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THE ENUD JANSEN LECTURE

Above-knee prosthetics

C W, RADCLIFFE
Depariment of Mechanical Enginceriag, University of Califorain, Berkeley

Introduction

In any discussion of the development of tech-
nology as applied to the rehabilitation of the
above-the-knee amputes, we must first acknow-
ledge the many contributions of Europein
pioneers in this feld,

In Evrope the needs resulling from World
War 1 resulied in greatly nccelerated research
and development in the field of prostheiics
technology during the pext three decades. This
research incleded scientific studies of the bio-
mechanics of humin walking, alignment prin-
ciples, and methods of fitting for above-knes
prostheses. Motable examples were the work of
fraupe and Fischer on human gait, and the
publications of Dr. Schede and others on
scientific principles of fbting and alignment.
The list of German and Austrian contrnbutors
1o prodthetic technology i long and distinguish-
gd, Their literature and professional meetings
have always included a series of lively discussions
between proponents of differemt construction
systems and prosthetic component designs.

In 1946 & U.S. Army Commission under the
direction of Col. L. T. Peterson made a study of
European prosthetics technology. They were
particularly impressed with the work of Haber-
man snd Schoeider in Germany. A major
recommendation of this commission was lor the
introdwction of the so-called “‘suction socket™

for the above-knes amputee fnto American

prosthetic practice, Responsibility for super-
vision of this programme was debegated (o the
Undversity of California at Berkeley and a series
of schools and clinical trials were successful in
‘introdlucing this new fitting technbque inio the
United States during the 1946-1948 period.

In 1949 & second group led by Dir. ¥V, T, Inman
and Professor H. D, Eberhant visited Europe
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for another eritieal comparison of European and

American pracisce, particularly in the area of

lower limb prosthetic components and fiiling

and afignment principles. They wers intrigued
with the results obtained by Striede in Austria
using the quadrilateral suction socket shape,

They also described and catalogoed a large

number of physiological, linkage, and Iriction

brake knes designs, alignment devices and other
fitting aids. Among others, the condylar designs
of Striede, Lang, Rbck, and Haberman were
stodied and evaluated &5 well as the brake type
designs of the Kleinkatholer and Jipa knees and
the four-bar linkage design of Lammers. In
addition, they pbaerved the alignment principles
and adjustable “walking machine™ prosihesis of

Schneider and other alignment systems such as

thoss wused by Haberrman in Frankfurt, and

others

Upon the return of the Inman- Eberhart group,
a series of chinical irials of devices and principles
olbserved in Europe were underiaken at Berkeley
in an effort to evaluate their potential for
improvement of the comfort and function of the
sucthon socket above-knee prosthesis as i was
then being fitted in the United States. An
extensive review of the German literaiore re-
velad a wealih of information but ne uaiversally
recognized and accepted st of biomechanical
principles which could guide the prosthetist in
selecting components and methods for filting
the above-knee prosthesis. A number of differeni
socket shapes were in use in Europe as well as
considerable variety in the devices, materials amd
methods of finting and alignmendt.

Az 5 result of evaloations subsequent o the
1949 European trip, the following ilems were
selected for more extensive study at Berkeley,
(1) The quadrilateral ischial bearing socket

shape as fitied by Striede in Ausiria,

(2} The benefits of polycentric knee construc-
tions; in particular, the Striede, Rack, and
Lang knees from Germany.

{3} The uss of adjustable prostheses for walking
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trials and dynamic alignment sdjusiments as
used by Schoeider in Germany.

{4) Biomechanical principles of fitting and align-
ment of the suction sockel above-knes
prosthesis.

In addition to the above, the [nman-Eberhart
report moled the penerally poor swing phase
control in both American and European pros-
thesss and proposed an additional projeci.

{5} The development of improved swing control
devices which would simulate guadriceps
and hamstring muscle action about a normal
knes and sllow walking over an increased
range of walking speeds.

