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I. Amputations and Limb Prostheses

A. General

Measurement of Stratum Corneum Diffusional Conductance

Gordon R. Neufeld, M.D.; Joyce M. Whang, B.S. Ch.E.; James E. Baumgardner, M.D.; David J. Graves, Sc.D.;

John A. Quinn, Ph.D.

Veterans Administration Medical Center, Philadelphia, PA 19104; Department of Chemical Engineering, University

of Pennsylvania, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The helium flux method of measuring skin
blood flow requires knowledge of the stratum cor-
neum’s resistance to helium flux. We are studying
ways of measuring this resistance.

Progress/Preliminary Results—Skin temperature in
the range of 32 degrees C to 44 degrees C has two
effects on gas-flux blood flow measurements. First,
temperature increases blood flow by all methods of
measurement. Second, . increasing temperature re-
duces the diffusional resistance of the skin to gas
flux, resulting in a curvilinear relationship between
gas flux and skin temperature. In the case of oxygen
transport, the diffusional resistance to oxygen flux
is very high until a temperature of 42 degrees C is
reached in the skin. To measure pure skin blood
flow using a gas-flux technique requires that the
diffusional conductance (Ks) for transport be infinite
or be known. In our studies to date, we have stripped
the stratum corneum prior to the blood flow meas-
urements to attain conductance.

Currently we are working on approaches to meas-

Skin Blood Flow by Laser Doppler Velocimetry (LDV)

ure Ks in intact skin. Using a physical model of the
skin, we have been able to measure Ks for known
membranes. Saran, for example, yields a mean Ks
of 1.41 = 0.16 x 10" ml/min/cm¥atm. The model
equations used and the measurement technique are
applicable to measuring stratum corneum resistance.

Future Plans—We can use the physical model of the
skin to measure the Ks of stripped stratum corneum.
We can do the analogous experiment on intact
human skin and compare the Ks measured.

Publications Resulting from This Research

Skin Blood Flow from Gas Transport: Helium, Xenon and Laser
Doppler Compared. Neufeld GR, Galante SR, Whang JM,
Devreis D, Baumgardner JE, Graves DJ, Quinn JA. Mi-
crovascular Research (in press).

Response of Cutaneous Velocimetry to a Temperature Change:
Normal and Dysvascular Patients Compared. Neufeld GR,
Reilly CA, Galante SR, Roberts AB, Baumgardner JE,
Graves DJ, Quinn JA, Vascular Surgery (in press).

Gas Flux Through Human Skin: Effect of Temperature, Stripping,
and Inspired Tension. Baumgardner JE, Graves DJ, Neufeld
GR, and Quinn JA, J Appl Physiol 58:1536-1545, 1985,

Gordon R. Neufeld, M.D.; Cheryl A. Reilly, R.N., B.S.N.; Joyce M. Whang, B.S. Ch.E.; David J. Graves, Sc.D.;

John A. Quinn, Ph.D.

Veterans Administration Medical Center, Division of Anesthesia Research, Philadelphia, PA 19104; Department of
Chemical Engineering, University of Pennsylvania, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—Laser Doppler velocimetry provides a
measure of relative skin perfusion only, and cannot
as yet be related to any absolute measure of blood

flow to the skin. The purpose of our studies is to
compare L.DV measurements of skin blood flow
with quantitative perfusion fluorometry and our
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helium flux method. The long range goal is to develop
methods for relating LDV output to absolute blood
flow.

Progress—We tested the hypothesis that the eleva-
tion of skin temperature alters the stratum corneum
in some physical way resulting in a curvilinear LDV
response. We compared LDV response to temper-
ature in intact skin and stripped skin over the range
34 degrees C to 42 degrees C.

Results—The data clearly show that as skin tem-
perature reaches 42 degrees C the LDV measure-
ments are essentially identical for both intact and
stripped skin. Similarly, these two curves are re-

Comparison of Helium Flux, Xenon Washout

and Laser Doppler Velocimetry in Skin Blood Flow

markably like the helium flux curves generated in
intact and stripped skin. We conclude that heat
alters the physical properties of the stratum cor-
neum, which results in both a reduction in diffusional
resistance and a change in optical properties. Re-
moval of the stratum corneum linearizes the blood
flow response to temperature for both the helium
flux and LDV biood flow techniques.

Future Plans—These findings may allow us to de-
velop corrections for these physical changes, and
thus yield methods for measuring absolute blood
flow directly from LDV or gas flux techniques
without skin stripping.

