could
have been manufacturers of cuirasses, well
trained as to technical construction, armourers
or, to cite Paré (1840) with respect to “‘Le Petit
Lorraine”, locksmiths.

It would be interesting to know when
individual prostheses were made. It is possible
to fix the period of Gotz’s hand (1505-1508);
we also know one of the manufacturers by
name, one “Le Petit Lorraine”. These two
hands and the one from Ruppin probably
served as models to all other manufacturers,
which is deduced from the fact that their
technical solutions resemble one another, even
though some are rather simple and others more
sophisticated. Gotz’s hand, however,
represents the apogee of the technical
knowledge and skill of its time both in its
appearance and the principles of the finger-
moving mechanism. It is not improbable (Putti,
1924) that all of these hands were invented by
the same man or, at least follow the same basic
idea that led several inventors to similar final
products.

The advantage of the above hand over the
others lies in its having a strong and immobile
thumb placed in opposition to the palm. Such a
thumb is optimal, offering firm support to the
other fingers. A mobile thumb would of course
come closer to a normal hand but it would
require an additional mechanism, which implies
further complications in its functioning which is
already quite complicated.

The Slovenian hand could not have a mobile
thumb because of the form of the stump. A
most useful thumb stump was preserved as a
result of which the mechanism had to be shifted
to the lateral area of the prosthesis. The portion
of the thumb that remained intact and a
moveable wrist must have contributed a lot to
the effective application of the prosthesis.

In his study on the iron hand, Stracker (1917)
expressed doubts as to the presumption that the
prosthesis could only have served a knight. In
his belief it dates back to the 17th century.
According to his study, its owner used it also for
various other menial i.e. ‘“‘unknightly” tasks.

We cannot but disagree with his arguments
since the then ‘‘working man” would neither
have the opportunity nor the money to
purchase it, and in fact had no need for such a
hand. We therefore insist on the presumption
that the prosthesis belonged to a nobleman who
must have lived some time between 1500 and
1635 when the castles of the Vransko area were
under intense attack by robbers.
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A standardised trans-tibial amputation method
following chronic occlusive arterial disease

L. BRUCK?

Klinic fiir Orthopidie der Universitit Leipzig, Germany

Abstract

The histo- and biochemical parameters of leg
muscles from patients with chronic occlusive
arterial disease were examined. The outcome of
these tests indicated that it is not possible
visually to determine the amputation level
accurately at the time of surgery. These test
results therefore encouraged the authors to
develop a standardised surgical procedure for
trans-tibial amputations. With this standardised
technique specific musculature is resected to
assure that no pathological tissues remain. This
surgical prophylaxis is meant to prevent the
development of gas gangrene and thus to obtain
primary  healing.  Eighty-six  trans-tibial
amputations were performed and in 93% of
these the knee joint was preserved.

Problems and goals
Visual muscle assessment at the time of

amputation  surgery and the  actual
histopathological and biochemical test results of
the same tissues are seldom identical

(Briickner, 1983; Geissler and Briickner, 1985;
Briickner et al., 1986). A high failure rate
occurs when the decision to resect impaired
muscle tissues is based only on the surgeons’
visual judgement during surgery. The author
therefore considered removing all musculature
not required to cover the stump end. This
practice, combined with clinical observations
and surgical experience over a 16 year period,
encouraged them to standardise the trans-tibial
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amputation technique as practised by Burgess
et al. (1971) thus avoiding subjective errors
which could result from merely visual muscle
assessment during  surgery. This  surgical
standardisation provides to surgeons a morc
effective and reliable trans-tibial amputation
method which is indicated for patients who
have chronic occlusive arterial disease.

Surgical technique

The procedurc to crcatc anterior and
posterior flaps is identical to the Burgess ef al.
(1971) original technique. The level of the
anterior skin incision is 1-2 ¢cm below the tibial
tuberosity.

After the division of tibia and fibula the
major vessels are closed with double ligatures.
One should note that the major vessels seldom
show heavy bleeding. The n. tibialis and the n.
peroneus are traced proximally and cleanly re-
sected. The end of the tibial remnant is
bevelled. Then the m. tibialis anterior as well as
the remaining fibula are totally removed. The
fibular muscle group (m. extensor digitorus
longus and m. fibularis longus), the m. flexer
hallucis longus, m. tibialis posterior, m.
popiteus and the m. soleus are resected as far
proximally to the tibial division as possible.
Thus only the m. gastrocnemius medialis and
lateralis remain. The m. gastrocnemius
medialis, which very rarely shows ischaemic
pathology, is used to cover the end of the tibia
by folding it anterolaterally.

To avoid haematoma and also pad the lateral
aspect of the stump, the loose end of the m.
gastrocnemius medialis is inserted into the
cavity created by the excision of the m. tibialis







Prosthetic consideration Patients

Supply of modified KBM prosthesis 94.7%

Early use of prosthesis following amputation 66.0%

Use of the prosthesis

— daily, with short breaks 41.0%
daily, but only for some hours | 27.8%
|
more than once every week 13.9%
Independent donning and doffing of the prosthesis
— without assistance 71.1%
— with assistance 28.9%
Walking with prosthesis and with a maximum of one walking aid 78.9%
Security at slow pace 73.7%
Walking upstairs and downstairs without assistance 71.1%
Pre-amputation Classification Post-amputation

28.9% Working people 15.8%

5.3% disability pensioner 10.5%

65.8% old-age pensioner 73.7%

L00% 100%




Trans-tibial amputation procedure, Burgess:

1970
1970
1971
1971
1974
1975
1975
1977
1977
1978
1981
1981

Sorensen
Jones et al.
Burgess er al.
Burgess er al.
Kolind-Sorensen
Murdoch

King et al.
Termansen
Couch et al.
Tabatabai er al.
Persson et al.

Vinz et al.

82%

1%

92% (Diab.mell.)
88.5% (Art.scl.)
63%

90%

89%

73%

78%

94%

75%

80.5%

Standardised trans-tibial amputation procedure, Briickner:

1986
1989

Briickner et al.
Putziger et al.