Druring the period 154955, the research stalf
at the Biomechanics Laboratory continued their
evaluation of the German technology and
developed what was considered a rational bio-
mechanical basis for fitting the carved willow
wiood suction socket, An alignment sysiem wing
the “AK adjustable leg™ and the " AK alignment
duplication jig* was developed and tested with
the ¢co-operation of prominent Armerican pros-
thetists, notably Travtman in Minneapolis,
Haddon in Denver, and Thranhardt in Atlania

This information was organized in the form
of & syllabus for the first *pilot school in above-
knee prosthetic™ held in August 1933 for the
purpose of trainiog future instructors for the
new prosthetics edvcation programmes then
being developed at New York University and
the University of California at Los Angeles.
This material later becarne the basis for the
Mamual of Above-Kaee Prostheriey edited by M.
H. Anderson and R, E. Sollars and published
January 1, 1957,

Onpe of the major bencfits of the 1955 tech-
nology was the introduction of a uniform and
scientific terminology which enhanced the ability
of members of the prosthetic clinkc teams 1o

communicate with each other in solving the -

varipus problems associated with amputes re-
habilitation. The new education programmes in
aboree-knes prosthetics were one step toward the
eventual certification and improved professional
education of American

The period 195560 saw the introduction of
thermosetiing laminating resing into lower limb
prosthetics technology: first as a substitute for
rawhide in the renforcement of wooden pros-
theses, larer as the basic material for plastic
sockeis moulded over plaster models of the
stump. The remarkable success of the lnminaied

plastic socket used with the patellar-tendon-
bearing below-knes prosthesss jed to the use of
similar techniques with above-knee sockets. The
adjustable brims developed at Berkeley and the
fitting stand developed by VAPC in MNew York
City, both of which appeared in the early sixties,
were designed to ald in the plaster wrap casting
of the above-knee stump. These new tools mads
the “total contact™ AK suction socket possible
and helped to solve the problems of distal stump
oedema often experignced with “open-end™
carved willow wood sockeis

Studies of the kinematics of various European
polyeentric, physiclogical, and brake-type knes
comsfroctions indicated & general confusion as
to the function, ampuies benefiis, and prescrip-
tian criteria for such devices,

It wais clear that & comprehensive theory which
could relate the functional characteristics of such
devices 10 their alignment and the nesds of the
ampaies was required. It was hoped that siudies
of this type would show the relationship between
the physical capabilities of the ampuree, the
functional characteristics of the device, and the
manner in which the prosthesis was used in
walking. It became clear that 1f was instructive
10 discusgs above-knee prosthetics in & somewhat
different manner than had besn typical in the
past. It was iypical in the pre-1950 era to dscuss
fitting and alignment of ithe above-knee pros-
thesis as almost separate problems in three areas:
(11 socket shape and fiting methods
(2} alignment for stability and swing through
(3} selection of components.

Eveniually, & somewhal different and hope-
fully more logical approach evolved as given
below. We will first discuss the funciional
characteristics of certain classes of prosthetic
knee designs and relate their function to align-
ment principles, The use of & certain class of
knee mechanism plus the need to balance the
body weight above the prosthesis dusing the
stapce phass creates & varying pattern of bio-
mechanical pressures between stump and socke,
These pressure patterns can be anticipated and
influence the basic socket design. The most
difficult part of the entire process is the Aiting
of the socket to the individual anatomical
characteristics of the amputes, Here the skillful
prosthetist will “shape™ the socket 10 achieve a
comfortable sccommodation of the required
biomechanical forces and pressures, In the actual
firting, the casting of the stump and shaping and
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adjusiment of the socket are often the firsi steps
in the procedure. However, the successful fitting
also must include careflul planaing of the com-
plete procedure including the influence of com-
ponenis and alignment on the fype of socket
fitting o be achieved.

Classification of prosthetic knee mechankims

A large number of different knee mechanisms
have either been invented or developed as
research studies, and many are available com-
mercially for fitting to the above-knee amputes,
‘The potential user often has great difficuliy in
evaluating the claims of the developer as to the
benefits to be derived from the special features
of a particular device, When a particular mech-
anism is considered n terms of its basic function-
&l elements it is often possible 10 catalogue the
device as & member of a certaln class, There will,
of course, be differences in construction, weight,
durability, and even the degree to which a
particular device approaches the optimal func-
tiona] behaviour expecied of a device of that
class. In this dizscwssion we will classify knee
mechanisms in terms of (1) their special features
which are related ro enhancing knee stability,
ie., safety against collapse of the knes during
the stance phase, and (2) the iype of mechanism
employed (o control the fexion of the knee
during the swing phass of walking.