Gordon R. Neufeld, M.D.; Stephen R. Galante, B.S., Ch.E.; Joyce M. Whang, M.S., Ch.E.;

James E. Baumgardner, M.D., Ph.D.; David J. Graves, Sc.D.; John A. Quinn, Ph.D.

Department of Anesthesia, University of Pennsylvania School of Medicine; Division of Anesthesia Research and
Division of Nuclear Medicine, Philadelphia Veterans Administration Medical Center; Department of Chemical
Engineering, University of Pennsylvania School of Engineering, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—To compare independent measures of cu-
taneous blood flow in normal healthy volunteers
made with Xenon!? washout, helium flux, and laser
Doppler velocimetry. Gas transport techniques, such
as Xenon washout and helium flux, yield absolute
measures of cutaneous blood flow. Laser Doppler
velocimetry provides a measure of relative skin
perfusion. Xenon washout and helium flux methods
are cumbersome, time-consuming, and require ap-
plication of stratum corneum diffusional conduct-
ance in order to properly analyze the results. Laser
Doppler velocimetry is relatively easy to use with
commercially available equipment.

Progress/Preliminary Results—All measurements were
confined to the volar aspect of the forearm. In a
large group of subjects we found that helium flux
through intact skin changes nonlinearly with the
controlled local skin temperature, whereas cuta-
neous blood flow measured by helium flux through
stripped skin changes linearly with cutaneous tem-
perature over the range 33 degrees C to 42 degrees
C. In asecond group of six volunteers, we compared
Xenon'? washout and helium flux at a skin temper-
ature of 33 degrees C and found an essentially linear

relationship between helium flux and blood flow as
measured by Xenon with good correlation (12 =
0.82). In a third group of subjects, we compared
helium flux blood flow (stripped skin) to laser Dop-
pler velocimetric (LDV) measurements at adjacent
(intact) skin sites and found a nonlinear increase in
the LDV skin blood flow compared to helium over
the same temperature range. In addition, we com-
pared the helium flux blood flows measured at
different temperatures to published data by other
independent techniques.

Implications—We conclude that the nonlinear in-
crease in gas flux through intact skin and of LDV
output with increasing local skin temperature reflect
more than a change in blood flow: they also reflect
a physical change in the stratum corneum, which
alters its diffusional resistance to gas flux and its
optical characteristics.

Publication Resulting from this Research

Skin Blood Flow from Gas Transport: Helium, Xenon and Laser
Doppler Compared. Neufeld GR, Galante SR, Whang IM,
Devreis D, Baumgardner JE, Graves DJ, Quinn JA, Mi-
crovascular Surgery (in press).
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Oral Fluorescein in Patients

Amputations and Limb Prostheses

Gordon R. Neufeld, M.D.; David G. Silverman, M.D.; Andrew B. Roberts, M.D.; Cheryl A. Reilly, B.S.N.
Division of Vascular Surgery, Medical College of Pennsylvania; Department of Anesthesia, University of
Pennsylvania School of Medicine; Department of Anesthesia, Yale University School of Medicine; Division of
Anesthesia Research, Veterans Administration Medical Center, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The purpose of this project was to deter-
mine the feasibility and accuracy of oral adminis-
tration of fluorescein to patients.

Progress—In a preliminary study of oral administra-
tion of fluorescein for perfusion studies in seven
patients with peripheral vascular disease (PVD) and
two volunteers, we found that higher doses are
required (7.5-15 mg/kg) compared to intravenous
fluorescein (4-8 mg/kg). Significant disadvantages
included the requirement that patients be NPO prior
to dosing, since food absorbs the dye; that the
fluorescein was distasteful even when administered
in orange juice; that it caused a degree of staining
of teeth and mucous membranes lasting several
hours; and, that it frequently resulted in nausea.

Preliminary Results—Following oral administration,

Fluorometric Prediction of Canine Small
Intestinal Viability Following Venous Occlusion

the uptake time for dye fluorescence index (DFI)
measurements was 2-3 hours to determine peak
levels in the skin. Thus, the total time for a test was
extended over several hours to include preingestion
and postingestion measurements. The results cannot
be directly compared to those of the intravenous
test, which is completed in less than 1 hour, because
staining patterns are altered by the additional time
available for the orally administered dye to distrib-
ute. Oral administration did not prove to overcome
skin color; the uptake level in an extremely dark
patient proved to be misleading with its low values
and healed an amputation below that level.