95.5%
83%

21 amputations
91 amputations

68 amputations

29 amputations
28 amputations
88 amputations
119 amputations

17 amputations

36 amputations

44 amputations

29 amputations
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Level of lower limb amputation in relation to etiology:
an epidemiological study

L. B. EBSKOV

Department of Orthopaedic Surgery, Herlev Hospital, Denmark

Abstract

The Danish Amputation Register and the
nationwide National Patient Register are
presented.

Based upon the code numbers in the WHO
classification system (ICD), 4 etiology groups
i.e. vascular insufficiency, diabetes mellitus,
malignant neoplasma and trauma were
extracted. The purpose was to analyse the
relationship between level of amputation (i.e.
foot, below-knee, through-knee, above-knee
and hip) and etiology (cause of amputation).
The material represents all such amputations in
Denmark during the period 1978 to 1989
(n=25.767).

The number of amputations because of
vascular insufficiency with and without diabetes
mellitus decreased over the period studied. The
number of tumour and trauma amputations
seemed unchanged.

There was a significant reduction in the
number of amputations at proximal levels
(above-knee) for vascular insufficiency with
and without diabetes mellitus and in the trauma
group. No such change was found regarding
tumour amputations. There was a characteristic
pattern in the distribution of level respectively
of etiological factors for each etiology group
and for each level of amputation.

Introduction
The majority of studies analysing the
epidemiology of lower limb amputations

describe the distribution of level for the
separate etiology groups (e.g. vascular
insufficiency, trauma or neoplasm). In some

All  correspondence to be addressed to
Lars Bo Ebskov, Anyvej 10, DK — 3500 Vaerloese,
Denmark.
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studies the distribution of level is related to a
total amputation population without
distinguishing separate etiologies (Glattly,
1964; Kay and Newman, 1975; Kald et al,
1989). A number of studies (Hansson, 1964;
Kay and Newman, 1975; Pohjolainen and
Alaranta, 1989) show considerable differences
in the distribution of etiology. No studies have
analysed the distribution of etiology at each
individual level of amputation. Seen from an
epidemiological point of view, it is interesting
to analyse the relationship between cause of
lower limb amputation and the choice of level
on a very large material with national coverage
for the years 1978 to 1989. Further the changes
observed during the period under study are
discussed.

Material and methods

The Danish Amputation Register (DAR)
was established in 1972 for the purpose of
collecting and analysing data on upper and
lower limb amputations in Denmark (Ebskov,
1986). Since 1978 information was also
available in the National Patient Register
(NPR). The NPR contains details on all
patients admitted to Danish somatic hospitals,
thus ensuring national coverage and permitting
an analysis of the entire Danish in-patient
population.

The present study is based upon NPR
data from 1978 to 1989. Diagnoses are
recorded according to WHO’s International
Classification of Diseases (ICD). In the present
study it was decided to include the 4 etiology
groups: vascular insufficiency, diabetes related
amputations; malignant bone and soft tissue
tumour, and trauma. It may be mentioned that
embolism and thrombosis as well as Raynaud’s
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Discussion

The advantages of BK amputation compared
with AK amputation have previously been
reported (Kegel et al., 1978). The energy
consumed by walking with the prosthesis is less
and the walking velocity higher (Walters et al.,
1976). The TK amputee with a prosthetic
replacement has also been reported to have
several advantages as compared to the AK
amputee. Since the distal femur is left intact,
the stump tolerates weight-bearing more
effectively (Liedberg, 1982; Hughes, 1983).
The shape of the stump permits the simplified
suspension of the prosthesis, which is
consequently easier to apply compared with an
AK prosthesis. Since most of the muscle
compartments around the hip joint and the
distal end of the femur are intact, there is no
muscle imbalance, thereby resulting in a
decreased risk of reduced motion of the hip
joint. Futhermore, the long lever arm results in
a good prosthetic gait with better balance and
control of the prosthesis (Stirnemann et al.,
1987; Baumgartner, 1979; Jensen et al., 1982;
Burgess 1977). The development of various
new types of polycentric knee construction
(Oberg, 1983) and new types of prosthetic cuff
have also improved prosthetic replacements
after TK amputations. Stirnemann et al. (1987)
reported that 84% of the BK, 66% of the TK,
and 22% of the AK amputees in their study
were “fully rehabilitated and regained their
physical and psychic independance”. In a
Danish study, Jensen and Mandrup-Poulsen
(1983) report that 72% of the BK, 69% of the
TK and 41% of the AK amputees who had been
discharged from the hospital “achieved an
outdoor walking capacity”. These findings
agree well with the present study.

Fewer of the TK amputees than the AK
amputees were afraid of being unable to retain
their prostheses in the present study, and a
significantly smaller proportion of the patients
needed a waistband on the prosthesis. The TK
prosthesis attachment with the dynamic
anchorage above the femoral condyle resulted
in a safe suspension. Furthermore, only 1 of 17
TK amputees needed to bandage the stump
before applying the prosthesis. Experience
shows that bandaging the stump after the TK
amputation is often unnecessary. Likewise AK
amputees with prosthetic replacements with an
adjustable socket did not need to bandage the

stump. It is interesting to note that the TK
amputees reported less pain when using the
prosthesis compared with AK amputees and
BK amputees. This may be explained by the
surgical technique of not using osteotomy at TK
amputation and the favourable prosthetic
suspension permitted by the femoral condyles.

Although no patient in this study was
amputated more than 5 years ago, the TK
amputees had not had their prostheses as long
as the other two groups. This could possibly
explain why as many as 82% of the TK
amputees were using two crutches or a walker.
Since the interview, some of the patients at the
Rehabilitation Centre have improved their gait
ability and, in some instances, have stopped
using walking support after continued
rehabilitation. The amount of wheelchair use
has also been‘reduced in some cases. In the
qualitative assessment, some patients reported
that they had never tried to use the prosthesis
when visiting the lavatory or sitting in ordinary
chairs. Most of these BK and TK patients had
not had their prostheses for more than 6
months. Of the AK amputees, all the patients
with the corresponding disability had had their
prosthetic replacements for more than 12
months (Fig. 6).