Bench nlignmeni systems

The basic means employed in many ahove-
knee prostheses 1o schieve knee stability B 10
align the knee axis in a location such that the
load earried by the weighi-bearing prosiheses
shwiays passes ahead of the knee axix and forces
the prosihenc knee against a mechanical stop in
the fully exiended position. This simple principle
is employed in all sbove-knee prosthesss regard-
less of other means used 1o achieve siabilicy and
will be referred to as alipnment stability in the
following discussion,

Alignment stability is ofien entured by a
process which has become known as bench
alignment, Two somewhat different philosophies
for bench alignment have been propossd. In
Germany the prosthesis is often assembled in a
finture using a plumb line viewed from ihe
lateral side which passes downward from the
cenire of the socket brim through a point on
the bisector of the length of the foot as shown

in Figure 1. The trochanter is sometimes
used a3 the upper reference point. To achieve
whal may be described a5 4 rolling sction of the
hip over the foot the heel of the foot is clevated
glightly in the reference position. The bench
alignment diagram displays the prosthesis in a
position corresponding to the point where the
amputes would begin 1o roll over the ball of the
foot in walking, i.e., in & position where the hip
Joint is close to the highest point in its frajectory.
The clearance under the heel B often called a
“safety factor”. An increased clearance results
in 2 more rapid transfer of weight to the ball of
the foot and improves knee stability at heel
conlact.

F 1,2 and 3. Beoch aki
le; dﬁm. fig. 2 foenire) TEA
{right} MEA reference.

The posnion of the knee axis relative fo the

“wertical reference line is dictated by the com-

binathon of koee kinematics and friction brake
action inherent in a particular mechanism and
very definile rules have been established for
different combinations of knee and loot designs.

In the United States a similar plumb line
reference system has been used which has the
trochanter a3 the upper reference point and
which locates the ankle jomnt directly under the
trochanter a3 shown in Figure 2. Rules have
been established for locating 1he knee joint on
or behind this reference line which has been
culled the TEA ling, In the American system the
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heel ks shown in contact with the foor in the
reference position. This systemn has evolved
because of the need to have a convenient way to
check bench alignment prior o walking trials
with adjusiable devices without the need for
gpecial holding or limb asembly fixtures as are
common Lo some European systems.

The American sysiem may result in & pros-
thesis which is somewhai longer than & similar
prosthesis if the pelvis level & checked with the
limb in the alignment reference position.

As the American prosthesis rotates forward
over the ball of the foot toward the CGerman
reference position, it is clear that the heel would
rise from ihe floor and the hip joint would be
clevated slightly. This explains in part the
coniroversy which often oocurs between the
American prosthetist who prefers 10 constroct
ihe prosihesis shornened a few -millimetres o
make it easier for the amputee to walk and the
physician who insists on a level pelvis with the
prosthesis in the alignment reference position,

Errors in both systems can result when the
trochanier i3 wsed as the upper reference point.
It requires that the alignment be checked with
the amputes weaning the prosthesis and precise
location of the point of contact of the hesd of
ihe trochanter against the lateral brim of the
socket ig ofven diffieulr.

The reference line shown in Figure 1 i
suggested ms an alternative which is particularly
well suited to the fitting of the quadrilateral
socket shape. The upper reference point is
established at the busector of the interior medial
will of the socket. In the modified American
gystem the new reference ling bacomes the MEKA
line and the knes joint is located on the medial
mspect of the prosthesis rather than the lateral
side a5 with the use of the TEA line.

When wing the TE.A line, the knee axis s
locaied on the lateral side of the prosthesis and
for = typical prosthesis the knee axis is located
approximately & mm (§°) posterior (o the TEKA
line.

The knee axis is typically aligned in 5 degrees
external rotation, as necessary 1o prevent lateral
movement (whip) of the foot in the swing phase.
The medial end of the knee axis is forward of the
lateral end by approximately & mm. Therefore,
when wsing the MKA reference line along the
medial aspect of the prosthesis, the knes axis can
be located direcily on the MEA line for & typical
sctive above-knee ampuies with medium io long

stump,

The wefulness of the German air space under
the heel is also acknowledged and where greater
knee seeurity is desired, the wie of Increased hee|
rize in the prosthetic foot is encouraged.