Implications—This study suggests that higher doses
of fluorescein are needed along with a suitable
method of oral ingestion. Our studies are not con-
clusive and further work is needed.

Ajit K. Sachdeva, M.D.; David A. Brousseau, B.A.; Steven G. Klein, B.A.; Thelma Vilanueva, M.D.;

David G. Silverman, M.D.

Departments of Surgery, Anesthesia and Pathology, Veterans Administration Medical Center; Medical College of
Pennsylvania and University of Pennsylvania, Philadelphia PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The purpose of this study was to compare
quantitative perfusion fluorometry (QPF) with clin-
ical criteria to determine whether prediction of small-
intestine viability following venous occlusion could
be improved.

Progress—Assessments of 19 experimental and 20
control segments were performed in 10 adult mongrel
dogs after transiently clamping the mesenteric vein
(9 segments) and combined artery and vein (10
segments) for periods varying from 7 to 12 hours.
Bowel viability was assessed using clinical criteria
(color, mesenteric pulsation, peristalsis) and quan-
titative uptake of fluorescein measured with a per-

fusion fluorometer, after intravenous injection of
sodium fluorescein. All segments were resected 24
hours later and assessed for viability using histo-
phathological criteria.

Results—Six of the experimental segments were
deemed nonviable and the remaining 13 viable.
Fluorescense levels of experimental segments were
compared with those of reference segments. By
discriminant analysis, optimum cutoff levels of flu-
orescence between viable and nonviable bowel were
determined. All segments with levels > 15 percent
at 2 minutes were viable. Similarly, cutoff levels at
20 minutes yielded identical results.
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Implications—QPF has a significantly greater spec-
ificity than clinical criteria in identifying viable

Mechanism Based Treatments for Phantom Limb Pain

Richard A. Sherman, Ph.D.

bowel. At the same time, it retains a very high
sensitivity in recognizing nonviable intestine.

Veterans Administration Medical Center, Augusta, GA 30910
Sponsor: VA Rehabilitation Research and Development Service (Project #XA314-2RA)

Purpose—This study is a direct outgrowth of our
currently VA funded work on mechanisms and
causes of phantom limb pain. As part of that work
we have shown that burning phantom pain is asso-
ciated with changes in stump blood flow. A decrease
in blood flow predicts an increase in burning phan-
tom pain but not in other descriptors of phantom
pain. Cramping descriptions of phantom pain are
most closely associated with changes in stump
muscle tension and spasms but also appear to have
some vascular components. Other descriptions of
phantom pain are not related to variations in either
stump blood flow or muscle tension. We have also
found a relationship between changes in barometric
pressure and changes in phantom pain for some
amputees. This information has permitted us to
propose treatments that are most likely to effect the
underlying physiological basis for burning and
cramping phantom pain.

We propose to treat four groups of ten amputees
each with the same six interventions. The amputees
will be grouped by the description of their phantom
pain. We will work with those describing their
phantom pain as: 1) only burning; 2) only cramping;
3) mixed cramping and burning; and, 4) shooting/
stabbing/shocking. Before treatment begins, there
will be a 3-week baseline in which each amputee
will be interviewed and stump muscle tension and
heat outflow patterns will be recorded. We know
from our previous work that the three descriptors
we propose to concentrate on have different under-
lying mechanisms so we do not expect our inter-
ventions to be equally effective for each group.

The six interventions we propose are those be-
havioral and chemical treatments we could identify
which would be reasonably safe for amputees and

are most likely to correct the problems we identified
during previous work. Each amputee will receive
each treatment for 1 month unless side effects force
withdrawal. Treatment months will alternate with
3-week “‘washout’’ periods to permit phantom pain
to return to baseline. The treatments will be: 1)
topical application of nitroglycerine for mainly ve-
nous-side vasodilatative effects; 2) Trental to reduce
blood viscosity so more blood can reach tissues in
the stump having compromised vascular beds; 3)
Nifedipine as a calcium channel blocker for its
known peripheral vasodilatative effects; 4) Cyclo-
benzaprine for its ability to reduce spasms of local
origin without interfering with muscle function; 5)
muscle tension recognition and relaxation training
for its proven ability to reduce microspasms and
tension related to intensification of phantom pain;
and, 6) body surface temperature recognition and
control training for its ability to help people control
vasodilation of peripheral vessels while under stress.
With the exception of Trental, treatments will be
presented in random order. Trental will always be
presented last because its clinical effects can last
up to 100 days after the end of treatment.