When it comes to the inability to apply the
prosthesis, it is known from experience that the
TK amputees need only a slight amount of help,
something a relative of the same age as the
patient can usually cope with. For the AK
amputee with a suction socket prosthesis,
professional help is usually required. Since
more than 75% of the patients still live in their
own homes, the ability to climb stairs and travel
by ordinary car plays an important part in
personal freedom. This study shows that the
higher the level of the amputation, the less the
tendency to master these abilities. Patients with
unsuitable flats who do not master these
functions are largely imprisoned in their homes.

It has been thought that TK patients have a
low prosthesis acceptance for cosmetic reasons
(Fyfe, 1990). In this study, there was no
difference in the level of cosmetic acceptance
between the different groups. One reason could
be that the better the grade of rehabilitation
and activity level of the patient, the greater the
demands imposed on the cosmetic appearance
of the prosthetic device. When analysing which
subgroups reported dissatisfaction with the
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Functional evaluation by gait analysis
of various ankle-foot assemblies
used by below-knee amputees

N.MIZUNO', T. AOYAMA*, A. NAKAJIMA
T. KASAHARA* and K. TAKAMI*

*Rehabilitation Engineering Cenire for Employment Injuries, Nagova City, Japan.
' Depurtment of Orthopaedic Surgery, Chubu Rosai Hospital, Nagova Ciry, Japan

Abstract

Twelve different prosthetic feet were tested by
10 male subjects with right below-knee
amputations. Level walking with  each
prosthetic foot was investigated using a pair of
force plates.

Five parameters were selected to compare
the functional characteristics of the feet: 1) step
length, 2) walking vclocity on the sound side in
relation o the prosthetic side, 3) depth of valley
in the pattern of the vertical component of the
floor reaction force, 4) cfficiecncy of the
deceleration and acceleration by the prosthetic
foot, and 5) irregular patterns in the wave form
of the forc and aft components of the floor
reaction force. Each of thc above parameters
was rated numerically. The total score of the
objective evaluation attaincd by analysing the
five parameters showed some coincidence to
the results of subjective evaluation.

However, a good correlation existed between
the objective negative score and the subjective
negative rating (p<<0.05). Non-axial feet
developed recently, such as the SAFE 1T and
Seattle Light feet achicved higher scores in the
older age group, while single-axis feet, such as
the LAPOC and Otto Bock feet achieved
higher scores in the younger age group
{p=<0.05).

Introduction

Many ankle-foot assemblies have been
devcloped recently and are now available.
Al correspondence to be  addressed  to
Mr. N. Mizuno, Department of Orthopacdic Surgery,

Chubu Rosai Hospital. 1-10-6 Koumei, Minato-ku,
Nagoya City, Japan.

174

However, none of them is equipped with a
mechanism that allows an in-use adjustment by
the prosthetist or patient in order to respond to
the individual needs of the amputee (Aovama,
1987). Many physicians who  prescribe
prostheses are hampered by the lack of
objective, functional data that would allow
selection of the most suitable foot for a specific
amputee. To facilitate the task of prescription
the functional features of various prosthetic feet
were investigated in this study.

Subjects and methods

Twelve different prosthetic feet were
selected. There were three single-axis
(domestic, Otto Bock, LAPOC), two multi-
axcs (Greissinger, Multiflex) and seven non-
axial feet (Otto Bock Dynamic, domestic
SACH, SAFE 1, Carbon Copy II, Quantum,
Scattle, Scattle Light). These were fitted on ten
male subjects (mean age: 51.1 years) with right
below-knee amputations. Five of the subjects
were under the age of 50 (30 to 49 years, mean
age: 39.4 years), while the rest were aged over
50 (53 to 71 years; mean age: 62.8 years) (Table
1). During level walking at the velocities at
which the subjects could walk comfortably the
ground to foot force components werc
measured for each prosthetic foot using a pair
of force plates. The walking velocities were
dctermincd by dividing the stride length by the
swing phase period. The walking velocities
were distributed between 1.07 and 1.23 m/s. A
force plate with a sampling rate of 50 Hz was
uscd to measure the three components of the
floor reaction force of the left and right foot
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1. Do you feel the hardness of the heel is appropriate or not?
too hard, appropriate, too soft.

2. Is it possible to roll-over on your prosthetic foot smoothly or not?
smooth, not smooth (feels like climbing over hill)

3. Atpush-off, is the knee of your amputated side stable enough or not?
stable enough, unstable (premature knee flexion)

4. Do you feel the weight of prosthetic foot is too heavy or not?
too heavy, reasonable, light enough

5. Does the prosthetic foot match to your walking style or not?
yes, no

Subjective evaluation of each prosthetic foot was classified into the following three groups according to the
answers for above questionnaire as;
A: good, B: acceptable, C: unacceptable
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group parameter step length ratio walking veloary ratio depth of valley decelerationand | ofirregular
classification (%) (%) (BW%) acceleration (BW%) | wave patterns (%)
control group 96.1+1.36 ] 94.3£2.70 46.23+4.60 ] 45.85+3.93 ] 0.0
. - »
prosthetic side 85.946.29 87.3+8.12 28.87£12.39 29.31+5.56 21.7
over S0yrs | 87.8+2.94 88.5£2.79 29.25+8.96 26.99+3.35 23.7
Age
§ under SGyrs | 84.0+£7.95 86.1+11.00 28.48+15.05 31.62+£6.62 19.7
Stump length large 8424513 86.4+4.16 38.17+8.86 ] 31.74+6.26 12.3 ]
fheight | ymall | 87.7+6.83 88.2+10.63 19.56+7.46 26.87+3 31 302177
Time since long 87.9+7.66 90.4+£9.73 25.1119.21 30.70£6.53 12.3 ]
amputation short 84.0£3.57 84,2420 32.62+13.93 2791+3.92 02177

