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J. E. SANDERS,*/** C. H. DALY,*** and E. M. BURGESS*

*Prosthetics Research Study, Seattle, Washington, USA
**Center for Bigengineering, University of Washington, Seattle, Washington, USA
***Mechanical Engineering Department, University of Washington, Seattle, Washingron, USA

Abstract

Stresses on the surface of a stump within a
prosthetic socket during walking can potentially
traumatise stump tissues. To gain insight into
stresses and design parameters that affect them,
normal and shear interface stresses were
measured on three unilateral trans-tibial amputee
subjects during walking trials. During stance
phase repeated characteristics in wave-form
shapes from different subjects were apparent.
They included “loading delays™, “high frequency
events (HFE’s)”, “first peaks”, “valleys”,
“second peaks”, and “push-off”. Characteristics
did not necessarily occur at the same time from
one step to the nextbut their timings matched well
with events in shank force and moment data
which were collected simultaneously. For
“plantarflexion” and “dorsiflexion” alignment
changes, the above wave-form characteristics
were still pesent but their timings within the stance
phase changed. The physical mcaning and
relevance of the characteristics to stump tissue
mechanics are discussed.

Introduction

Two types of localised stresses are generated
between a stump and a prosthetic socket during
ambulation: (i) normal stresses are perpendicular
to the interface, and (ii) shear stresses are in the
plane of the interfacc. Normal and shear stresses
are impaortant because they can traumatise stump
skin tissues. Excessive static normal stress has
been shown to cause blood flow occlusion (Daly
et al, 1976) which can result in necrosis and
ulceration (Levy, 1962), Trauma from dynamic
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shear is apparent as separation at the dermal-
epidermat junction, followed by fluid deposition
and blister formation (Stoughton, 1957; Hunter
et al, 1974).

It is the authors’ hypothesis that it is not
cxclusively the magnitude of the stress that is
important in causing tissue breakdown. Instead, it
is proposed that it is a combination of parameters.
For example magnitude, frequency, and loading
in other directions simultaneously may possibly
all contribute to breakdown, The basis for this
bypothesis comes from tissue mechanics
literature and clinical cxperience. Naylor (1955)
found that it took less work (defined as
| Force - Number of cycles) to induce friction
blisters on the anterior tibial surface of normal
subjects if a high number of cycles at low stress
were applied compared to a low number of cycles
applied at high stress. Lanir and Fung (1974}
demonstrated that under an applied uniaxial
strain, stress was higher if displacement in the
pecpendicular direction was restricted. From
clinical experience on trans-tibial amputees,
Radcliffe and Foort (1961) noted that: excessive
pistoning of the stump in the socket resulted in an
abrasion; cxcessive friction irritated cxisting
bursac; adventitious bursae formed over bony
promincnces and around tendons; and under
exccssive load bursae become distended, tender,
and infected.

The purpose of this paper is (o report
characteristics of interface stress wave-form
shapes from unilateral trans-tibial amputee
subjects ambulating with prosthetic limbs. Both
normal and shear stresses are described. Effects
of those characteristics on stump tissuc mechanics
are discussed. Results for altered alignment
settings and differences between static and




PARAMETER

SUBJECT #1

SUBJECT #2

SUBJECT #3

Dimensions:
Length (from
patellar tendon to
distal end):
Antero-posterior
diameter at
atellar tendon:
edio-lateral
diameter at
femoral condyles:

Unusual characteristics:

Scar locations;

Adherent scar
tissue sites:

Common clinical
problems:

14.6cm
7.5¢cm

9.2cm

very bony stump; little

soft tissue, especially

distally; very dry skin
antero-distally

single scar on lateral
surface

none

ingrown hair antero-

medially; folliculitus
removed surgically 16
months prior to first test
date; no reoccurrence;
dry skin antero-distally

15.2cm
7.6cm

9.5cm

prominent medial distal
osteophyte

antero-distal and lateral
surfaces

antero-distal

antero-distal tissue
breakdown medio-
distally near osteocyte;
notes increased
frequency of sores with
pistoning

11.4cm
8.6cm

10.2ecm

excessive superficial
tissue; prominent
peroneal nerve; 1.3cm
deep clefts in suture ling
scars at antero-distal end

three parallel axially-
oriented scars on antcro-
lateral and antero-medial

surfaces; also a single

scar on the distal end

distal

folliculitus at postero-
medial trimline; lipoma
was removed surgically
9 months prior to first
test date; no reoceurrence
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heavier than subjects’ normal prostheses. (ii) No
sock was worn, (ii} A 3.2kg backpack and cable
apparatus was worn.