A spacer under the heel 6 to 10 mm thick a
the time of bench alignment will give the
amputes greatly increased knse security at heel
contacl. The prosthesss will nol have iis lengih
increased with this procedure since the distance
to the ball of the fool remaing ihe same,

Polycentric knes mechanisms

Alignment stability can be enhanced through
the use of polycentric knee mechanisms. A
polveenirke knoe mechaniam is any device where
the instantanecus cenire of rofation of the knee
changes iis position as the knoe flexion angle
increases or decreases, Kinematically all poly-
ceniric devices, where siabillty is controlled by
the location of the instantaneous centre of
rotation (the instant centre), mre of the same
claty. However, there i an infinite variety of
kinematic arrangements possibbe, each with its
own special functional characteristics. The
following dscussson is an atiempt to explain the
behaviour of such devices assuming, in the
beginning, that there is no brake-type friction
acting simulianeously as part of the function of
& particular device.

There are several ways that polycentric motion
between the thigh piece and shank can be created
in a knee mechanism.

Figure 4 displays schematically most of the
polycentric prosthetic knee mechanisms  that
have been used o date. In each diagrarm the
point 1 represents the instantancous centre of
rodation of the thigh pece or knee block with
respect 1o the fixed shank with the knee in full

-extension. [n many cases, il has been possible

i locate ihe point 1 in exscily the same position
when the knee iy fully extended.

Case A represenis the double-skid mechanism
often used for so-called “physiological” knee
mechanizms. In this case the shape of the upper
condylar surface determines the manper in
which the instant centre changes its location
with knee flexion. Peint [ is located at the inter-
section of the two lines which are perpendicular
to the surfaces in contact at the two skid points.

Case B is a simple variation where one skid
point has been replaced by & pivoted shider,
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Fig. 4. Podycehitric knes mechantams,
Point I & again located by two lines, one of
which passes through the slider pivot perpendi-
cular to the upper condylar surface,

In case C the rear skid point has been replaced
by & two-joint link and the centre line of the
posterior link becomes one of the lines required
10 locate point 1.

Cases I and E are four-bar linkages with the
game instant centre I but obviously different
flenion characteristics. The knee block and shank
siructure form the second pair of “ban™ as
shown by dotied lines.

Case F is also & four-bar linkage. The upper
pivol of the anterior teo-joint link Is attached
to the shank in this case,

Case O represenis a design involving pure
rolling rather than a skidding nction. In devices
of this type, the nstant centre | is always at the
point of rolling contact.

Case H s abvo somewhat different. The post-
eriar two-point link acts in the same manner as
in the four-bar linkage. The anterior guidance
is provided by the skidding of the surface of
knee Block along a flat surface attached to the
shank. Since the shank surface s flat and
horizontal, the line which locates 1 3 always
perpendicular 1o the shank surface at the point
of contact.

Brake kpee mechanisms
The second basic way of enhancing knee

stability Is through the incorporation of devices
which resist the tendency of the knee to flex or
collapse under load by the creation of a braking
sction which either locks or resists o tendency
of ihe knee joint to fex doring the stance phase,
There have been many designs proposed over
the years which provide for braking sction of
this fype. Figure 3 illusirates a few types which
have been produced commercially, In Figure 5A
the braking effect iz due to friction developed
between mating cylindrical surfaces on the knee
block and shank. The surfaces are separaied by
a spring which is compressed as load 1= frans-
ferred to the prosthesis and allows the friction
surfaces o contdct. The magnitwde of ithe
friction is influenced by the surface materials,
spring stiffness, and other geomelrical pars-
meters. It should be noted that friction can also
be present ip the mechanims shown in Figores
44, 4B, 4C and 4H and often i & major func-
tional feature in such arrangementis.

Figure 5B illusiraies a friction clamp which &
aciuated by & posierior rolation of the knee
block about point . The resulting pressure on

O FFERESTIAL RasD BSAKE

C HYDRARSLIC CYLIWDER

Fig. 5. Brake rype knes mechanisms.
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the clamp creates {riction on the knee bolt which
is righdly attached to the shank,

Figure 5C shows a hydraulic cylinder with a
passage for fluid to flow between upper and
Jower chambers. The valve ¥ can be closed by
a wvariety of mechanisma not shown which
prevenis the knes from flexing under load. A
controlled rate of fexion under load is possible
if & small amount of fuid & allowed 1o flow
through the closed valve.

Figure 5D shows a friction brake of the
differential band brake type. Load on the pros-
thesis causes the pivoled arm to rotate upward
against the compression spring. This relative
modion increases the tension in the band
wrapped around & cylinder attached to the
shank. The sensitivity of the device in generating
& friction brake moment is determined by the
setting af the spring.