*P<0.01

**P <0.05




parameter step length walking velocity depth of efficiency of
prosthetic foot ratio ratio valley dec. and acc.
foot normally used 88.4 89.1 28.76 28.75
DYNAMIC foot 86.3 87.2 28.45 29.23
domestic SACH foot 88.0 88.6 33.36 27.44
SAFE II foot 87.7 91.0 25.51 26.36
CARBON COPY II foot 83.9 86.8 24.14 2591
QUANTUM foot 84.2 85.8 28.97 30.98
SEATTLE foot 85.4 86.5 27.711 29.32
SEATTLE LIGHT foot 85.5 86.4 28.80 27.38
domestic single-axis foot 90.2 90.0 24.98 28.76
OTTO BOCK single-axis foot 86.3 86.6 30.80 32.81
LAPOC single-axis foot 86.1 86.4 30.90 31.12
GREISSINGER foot 82.3 85.9 26.40 29.27
MULTIFLEX foot 85.3 88.7 27.65 31.55
mean values 85.9 87.3 28.87 29.31
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subject
prosthetic foot TS. M3 Ti. KK Mk TH, SH. HH. SK. KY.
foot normally used @] @] O O O O O @) O S
DYNAMIC foot O @] ©] O X O X X O O
domestic SACH foot X X X 5] X O O O O O
SAFE I foot O ®] O O O O O O @] X
CARBON COPY II foot @] % ¥ 8] X O @] O ®] O
QUANTUM foot O @] O / x O @] Q O o
SEATTLE foot O O ®] / X X @) O X X
SEATTLE LIGHT foot O @] O O X @] J O O X
domestic single-axis foot O O @ / X & x / / X
OTTO BOCK single-axis foot @] O O O O O @] O O (@]
LAPOC single-axis foot O O x O @] X O & O O
GREISSINGER foot @} @] O / X @] O O @] O
MULTIFLEX foot O O O / / O / O X O

X irregular wave patterns were observed. O irregular wave patterns were not observed.




subject

prosthetic foot T8 MS: TI XK MU TH SH HH SK KY.
foot normally used 0A 0A  10A 0A 10A I0A 0A —10A 0A —10A
DYNAMIC foot 30A 0A 0A =10B —-20B 20A 0B 0A 10A 0A
domestic SACH foot 0C 10B —10B 10A 0A -10B -10B 0B 10A  20B
SAFE II foot 0B 0A 208 20B 0A —-20C 0B —10C —10C 0B
CARBON COPY II foot —20A —40C —-20A 10A —40A -20B 10B —10B -208B -10A
QUANTUM foot 30B 0A 0A / -10B 0A -20B 10A 20A —-10B
SEATTLE foot 0A  0A DA / 10A 0C —20A 0B -30B -10B
SEATTLE LIGHT foot 0B 0OA 10A 10A 10B 0A / 0A -10B DA
domestic single-axis foot -30C 20B -10B / 0cC 0A  10A / / 0cC
OTTO BOCK single-axis foot 0B 0A 0B —10A 0A 0A  20A 0B 20B 0A
LAPOC single-axis foot —30A 0B —10A 0A  10A 0B 20A 10C  20A 10A
GREISSINGER foot 0B 10A -10A [ =30A 0A 0A —20B 10C 0c
MULTIFLEX foot 208 204 0A / 10A / 30B —-20B -20C




S~ I = -
group Age Stump length/height 1‘ I'ime since amputation
classification — ‘ T ———————
prosthetic foot over 50 yrs under 50 yrs large small I long short
~_ |(av.62.8yrs) | (av. 39.4 yrs.) || (av.12.9%) | (av.7.7%) |[|(av.29.2yrs.) | av.7.4 yrs.)
k‘-—.L | — l s |
foot normally used | 4249 2475 || 063 2575 || 0x6.3 2475
f
DYNAMIC foot 0x16.7 | 6+8.0 0+13.6 2+13.3 4+13.6 —4+10.2
domestic SACH foot 2+7.5 2+11.7 —2+7.5 6x10.2 || —2£7.5 2£7.5
SAFE 11 foot 8+9.8 —8§+7.5 6+12.0 —6£8.0 6+12.0 4+13.6
L e —1 ‘
CARBON COPY II foot ~22+18.0 —10£11.0 ‘ —6+13.6 —26+12.0 —6+13.6 -16+16.2
QUANTUM foot 5+15.0 0£14.1 5£18.0 0+11.0 | 5+18.0 5£11.2
SEATTLE foot 2.5+4.3 —12+1%.7 —5487 | -6+13.6 -5+8.7 —5+15.0
SEATTLE LIGHT foot 649 —2.5+4.3 —10+16.3 0+6.3 S£5.0 4+8.0
e —
domestic single-axis foot —5+18.0 3347 4+10.2 | 5+8.7 —10+16.3 ~5+5.0
OTTO BOCK single-axis foot =2+4.0 10+8.9 —2+17.2 | 4+8.0 4+10.2 4+10.2
€ —
LAPOC single-axis foot —6+13.6 | 12+7.5 —-2+17.2 | 8+7.5 —2417.2 6x10.2
de
GREISSINGER foot -7.5+14.8 -2+9.8 —7.5+83 —2+14.7 || =7.5%8.3 12.5+14.8
MULTIFLEX foot 13.3+9.4 0+21.2 16.7412.5 | =2.5+17.9 16.7+12.5 3.3£20.5

**p < (.05
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amputees. Wirta et al. (1991} have identified
four variables to use in determining the optimal
prosthetic foot (age, actualideal body weight
ratio, tesidnal limb length/height ratio, and
trequency/length of stride ratio).

However, neither of the above mentioned
reports has included an objective evaluation of
amputee performance with the differcnt
prosthetic feet.

In this study, five parameters were selecied
to use in gait analysis and comparcd with the
objective evaluations to subjective impressions
of the amputees. With an optimal prosthetic
foot, the amputee can walk faster and achieve
an equal step length on both the prosthetic and
sound sides. The floor reaction force on the
prosthetic side, especially during deccleration
and acceleration, will show a regular curve
which indicates smooth transition of the centre
of gravity.

The assessment of the various prosthetic fect
in accordance with the objective evaluation
clarified the factors for matching prosthetic feet
with the activity level or physical condition of
the amputces. It was found that clinical
standards used for the selection of a prosthetic
foot are fairly compatible with the objective
evaluation of  amputee  performance.
Conscquently, the older age group (over 50 in
the study showed a better performance using
the non-axial feet equipped with elastic keel
such as SAFE I1 and Seattle Light feet. On the
other hand, the patients age under 30 vears
performed better with the single-axis feet such
as LAPOC or Otto Bock. The results generally
coincide with the mechanical featurcs of the
prosthetic feet such as weight, hardness of
bumpers and toe-break. Both the SAFE II and
Seattle Light feet are relatively light and are
equipped with an elastic keel which provides
firm support and smooth push-off for the older
amputees.