Loading delays: “Loading delays” were
probably a result of one or both of the following
sources: (i) “pistoning”, ie. slip between the
stump and the socket. (ii) the anteriorly-directed
resultant shank force (force “P” in Fig. 10b).

Clinical relevance of “loading delays” is that at
the end of the delays the position of the stump in
the socket is probably sct for the rest of stance, If
this position is different from that set under
clinical fitting conditions, therc may possibly bc
undesirable contour mismatches between the
stump and prosthetic socket surfaces. Stress
concentrations would bhe induced which could
traumatise stump tissues.

Time lengths of “loading delays” may possibly
also be important. If delay phases in longitudinal
shear stresses end at unequal times at different
sites, then intermediate skin tissue would be
exposed to in-plane tension in a longitudinal
direction. High in-plane tension can cause skin
blanching and obstruction of blood flow (Kenedi
et al, 1965). Tension can also change the
mechanical responsc of skin in the perpendicular
direction, i.c. the transverse shcar dircction.
Biaxial mechanical testing of rabbit skin has
shown that high perpendicular stretch ratios
cause the stress-strain curve to shift towards the
origin {Lanir and Fung, 1974). This means that
the stress level] for blanching would happen at a
lower uniaxial strain and at a lower intcrnal
encrgy change than if perpendicular strains were
zero. Presumably the potential for tissue trauma
would also be increased. As shown in this
rescarch, in stance phase immediately subsequent
to “loading delays”, transverse shear was usually
greater than longitudinal shear on the anterior
limb surface, thus it is possible that biaxial loading
was induced.

Early HFE’s: “Early HFE’s” could have been
due to several sources: (i) the foot being forced to
foot-flat, (ii) deformation of the foot, (iii) activity
of the other leg, (iv) muscle activation, or (v} slip
at the interface. Because interface stress “carly
HFE's” matched well with “early HFE’s” in the
prosthetic shank, (i) or a combination of (i), (ii),
(iii}, and (iv) is probable.

If due to the foot being forced to foot-flat,
deformation of the foot, or activity in the other
leg, then “carly HFE's” may possibly affect an
amputee’s scnse of stability but they probably

have minimal effect on tissue mechanics. Unless
the skin is highly sensitive, tissue damage due to
high-frequency low-intensity loading is unlikely
(Naylor, 1955). In mechanical testing, skin
recsponse hus been shown to be virtnally
insensitive to strain rate in the range of interest
here (Lanir and Fung, 1974).

However, if “early HFE’s” were due to muscle
activation, then they may be providing important
information carly in stance. Muscle activation
would be expected to change stump muscle
gcometry and stiffness. Thus “early HFE’s” could
serve as a signal for this change which could be
important in subsequent interface stress
generation. Knowledge of changes in muscle
geometry and material properties could also be
important when  attempting  to  model
mechanically the stump (Steege et al, 1987;
Krouskop et al, 1987, Quesada and Skinner,
1991; Sanders, 1991; Torres-Moreno et al.,
1992) for the purpose of predicting interface
stresses for use in socket design.

Late HFE’s: Tt is possible that the principal
source of “late HFE’s” was the change in
direction of shank sagittal shear force from betng
directed anteriorly to being directed posteriorly
(Fig. 10). The bending moment on the tibia
reversed direction and, because the bone was
imbedded in soft nonlinear tissue, “HFE’s”
appeared in interface stress curves.

Clinical relevance of “late HFE’s” is that, at
these load levels, a quick interface stress
reduction followed by a quick stress increase may
possibly induce tissue damage. Friction blister
studics (Naylor, 1955) have shown that blister
occurrence is refated to the frequency of the
applied load cycles. Thus interface stress
waveforms with “late HFE’s” may possibly be
more detrimental than those without “late
HFE’s”, Also, because “late HFE’s” did not all
occur simultaneously in a step, it is possible that
stress concentrations were induced in soft tissues.

First peaks: First peaks in interfacc stress
waveforms did not vsually occur simultaneously
with each other nor did they necessadly occur
simultaneously with shank force and moment
maxima. This may, in part, be due to the nonlinear
viscoelastic nature of stump tissues.

The lack of simultaneously-occurring peak
interface stresses is significant because the tissue
mechanics of the stump is affected. Peaks not
occurring simultaneously in resultant shear
stresses at different sites means that tensile







adaptation will be integrated into computer-
aided prosthetic design.

A second direction of research is to investigate
skin response to normal and shear loads. The
intent is to better understand how skin adapts to
mechanical stress 1o become durable and load-
tolerant. Knowledge gained will be applied to
design of rehabilitation treatment strategies that
encourage tissuc adaptation and minimise risk of
tissue breakdown.
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