Voluntary control af kiee stability

The brake knoee mechanisms shown in Figure
i provide what might be called aulomatkc control
of knee siability. When operating properiy, the
brake friction i created aulomatically each time
the prosthesis assumes its weight bearing
function,

The bhrake action is generally beneflzial in
level walking, particularly on rough surfaces,
In some cases there may be difficulty in flexing
the knee af the end of stance phase when walking
on slopes and stairs.

Biomechanics of polycentric knee mechanisms®
A linkage koee offers improved function for
the ampuies because il i polpceardc. As the
knee flexes, the apparent or instantaneous centre
of rotatkon between the thigh and shank changes
in & manner which improves the stability
characteristics of the knee and also allows an
incressed range of knee flexion. Swing conirol
devices can be added 1o the basic mechanism,
The characierisiics of any prosthetic knee are
best described in terms of the relationship
betwesn four factors: (1) the mstant cenire of
thigh-shank rotation, (2) the load line, (3) the
brake moment or torque generated by the
prosthetic knee, and (4) the hip moment which
can be supplied voluntarily by the amputee.,
Figure & illusiraies & simple buil imporiant
principle of mechanics. The combination of &
force P plus moment A as shown in Figure 6a

is equivalent to the single force O offset &
distance J as shown in Figure 6b, We see that
is equal to P and that the distance 4 i3 calculaied
by noting that &= M. Hence

dem 0

fal 113
Fig. & Single force O equivalent to combined force
P and moment M.

Using this principle we see that the position
of the load line at heel contact or at toe off may
be related to the load /* carried through the hip
joint and the hip moment M; exeried by the
amputee, either in flexion or extension. An
extension moment moves the load line ahead of
the hip, & Aexion moment mowes it behind.
Figure 7 shows a hypothetical situation where jn
Figure Ta the ampuiee & exerting a hip extension
moment 1o maintain knee stability at heel con-
tact, Figure Tc shows the situation where ihe
amputes is exerting & hip flexion moment in an
attempt 10 flex the prosthetic knee while the
prosthesis i continuing o support the body
weight, These two diagrams are combined in °
Figure Th and drawn relative to a fixed reference

position of the limb.
In Figure Ta we note that the prosthetic knes

" will be stable at the critical instant of heel

coniact whenever the knee centre is aligned
behind the line PQ. In Figure Tc it is apparent
that the knee can be fexed volontarily under
load i the knee centre is located ahead of the
fine P, In Figure Th the two zones E and F
when superimposed define & common region 5,
the rome of voluniary sabiliy. For the hypo-
thetical amputes of Figure 7 the zone 5§ would

E.ﬂnuﬁmdfmm F"Jﬁ;‘""ml
hanigms lor Thm
15P0), Montreus, October |5

a3 Prosthetic
nee Amputee”,
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Fig 7. The rone of volaniary sability, 5.

allow considerable variation in the alignment of
the prosthetic knes joint while maintaining
stubility at heel contact and ease of knee flexion
during push-off,

Figure B illustrates a more typical situation
where the ampuise ecither has reduced hip
moment capabilities or prefers to use his hip
musculature ab kess than maximum strength
under ordinary conditions. In this case the tone
of voluntary stability is dramatically reduced.
Under these conditions the prosthetist fitting a
single axis prosthetic knee joint must align the
knee joint with its centre behind line PO in order
1o ensure knee stability at heel contact. Soch a
location is also well behind line P and outside
of the desirable region F. The result is a stable
knes at heel contact but a knee which is difficalr
to flex wnder foad at push-off. Voluntary knee
Aexion is imporant in achicving an sesihetic
and energy saving gail.

Az Figures Thand 8 indicate, the ability of the
amputes to control knee stability & influenced
by the height of the instant centre of knes
rotation above the floor. A high knee centre
provides improved leverage for voluntary con-
irod of knee stability. Single axis knees provide
little or no opporiunity to make practical use of
this faci because any significant change in the

vertical position of the knee joint is cosmetically
unaccepiable. The polyceniric knee can be
designed with the initial instantaneous centre of
rotation located above ihe wsual knee joint and
well within the rone of voluntary stability, 5.
The prosthetist then has the option of emphasiz-
ing sither stability a1 heel contact or sase of knee
Aexion by appropriate alignment of the knes
mechanism within the prosthesis,

The interrelation of all factors, including the
effect of a friction brake moment My developed
by the knee joint, is given by the knee stability
eguation

M,.-%{Pd-h!ﬂ @

where, as shown in Figure 9,

My =the muscle moment about the hip joint
on the ampuotated side required (o main-
tain the weight-bearing knee in a stable
flexed position.