Conclusion

1. A significant corrclation was confirmed
between the step length and velocity of the
sound limb (p<0.05).

2. TIrregularity of the curve describing the fore
and aft component of the floor reaction
force varied in proportion to the stump
length and the duration since amputation.
The longer the stump and the duration, the
smaller the irrcgularity of the curve
(p<0.05).

3. Objective evaluation of five parameters
was compared to the subjective evaluation
of the amputees. A good correlation
existed between the objective score and
negative  preference by  the  patients
{(p=<0.03).

4. The newly developed non-axial feet (SAFE
IT and Seattle Light) achieved high
objective scores in the patients aged over
50. Single-axis feet of modular systems
{LAPOC and Otto Bock) achieved high
scores in the subjects under 50 years of age
(p=<0.05).

5. The propelling force at push-off stage and
the walking speed increased in proportion
to the length of the stump.
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Abstract

The purpose of this investigation was to
develop a numerical method for fabricating
prosthetic sockets for below-knee amputees.
An optical/laser digitiser scans an amputee’s
stump and collects three dimensional numerical
data describing the surface of the limb and
describing specific modification site locations.
The numerical data from the laser camera
representing the stump and modification sites
are altered by the prosthetist using a custom
computer aided design software system running
on a personal computer. Using the altered
numerical data a programme is created for a
high resolution numerically controlled milling
machine and a mould is made. The prosthetist
then fabricates a socket. While the system has
been tested with below-knee amputees it has
been designed for application in most areas of
prosthetics and orthotics. Utilising this method
15 patients were fitted. All patients sujectively
stated that their “computer designed” socket
fitted better than their conventionally made
socket. As the research progressed and
experience was gained with the system patients
were normally fitted with the first socket
iteration. The system overcomes five
limitations existing with some of the other
numerical systems:

1) accurate high resolution surface topography,
2) specific identification of subject modification
sites, 3) flexible, user friendly software, 4) high
resolution numerically controlled milling, and
5) integrated expansion to other prosthetic and
orthotic areas.

All  correspondence to  be addressed to
Dr. J. R. Engsberg, Human Performance Laboratory,
The University of Calgary, 2500 University
Dr. N. W_, Calgary, Alberta, Canada T2N 1N4.

Introduction

The most important aspect of a below-knee
(BK) prosthesis is the manner in which external
loads from the prosthetic socket are transferred
to the stump. Unlike a normal limb where
exiernal loads from the ground are transferred
through tissues of the foot which are intended
to bear high loads, the loads for an amputee are
transferred from the ground to an artificial foot
and leg, to a socket, and finally through tissues
on the stump, which were not intended to bear
high loads. Despite this it has been established
that these tissues can accept load to some
degree. However this ability to tolerate load is
not homogeneous (New York University
Medical Centre, 1980). Therefore the
prosthetist must direct the load from the socket
to specific areas on the stump that can tolerate
load and direct load away from areas that
cannot tolerate load. If the loads are directed
correctly then the socket is comfortable, the
stump is healthy, and the BK amputee is able to
engage in activities without pain or discomfort.
If the loads are not directed correctly then the
socket is uncomfortable, the stump is unhealthy
(i.e., chafing, bleeding, bruising, and pressure
sores may occur), and the BK amputee is
limited in his/her activities.

The current subjectivity associated with the
traditional casting and subsequent modification
of a positive mould to fabricate a socket
prohibits the objective determination of the
specific requirements for loading between the
socket and the stump. Developing objective
quantitative methods for the fabrication of
sockets and the numerical evaluation of socket
fit will help in the establishment of the basic
principles for well fitting comfortable sockets.
A first step in this regard and the purpose of
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this investigation was to develop a numerical
method for fabricating prosthetic sockets for
BK amputees.

Review of other numerical systems

Several groups in the world have investigated
the numerical quantification of the fabrication
of BK sockets. Jim Foort was the first
investigator to address the possibility of a
quantitative method of socket fabrication.
Working with Foort, Saunders et al. (1985) used
mechanical devices to gather a sample set of
measures on a stump. They then selected a
positive mould from a small library of
computerised positive mould reference images
and used the measures to scale and make
modifications to the selected image. Finally
they utilised numerically controlled (NC)
milling to create a modified positive mould.
Over time this method of using a library of
reference images proved to be unsuccessful and
was abandoned.

The Bioengineering Centre (1986) digitised
the inside of a negative cast with a mechanical
digitiser to obtain a three-dimensional (3D)
numerical representation of the stump. They
modified this data according to some
predetermined criteria, milled out a mould with
an NC milling machine and developed a
vacuum forming machine for fabricating the
socket. Oberg et al. (1989) obtained a
topographical image of the stump with an
optical/laser digitiser and then followed the
same general procedure as the Bioengineering
Centre (1986) to eventually produce a mould.

Limitations of systems

At least five limitations are present with
some or all of these methods. The first is that
except for Oberg ez al. (1989) none of the other
investigators has been able to consistently
obtain  high resolution residual limb
topography. The digitising of the inside of a
negative cast to obtain an exact duplicate of the
stump is only as good as the skill of the
prosthetist fabricating the cast. In other words,
if that cast is not an accurate representation of
the stump neither will be the digitised data of
that cast. The resolution of the mechanical
digitiser is not high. One hundred and forty-
four data points can be obtained from the
mechanical digitiser for a 2.54cm band around

the stump. Finally, it is difficult or impossible to
use the mechanical digitising method to fit all
children since the digitiser stylus cannot fit into
small casts.

The second limitation is that none of the
investigators has developed a system integrated
method to individually identify specific regions
for modifications. They typically each use one
orientation marker and then identify
modifications sites from that single marker. The
anatomical variation for any given segment of
the human body is well documented and it is
therefore necessary for these researchers to rely
on broad modification site regions or estimate
the locations of specific landmarks. In the case
of pressure relief modification regions, a larger
than necessary modification area reduces the
surface area available for higher pressure
application. Thus the regions that can accept
higher pressures must accept more load than if
the pressure relief regions were kept as small as
possible.