Subjects will be recorded the same way they were
during the baseline at each session to permit objec-
tive verification of physiological changes. They will
come to the clinic every other week during treat-
ments, At the end of the last treatment, there will
be another 3-week baseline. Following the final
baseline, the treatment which proved most effective,
if any, will be continued for 1 year. Subjects will
be recorded at monthly intervals. If no treatments
are effective, subjects will still be followed for 1
year but will be recorded at 6 and 12 months.
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Oral Fluorescein in Animals

David G. Silverman, M.D.; Debby Kim, B.A.; David Brousseau, B.A.; M. Kim, B.A.; Cheryl A. Reilly, B.S.N.
Department of Anesthesia, University of Pennsylvania School of Medicine; Department of Anesthesia, Yale
University School of Medicine; Division of Anesthesia Resecarch, Veterans Administration Medical Center,

Philadelphia, PA 19104

Spensor: VA Rehabilitation Research and Development Service

Progress—The goal of this project was to evaluate
oral ingestion as the route of fluorescein adminis-
tration for assessing skin perfusion. In 10 anesthe-
tized rats, dorsal pedicle flaps were raised to produce
graded perfusion; then fluorescein 7.5 mg/kg was
administered via oropharyngeal tube.

Results—Quantification of skin fluorescence, per-
formed with the fiberoptic fluorometer 45 minutes
after dye ingestion, delineated a significant differ-
ence between the perfusion of flap regions that
remained viable and those that subsequently became
dystrophic (p > 0.05). The precision was equivalent
to that previously reported after intravenous dye.
In addition, the gradual delivery of dye after oral

The Use of Quantitative Perfusion Fluorometry

to Measure Relative Tumor and Liver Blood Flow after Transient Microembolization

administration permitted monitoring of slope of
uptake and time to peak. Each of these pharmaco-
kinetic parameters delineated a significant difference
between viable and nonviable sections. As measures
of relative change in fluorescence, they are inde-
pendent of skin color and thickness.

Implications-—This suggests that the oral route ac-
tually may improve the accuracy and reliability of
quantitative perfusion fluorometry.

Publication Resulting from this Research

Fluorescence and Assessment of Skin Perfusion after Oral Fluo-
rescein. Silverman D, Kim D, Brousseau DA, Kim M,
Norton K, Reilly CA, Surgery, (in press).

A.K. Thom, M.D.; C.A. Reilly, B.S.N.; C.W. Deveney, M.D.; G.R. Neufeld, M.D.; J.M. Daly, M.D.
Department of Surgery and Department of Anesthesia, University of Pennsylvania; Division of Anesthesia
Research, Veterans Administration Medical Center, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The purpose of this study was to deter-
mine if quantitative perfusion fluorometry (QPF)
could be used to evaluate blood flow distribution in
the tumor and the liver before and after hepatic
arterial infusion of degradable starch microspheres
(DSM’s).

Progress-—Relative changes in tumor and liver blood
flow with transient microembolization are unknown
but are critical to devising chemotherapy. QPF was
compared to Xenon Washout, an established method
for measuring blood flow. Xenon'* was injected
intraparenchymally and early clearance rate was
used to determine blood flow. QPF was used to
measure fluorescein uptake by liver and VX-2 tu-
mors after hepatic artery injection of fluorescein
(2mg/kg). Five rabbits were used in each study.
Serial studies were done in all rabbits before and

alter bolus hepatic arterial infusion of DSM’s (10mg/
kg).

Results--DSM’s produced a significant and transient
decrease in hepatic blood flow that was maximal
after 25 minutes. DSM’s also resulted in proportional
increase in tumor blood flow (Tumor/Liver Ratio).
Relative hepatic blood flow as measured by QPF
correlated with Xenon Washout.

Implications—QPF may be clinically applicable to
devising chemotherapy in patients.

Publication Resulting from this Research

The Use of Quantitative Perfusion Fluorometry To Measure
Relative Tumor and Liver Blood Flow After Transient
Microembolization. Thom AK, Reilly CA, Deveney CW,
Neufeld GR, Daly IM, Journal of Surgical Research,
(accepted for publication), 1987.