My =the knee moment created by mechanical
or hydraulic friction in a “brake™ type
design (Mg =0 in the UC-BL four-bar
knes).

L =the total length of the prosthesis from
the hip to the bottom of the heel,
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Fig. B, Typical stabilvy diagram for an above-knes
amputee,

P =the load carried along the long axis of
the leg.

h =the wertical height of the instaptaneoues
centre of knee rotation measured from
the bottom of the heel,

d =the disgtance forward from the hip/hesl
fine to the instantaneous centre of knee
rotation.

Knee stability it influenced by three independ-
ently variable parameiers: Mg d, and b in
equation (2}, For a given kinematic armangement
it i obvious that the required M), can be reduced
10 zero if the mechaniam is capable of developing
& brake moment

Mg ~Pd k)]

This principle has been exploited successfully
in a wide variety of frictiop-rrebilized knee brake
mechanisms. 1t should be recognized that the
friction which resists flexion to provide knee
stability at the beginning of stance phase will
interfere with knee flexion near the end of the

Fig. % Dhmensioss wsed in ihe knes sability
equation.

siance phase. As the amputes attempts to flex
the knee, the negative sign in equation (2}
becomes positive because the friction moment is
acting in the opposite direction, and the hip
moment required to initiate knee flexion is
imcrensed as compared with a son-brake mechan-
ism,

The parameter d in equation () governs the
so-called afignment srability,

It & posaible to reduce the variable d to zero
by aligning the prosthesis in such & manner thal
the knoe centre fies on the hip/heel line, With
such an alignment, a muscle moment about the
hip would not be required 10 maintain knee
stability at heel contact. Unforunaiely, how-
ever, such an alignment B not satisfactory
because it provides too much stability later in
the stance phase when weight is borne on the
forefoot, thereby interfering with desirable
flexing of the knee just prior to fos off.

. The third parameter b in equation (2), in

combination with dimension d, provides what
may be described as kinematic stability, as
discussed below,

The kinematic characteristics of 4 polycentric
linkage s&re determined by the length and
arrangement of its Finks. An infinite vanety of
arrangements i possible.

Dne measure of the functional characteristics
attained with & particular linkage is & plot of the
successive locations of the relative cenire of
rotation of the socket with respect 1o the shank
a% & function of the knee mngle, as shown in
Figure 10 for the University of Califarnia four-
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bar linkage sbove-knee prosthesis A larger
value for b and/or & smaller value for d at a
particular angle of knee flexion will result in a
smaller hip moment required to mainiain knes
security, However, during knee flexion a large h
ilso results in g cosmetically undesirable forwarnd
translation of the knes block in the region of the
snatomic knee centre, The knee centre must
eveniually move downward with koee flexion or
the knez will oot bend in the proper place during
satting. It is desirable 10 maintain a large vahwe

Fig, 10, Linkage arr i 2nd path of the insiani
centre for the LC-BL E::hl linkage polycentric

of h and ihereby keep the knee cenire high over
the first 10 degrees of knee Aexion in order to
help the umputes recover from & stumble or
other situation when knee stability is accident-
ally disturbed. The linkage shown in Figure 10
has been selected as & compromise which tends
to maximize ithe desired functional benefits of
the linkage while minimizing the cosmetic prob-
lems duse to translation of the knee block. The
kinematics of the UC-BL four-bar linkage has
been found to be useful o a wide variety of
young male ampuiees, including one bilateral
above-knee ampuies, over periods of use ranging
up to 25 vears.

Figure 1] indicates the manner in which the
rotation cenire (plotted on the moving socket)
chapges position during a full walking cycle
Note thai it s possible (o have & relniively large
dimension d in full extension, which is beneficial
o the amputes near the end of the stance phase.
The elevated position of the centre of knee
rotation compensates for the large value of d by
allowing the ampuiee to make beiter use of
available muscle moments al the hip, and there-
lore provides improved volustary contral of knee
stability. It is interesting to note that voluntary
controd is equally imporiant in both flexion and
extension, particularly to the younger, more
active amputes,

Swing phase control

A swing condrod i a device which can be
incorporated into the design of & prosthetic knee
mechanism such that it simulates the action of
the quadriceps and hamsiring musculature which
pct about the normal knee joint during the swing
phase of walking. Such a device has thres
functions: (1) to limit the maximum knee Aexion
angle and cause the shank-foot (o swing florward
smoothly in & manner similar to quadriceps
aciion about a normal koee, (1) allow the knes
to extend smoothly into full extension without
impact, (3} provide automatic changes in the
level of the resistance patterns 10 allow walking
over un extended range of walking speeds.