A third limitation with these systems and one
that is gradually being eliminated is the
computer software. In general, the software has
been based on a two-dimensional (2D) view of
the image. While a 3D image may appear on
the screen the actual modification is performed
on a 2D cross-sectional or profile view. There
2D views may not always provide adequate
information from which to make proper
modifications to the data and may be difficult to
use. In addition, some of the software has not
been flexible enough to allow for both standard
and individual modifications.

A fourth limitation that exists with some of
the systems is that in contrast to the very
smooth surface of the positive mould created by
the prosthetist, low resolution milling of the
positive moulds produces moulds with ridges.
These ridges are produced because the cutting
tool, at best, can make only eight cutting passes
for a 2.54cm band around the mould.

Finally, the fifth limitation is that these
methods have been designed for BK and
possibly above-knee (AK) amputees. The
utilisation of the methods for other applications
has not been built into the components.

Methods

A method has been developed for fabricating
BK sockets utilising quantitative techniques
believed to have overcome the limitations
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system overcomes five limitations existing with
some of the other numerical systems: 1)
accurate high resolution surface topography, 2)
specific indentification of subject modification
sites, 3) flexible, user friendly software, 4) high
resolution NC milling, and 5) integrated
expansion to other prosthetic and orthotic
areas. Fifteen patients have had trial fittings
and they have subjectively stated that their
“computerised” socket fits better than their
traditionally made socket. Future objective
evaluation of socket fit including blind fittings,
independent prosthetist evaluation, pressure
recording between the socket and stump, and
quantification of soft and hard tissues in the
stump will eventually add to the understanding
of these subjective evaluations.
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five prosthetists made fittings of two patients
each by conventional means. Negative casts
from these patients were sent elsewhere and the
CAD CAM sockets were then developed by
another group of prosthetists. After fitting and
alignment was completed, the patient was given
both his/her CAD CAM prosthesis and his/her
conventional prosthesis. The prostheses were
assessed based on perceived comfort, pain, and
pressure on seven occasions over a twenty day
period. Seven out of eight unilateral TT
patients were shown not to display a significant
difference in preference between their
conventional PTB and their CAD CAM socket,
providing that 2 CAD CAM attempts were
permitted. Earlier research, where sample size
ranged from 2 to 17 patients and wearing time
ranged from single fittings to 2-6 months,
demonstrated moderate success with various
CAD CAM systems (Krouskop et al., 1987;
Holden and Fernie, 1986; Foort et al., 1985).
Krouskop et al. (1987), noted that the two
amputees they had studied had worn their
prostheses for 6-12 hours over a period of 2-6
months. In the study by Foort et al., (1985), 26
out of 36 patients were able to stand or walk for
up to ¥ hour with some discomfort in the
CAD CAM sockets. Holden and Fernie (1986)
rcported findings in which 10 amputees were
given prostheses with a conventional or a
CAD CAM socket, and then asked to compare
the two within a single fitting based on comfort.
Three of the patients preferred the CAD CAM
socket. In summary, studies have strived to
assess the quality of CAD CAM socket design
based on the opinions of the patient, in some
cases comparing it to sockets produced by
conventional techniques. CAD CAM sockets
were worn for the duration of the experiment
and not supplied to the patient indefinitely.
Previous CAD CAM studies have focused on
patients with mature, load tolerant, and
atrophied stumps.

In order to maximise the reliability and
objectiveness of the quantitative assessment,
the study reported here was performed in a
normal hospital setting. The prosthesis was
worn for the duration of the rehabilitation
period and the entire interdisciplinary team,
including the patient, had an influence on
socket fit evaluation. Precise total contact and
aggressive loading are less critical factors in the
recent amputee wearing a temporary prosthesis

(Michael, 1989). Thus it was seen to be of
interest to evaluate the application of
CAD CAM technology under the somewhat
less critical conditions of the temporary
prosthesis.

The purpose of this study therefore was to
evaluate the application of CAD CAM in the
production of temporary TT prostheses. A
comparison of the CAD CAM system to an
established fibreglass  socket/pelite  liner
technique was also performed.

Methodology

West Park Prosthetics has implemented the
Applied Biotechnology (ABT) Computer aided
socket design and manufacture (CASDaM)
system to digitise, modify, and manufacture
temporary trans-tibial (temp-TT) prostheses
since August 1990. The temporal boundaries of
the patient population requiring temp-TT
prostheses were from when they were ready to
proceed from their initial plaster cast prosthesis
until they were referred for definitive casting.
The study group consisted of relatively healthy
amputees (n=15) with generically shaped
stumps fitted with CAD CAM sockets. These
patients were supervised by a single prosthetist
(14 years of experience). It was found that
abnormally shaped stumps (excessively
bulbous, bony prominences, tibial valgus/
varus), could not be successfully fitted using the
CAD CAM system, regardless of the number of
attempts. These patients were consequently
excluded from the study. Thus stringent
selection criteria were imposed which removed
less than ideal patients from the study group.
Patients seen within the first 3 months of the
CAD CAM installation were excluded to
minimise any learning influences. The study
group patients were provided with a high
temperature thermoplastic socket based on a
plaster positive generated using the CAD CAM
system. Firstly a negative cast was taken, with
the prosthetist actively modifying the stump
with his hands, accentuating the weight bearing
areas and relieving the load intolerant surfaces.
Next the negative cast was digitised using the
ABT Digitform, thus transferring the socket’s
shape from the analogue to the digital domain.
The Screenform One software package
permitted digital modification of the socket to
be completed. The ABT Carveform milling
machine returned the digitally modifed socket







Control group Study group
(established technique) (CAD CAM system)