Cine means of establishing design criteria for
waing control mechanisms is to caloulate the
knee moment pattern which must be generated
by the device in order 10 cause the shank-foot
1o swing through space with a motion patiern
which approximates that of an average normal
person. Figure 13 Hilustrates qualitatively the
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Fig. 11, Change in knee cenire during walking.

results of such calculations. It is scen that the
device should provide a resistance pattern with
four phases.

In normal walking the knee begins to flex
before the foot loses contact with the Aoor. The
rate of Bexion is controlled by the quadriceps
group acting over the anterior aspect of the knes
Jjoint. Such oction at present is difficult to
duplicaie in prosthetic knee mechanisma al-
though the ghding action of certain polycentric
knes designs (s an approximation.

Alter the foot leaves the ground the quadriceps
continse to act to limit the knee flexion 1o &
maximurm of approximately 65 degress. As ex-
tension of the knee begins, there is & second
burst of gquadriceps activity associated with
forward acceleration of the shank-foot. During
the foremrd swing the gquadriceps action
decreases abruptly and the shank-foot swings
a5 & pendulum. Abmost immediately the ham-
siring muscles begin to act behind the knee to
decelerate the rate of extension and allow the
foot to move smoothly Ino contact with the
Boor,

This sequence is difficult to simulate accurately
with the typical mechanical [riction swing con=
trol mechanism. Figure 13 illustrates ihe resist-
ance characteristic of a constant frictien device
with elastic extension bias. When properly
adjusted, the amputes i able o walk reasonably
well at the speed for which adjusted but the
device lacks automatic sdjusiment for changes
in walking speed.

Hydraulic devices of the type shown in Figure
14 offer much betier possibilities for meeting
the design objectives shown in Figure 13, A
typical design incorporaics multipie holes in the
eylinder wall which are progressively covered by
the piston 1o reduce the available flow ares and
create & highly non-linear resistance character-
istic. Hydraulic devices can maich ithe desired
curvies very closely, The peak moments of the
characterstic curve are increased sutomatically
with increasing walking speeds with & resistance
level approximately proportional to the sguare
of the walking speed.

Another method of achieving a variable
momeni patiern B with 2 pneamatic device of
the type shown in Figure 13, The pneumatic
devices rely upon a combination of air com-
pression and controlled leak rate to achieve an
approwimation to the desired moment character-
fathe. As the walking speed [s increased, the time
available for air to leak from ope side of the
piston to another is decreased hence higher peak
pressures are maintained af fast walking spesds,

Riomechanics of socket firting

The following discussion assumies o socket in
which the major support of the body weight is
through the ischial tuberosity with additional
conitributions from the pressures acting upward
againgt the gluteal musculature and provided by
the flare of the anterior socket brim. Any
pressure against the distal stump tisues s
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assumed 13 be of low magnitude and of primary As an example, consider the pressre palterns
benefit in preventing the development of shown in Figure |6 acting between stump and
ocdema in the distal stump. socketl us viewed from the side, The pressure
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Fig. 13, Mechanical swing control with Fnear extension biad.
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Fig. 15, Pneumatic swing control.

patierns shown are the result of the active wse
of the hip musculature to control stability &t
heel contact and initiate Aexion at the end of the
stance phase. Examination of such patierns
reveals the oeed to pay particular atiention fo
the proximal anterior brim ares. The socket
mmi provide sufficient anterior support o
prevent the schium from siding forward and
downward into the socket with inevitable pain-
Tul contact of the pubic ramus on the medial

wall of the socket. At the same time, the fitting
must anticipate the movement of the femur
stump within the soft tissue as the fermur First
presses posteriorly 1o maintain koes stability
then moves anteriorly to initiate koee flexion in
the swing phase. The ischial seat should be
sloped slightly ioward and rounded 16 avoid skin
irritathon, but must provide o definite contribu-
tion to suppart of the body weight. The gluteal
ares of the posterior brim should fit snugly
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Fig. V6. Anterior-posterior stump-socket pressures during the stance phase of walking.

against the musculature to distribule the press-
ure on the socket brim and releve the ischial
pressure particularly in those cases where the
schium may be sensitiee 10 exosssive presure.

Figure |7 illustrates the pressure patierns on
the siump as viewed from the rear. In this case
the need for lateral contact between socket and
stump is clearly indicated. The lateral pressure
pattern ks associated with the balancing of the
body weight above the bevel of the socket brim.
The support point in the region of the schium
serves a8 & fulcrum for the body welght acting
dewpward on the pelvie. The gluleus medius
musche acts to siabilize the hip joint which
results in abduction of the siump against the
lateral socket wall, This tvpe of pressure pattern

always accompanies & parrow base gait with
erect torso. The need for lateral pressure on the
wump 1 diminished i ithe amputes walks with
a wide walking base or leans the torso over the
support point during the stance phase.

The quadrilaieral socket shape

The socket shapes shown in Figure 18 are
based upon the requirements a3 discussed in the
previous secilon. The shape is not a duplicate
of the free stump since sofl tissoe must unavoid-
ably be compressed in areas where higher
pressures must be tolerated on soft Hiswe,
particularly in ihe Scarpa’s iriangle area along
the anterior aspect of the stump and in the
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Fig. 17. Lise of hip abductor rnesculature for lateral
stabuilizacion of the pelvia.

ghuteal region of the posterior brim, Regions of
firm musculature such a3 along the rectus
femoris muscle are channelled to avoid excestive
pressure 83 required. Tendon insertions on the
pelvis such as the hamsiring tendons or adductor
longus must be accommodated in appropriste
channels in the posterior-medial and anterior-
medial corners of the socket, The width of the
medial wall of the socket in defined by the
snatomical dimension messwred between ischium
and adductor longus. I this dimension & incor-
porated into the socket accurately, the pubse
ramus will always be supported well above the
medial brim of the socketl. II' the medial dimen-
sion is too wide, the ischium will slide foraard
during weight bearing with inevitable painfiol
pressure against the pubis,

The contours of the socket must always be
considersd in three dimensbons. One of the most
difficult problems in the fiting process is to
achieve the proper degree of tightness of fit
albng the Jengih of the stump. With open-end
sockets carved from wood the socket circumfer-
ence dimensions were ofien less than the free
stump cireumference with the regult that the soft

tiasues of the stump were pulled deeply into the
socket as the socket was dooned, With ihe
modern total-contact suction socked, this re-
duction in socket circumierence is often less and
the socket dimensions more nearly approximate
the free stump measurements.

The pressure patiern created betwesn the
socket and the tissues of the siump and pelvis
is & function of the forces and momenis being
transmitted at any instant during the walking
cycle, The pressure patiern varies dramatically
over the walking cycle and it is remarkable that
a socket of fixed shape can transmit these
pressures comionably for long periods of use.

Conclusion

Much progress has been made over the past
30 years in the refinement of principles, devices,
filting and alignment procedures and materials
uséd for above-knee prosibeses. Proathetists all
over the world have been trained in the applica-
tion of modern methods and components and
in many cases have successfully adapied local
materials in the construction of prostheses.

There is considerable current interest in the
design of modular components with infer-
national standards for dimensions which will
allow all nations to benefit from advances in
component design and manulaciure,

The major problems o be solved are generally
agiociated with the increasing age of the amputes
population. Lighter weight prostheses which can
be produced quickly and at minimum cost are
required, Problems associated with cosmesis
remdin to be sobved, Improved patient mangge-
ment procedures fo reduce the time belwesn
amputation and fitting with a permanent pros-
thesis must be developed il the elderly amputes
i to b rehabilitated. Amputes training pro-

" pedures which have proved succesaful with

young vigorous ampuiees must be re-examined
to sccount for lower bevels of physical capability.
Finally, we musi encourage the dissemination
of knowledge on an international basis so that
all persons concerned with the welfare of above-
knee amputees can benefit from the success of
our more progressive instibutions,
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SOFT STUMP
(considerable subcutaneous Hsue)
A slight decrease in the anterior-
posterior dimension (m)is necessary
to mointain the ischium on its

proper position .
A

AVERAGE MUSCULATLRE
Motice the decrease in the
dimension (n) due to the hamstring
relief which results In more sitting

comfort.

VERY MUSCULAR STUMP
Mote the deeper gluteal

channe| and rounding of the
sacket walls to sccommodate
the lorger muscular development.
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Fig. 18, The quadrilateral suction socket shape.
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