Number age ost-op No. Number age 0st-op No.
(gender) (yrs) time int. PCPs (gender) (yrs) time int. PCPs
1 (m% 50 163 2 1 ?m) 72 117 2
2 gm 67 41 1 2 (m) 76 107 2
3(m) 66 76 1 3 (m) 73 70 2
4ém) 70 96 1 4 (m 84 40 1
5(f) 69 49 1 S §m; 68 171 1
6 (m 70 25 1 6 (f) 50 48 2
7(m 66 122 1 7 (mg 65 103 1
8(m 62 21 | 8(m 77 103 1
9§m) 70 45 3 9 (m) 74 118 2
10 (f) 68 89 1 10 (m) 72 45 1
11 (m 69 49 1 11 (m) 54 69 1
12 (m 64 84 1 12 (m 49 85 2
13 (m 47 77 I 13 (m 81 108 2
14 }m; 36 145 1 14 (m 58 239 1
15 (m 66 122 1 15 (m) 84 129 2
mean 62.7 80.3 1.2 69.3 103.5 1.5

SD 9.8 41.8 0.5 11.3 49.8 0.5
Post-op time int.: number of days from amputation to first temp-TT casting.
No. PCPs: number of initial plaster cast prostheses required.
Patient Control group Study group
No. (in) (out) (tot) (in) (out) (tot)
1 13 62 75 41 87 128*
2 3 95 98 19 47 66
3 4 142 146 18 47 65*
4 18 74 92 25 87 112*
5 13 48 61 3 100 103
6 14 90 104 9 143 152%
7 8 118 126 52 105 157*
8 7 79 86 17 146 163*
9 12 63 75 17 110 127*
10 3 111 114 19 184 203*
11 18 64 82 13 107 120*
12 22 71 93 55 47 102*
13 1 35 56 18 112 130
14 13 37 50 10 80 90*
15 8 118 126 38 49 87
mean 10.5 81.8 92.3 23.6 96.7 120.3
SD 6.0 28.8 26.6 15.0 39.1 36.5

in: from first temp-TT casting to discharge )
out: from discharge to referral for definitive casting
tot: total time temp-TT prosthesis was worn

* — additional CAD CAM socket(s) required.




Patient Control group N Study group
No. (out) (tot) (in) (out) (tot)
1 3 ) 4 7 6 4 10*
2 2 4 6 4 3
3 3 4 7 9 3 12%
4 5 4 9 9 4 13%
5 3 3 6 2 2
6 3 5 8 4 6 10*
7 2 6 8 5 4 9*
8 3 4 7 5 5 10*
9 4 3 7 5 4 9*
10 2 4 6 - 10 14*
11 3 3 6 3 5 8*
12 - 3 7 5 3 8*
13 1 5 6 6 5
14 5 2 5 4 4 8*
15 2 6 8 5 3
mean 2.9 4.0 6.9 5.1 4.3 9.4
SD 1.1 1.1 1.0 1.8 1.8 2.4
in: from first temp-TT casting to discharge
out: from discharge to referral for definitive casting
tot: total time temp-TT prosthesis was worn
* — additional CAD CAM socket(s) required.
p value
Outcome
parameter (in) (out) (tot)
Duration 0.01 0.30 0.05
Number of
appointments 0.01 0.66 0.01

in: from first temp-TT casting to discharge
out: from discharge to referral for definitive casting
tot: total time temp-TT prosthesis was worn
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changed after the prosthetist had gained more
experience with the CAD CAM system.

Discussion

Due to the non-laboratory setting of this
study, the subject groups could not be
randomly assigned, the socket materials could
not be standardised, and more than one
prosthetist could not be involved in the study.
However, age, gender, cause of amputation,
post-operative phase, and number of initial
plaster cast prostheses did not differ between
the two groups studied. Furthermore, since the
eligibility criteria for the CAD CAM group
removed patients with irregular stumps, this
would have biased the results in favour of the
study group. It was not possible to
unequivocally determine if the difference
between the control and the study group was
influenced by the difference in socket materials.
The most significant difference between the two
in this respect was that the CAD CAM socket
did not have a pelite liner. Patients (N=6) not
included in this study but treated using
CAD CAM with a pelite liner did not require
fewer appointments, did not complete
rehabilitation any earlier, or require fewer
socket modifications than the average of the
study group. Independent of socket type,
patients wore 3 to 10 ply prosthetic socks
between the skin and the socket. Furthermore,
studies which have involved control of socket
materials have reported similar findings to
those reported here (Kohler er al., 1989;
Topper and Fernie, 1990). The outcome
parameters assessed to analyse the CAD CAM
system and compare it to the established
conventional technique were number of socket
attempts, in/out-patient number of
appointments and rehabilitation  time.
Rehabilitation time and the number of
prosthetic appointments required revealed
several trends. The latter was more sensitive in
detecting a difference between the two subject
groups. For this study patients were generally
ready for their first temp-TT after 90 post-
operative days. At this time the characteristics
of the stump were still quite dynamic and most
prosthetic appointments resulted in the fitting
of partial linings, altered sock ply number, and/
or alignment adjustments being carried out.
CAD CAM sockets often required easing over
bony prominences or custom tailored distal end

pads in addition to the expected volume and
alignment changes. Furthermore, 67% of the
CAD CAM sockets had to be repeated. As a
result of these complications the patients of the
study group required on average 5 in-patient
appointments and the first phase of
rehabilitation lasted 24 days. In comparison the
control group had on average 3 in-patient
appointments and the first phase of
rehabilitation lasted 10 days.

In-patient rehabilitation was not considered
complete until various physical, functional,
social, psychosocial, and prosthetic criteria
were met. Also a standardised follow-up
procedure was implemented upon discharge.
These two factors tended to standardise a
patient’s rehabilitation with respect to duration
and number of appointments after discharge.
Thus it was not surprising that out-patient
outcome parameters were about 90 days
duration and 4 appointments independent of
whether the patient was fitted with sockets
fabricated using the established or the
CAD CAM system.

Quantitative assessments of CAD CAM
systems and comparisons to present prosthetic/
orthotic techniques are useful. They provide
feedback to the clinician, indicating the
applications and limitations of the various
CAD CAM systems. Ideally quantitative
CAD CAM studies will assist prosthetists/
orthotists in communicating their experience to
the system designers.

Conclusions

A group of elderly trans-tibial amputees with
normally shaped stumps were successfully fitted
using the CAD CAM system. However, the
time and number of appointments required to
rehabilitate an in-patient were considerably
greater than when the conventional technique
was used. The CAD CAM system was
evaluated based on the number of socket
attempts, number of prosthetic appointments,
and temporary prosthesis rehabilitation time.
Thus socket design assessment relied not only
on the patient's feedback during their
rehabilitation, but was also influenced by the
professional critique of the entire
interdisciplinary team. During the prosthetic
appointments it was demonstrated that more
attention was required for the CAD CAM
group. Besides the normally required volume
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Abstract

The purpose of this investigation was to
compare weight distributions of a relatively
large number of below-knee (BK) amputee and
able-bodied children during two different
standing positions. Twenty-one BK amputees
and 200 able-bodied children volunteered as
subjects for this investigation. Each child stood
on a pressure plate and three sets of trial data
were collected. One set of trial data was
collected with both feet together on the
pressure plate and two were collected with feet
placed 20cm apart. The total force applied by
each foot to the pressure plate was normalised
by dividing by subject weight to yield foot force
to body weight ratios. Data were separated into
forefoot and rearfoot areas, force for the
forefoot area was then calculated and
normalised by dividing by total foot force to
yield forefoot to whole-foot force ratios. Ratios
for the two foot placement conditions and for
non-prosthetic, prosthetic, dominant, and non-
dominant feet were compared using paired t-
tests (p<<0.05). Results indicated that: 1) BK
amputee children placed more weight on their
non-prosthetic limb than their prosthetic limb,
yet this was not different from able-bodied
children in respect of weight distribution
between dominant and non-dominant limbs; 2)
approximately 90% of the load on the
prosthetic foot was placed on the forefoot; and
3) the load on the non-prosthetic foot was
evenly distributed between the forefoot and
rearfoot like that of able-bodied children. It
was concluded that except for substantially

All  correspondence to be addressed to
Dr. J. R. Engsberg, Human Performance Laboratory,
Faculty of Physical Education, The University of
Calgary, 2500 University Dr. N.W., Calgary, Alberta,
Canada T2N 1N4.
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more weight on the forefoot of the prosthetic
leg BK amputee children stood in the same way
as able-bodied children.

Introduction

A previous investigation indicated that
during standing, weight distribution between
the non-prosthetic and prosthetic feet of below-
knee (BK) amputee children and between the
dominant and non-dominant feet of able-
bodied children was not significantly different
(Engsberg et al.,, 1989). The study did,
however, indicate significant differences
between  the  forefoot-rearfoot  weight
distribution. The investigation had two
shortcomings. The first was that the relatively
small boundaries of the pressure plate (i.e.
19.6cm by 33.6cm) forced the children to stand
with their feet together. This foot placement
may not have reflected the typical or natural
loading patterns of these two groups of children
during standing. The second shortcoming was
that the sample size of the two groups of
children was small and it was questionable
whether the results could be generalised. The
purpose of this investigation was to compare
weight distributions of a relatively large number
of BK amputee and able-bodied children during
two different standing positions.

Methods

Twenty-one BK amputee children
volunteered as subjects for this investigation.
Subject and prosthetic characteristics are
presented in Table 1. Two hundred able-bodied
children (104 boys, 96 girls, range 7-12 years,
mean age 9.4 years, mean height = 136.8cm,
SD = 12.6, mean mass = 32.3kg, SD = 9.3kg)
consented to act as subjects. Table 2 presents a




Subject Age Height Mass Terminal Socket )
Number | (years) | Gender | (cm) (kg) Amputation Device Type Suspension
04 8 m 124 20 left SACH PTS Condylar
05 10 f 117 19 left SACH PTB Condylar

06 11 m 147 43 left Flex PTB Sleeve
14 17 m 168 63 right Flex PTB Sleeve
32 14 m 155 49 right SACH PTB Condylar
33 8 m 130 28 right SACH PTB Condylar
34 12 m 144 37 right Seattle PTB Figure of eight
36 12 m 155 54 left Flex PTB Sleeve
37 5 m 116 22 left SACH PTB Condylar
38 5 m 113 20 left SACH PTB Sleeve
39 13 m 140 37 right Single axis PTB Sleeve
43 11 m 138 29 right Seattle PTB Condylar
46 12 m 178 65 right Seattle PTB Thigh corset
51 17 m 170 66 le SACH PTB Condylar
52 11 m 130 29 right SACH PTB Condylar
53 6 m 112 20 right Flex PTS Condylar
54 12 f 144 32 right SACH PTB Condylar
55 15 f 160 42 left Seattle PTB Condylar
56 13 f 153 49 left Seattle PTB Condylar
59 15 m 171 60 left SACH PTB Condylar
60 7 m 113 19 right SACH PTB Condylar
mean 11 142 38
SD (3.6) (21) (16)
Pronation and Cavus Pes Planus
Foot type Pronated Cavus Normal | Total |PesPlanus | Normal | Total
Mild Moderate Mild | Moderate
Number of
Subjects 87 24 3 1 200 43 157 200
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First year training

Practical (72.4%)

General mechanical skills

Production of arch supports

Production of lower limb orthotic components
and elements

Production of lower limb orthoses.

Theory (27.6%)

Anatomy and Physiology

Technology

Biomechanics

Mechanics

Mathematics

Technical Drawing

Introduction to Health Delivery Systems
and Primary Health Care concepts.

Second year training

Practical (76.3%)

General mechanical skills

Production of lower limb prosthetic
components.

Production and fitting of lower limb prostheses.
Production and fitting of lower limb orthoses.
Production and fitting of spinal and upper limb
orthoses. .

Theory (23.7%)

Anatomy and Physiology
Technology
Biomechanics
Mechanics

Mathematics

Technical Drawing

[ I T B

Below-knee prostheses

Workshop Management

Third year training
Practical (75.5%) Theory (24.5%)
— Ankle-foot orthoses — Functional Anatomy
— Knee-ankle-foot orthoses — Pathology
— Other orthoses — Biomechanics
— Foot prostheses —  Clinics

Above-knee prostheses
Other prostheses




Country

Students

Tanzania
Zimbabwe
Kenya
Zambia
Ethiopia
Uganda
Malawi
Liberia
Pakistan
Madagascar
Sierra Leone
Botswana
Gambia
Nigeria
Seychelles
South Africa
Swaziland
Lesotho
Somalia

Germany
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Total

140
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