6

Rehabilitation R&D Progress Reports 1987

Experimental Investigation of Joint Prosthesis Fixation

P.K. Humphreys, M.Eng.; J.F. Orr, Ph.D.; W.V. James, F.R.C.8.; A.S. Bahrani, Ph.D.
Department of Mechanical and Industrial Engineering, The Queen’s University of Belfast, Northern Ireland and
Rehabilitation Engineering Centre, Musgrave Park Hospital, Belfast, Northern Ireland

Sponsor: The Northern Ireland Prosthetic Orthotic and Aids Service

Purpoese—The objective of this research project is
to investigate the mechanical conditions at interfaces
between joint implants and bone. A more compre-
hensive understanding of these conditions will en-
able designs of both cemented and cementless
prostheses to be improved to extend the expected
duration of secure fixation.

Progress—The technique of Photoelastic Stress
Analysis is being used to examine stresses in bone
cement around typical profiles of hip prosthesis
stem.

Preliminary Results—Results have already been ob-
tained for mediolateral-lateral compressive loading
and torsional loading is currently being investigated.
Cyclic loading of hip prosthesis femoral components
is being conducted, using a dedicated electro-hy-
draulic testing machine to compare the fatigue life

B. Lower Limb

1. General

of different designs. The fatigue tests are conducted
with the prosthesis supported to represent compro-
mised proximal support and rigid distal support in
the bone, as required by DD 91 (1986) of The British
Standards Institution.

Future Plans/Implications—The cyclic loading ex-
periments will be extended to examine the mechan-
ical aspects of loosening of hip stems in bone cement.
It is proposed that this experimental evaluation can
be used to prove stem designs derived from the
photoelastic work.

Publications Resulting from This Research

A Preliminary Study of the Effects of Mediolateral-lateral Rotation
on Stresses in an Artificial Hip Joint. Orr JF, James WV,
Bahrani AS, Engineering in Medicine 14(1):39-42, 1985.

The Effects of Hip Prosthesis Stem Cross-Sectional Profile on the
Stresses Induced in Bone Cement. Orr JF, James WV,
Bahrani AS, Engineering in Medicine 15(1):13-18, 1986.

Automated Fabrication of Prostheses and Orthoses:

Evaluation/Demonstration of Roehampton CAD/CAM System

Ernest M. Burgess, M.D.; John A. Sidles, Ph.D.; David A. Boone, B.S.; F.A. Matsen, M.D.; Shirley M. Forsgren;

Albert F. Rappoport, CP; Joseph H. Zettl, CP

Veterans Administration Medical Center, Seattle, WA 98108 and Prosthetics Research Study, University of

Washington, Seattle, WA 98195

Sponsor: VA Rehabilitation Research and Development Service (Pilot Proposal A949-PA)

Purpose—This is a pilot project to evaluate and
demonstrate the system for automated prosthetic
and orthotic manufacture developed by the Bioen-
gineering Centre of University College London.
Residual limb shapes from ten subjects will be
digitized as per Bioengineering Centre specifications
for subsequent socket rectification and prosthesis

manufacture. Digitized shapes will be electronically
transmitted from Seattle to London via Western
Union Satellite link. CAD/CAM prostheses will be
shipped from London to Seattle via overnight courier
where they will be fitted and evaluated at Prosthetics
Research Study.
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Automated Fabrication of Prostheses and Orthoses:
Development of Prosthetic Socket Rectification Rules

Amputations and Limb Prostheses

Ernest M. Burgess, M.D.; John A. Sidles, Ph.D.; David A. Boone, B.S.; F.A. Matsen, M.ID.; Shirley M. Forsgren;

Albert F. Rappoport, CP; Joseph H. Zetti, CP

Veterans Administration Medical Center, Seattle, WA 98108 and Prosthetics Research Study, University of

Washington, Seattle, WA 98195

Sponsor: VA Rehabilitation Research and Development Service (Pilot Proposal A950-PA)

Purpose—This is a pilot study for the development
of socket rectification rules for automated prosthetic
and orthotic manufacture. These rules would be
based on all of the surgical, biomechanical, phys-
iological, and traditional prosthetic expertise avail-
able, as well as detailed computer graphical and
numerical analyses.

Dr. Burgess will oversee anatomical and surgical
justification for the proposed rectification rules. Dr.
Sidles will provide computer graphical and numer-

Automated Fabrication of Prostheses and Orthoses:
Development of Prosthetic Shape Comparison and CAD Software

ical analyses of proposed rectification rules. D.
Boone, A. Rappoport, and J. Zettl will be respon-
sible for prosthetic considerations to be built into
the rectification rules. Dr. Matsen will be responsible
for biomechanical justification of weight loading
patterns on the residual limb, and the effect of the
socket shape on stump physiology. The rectification
rules will be utilized in trial CAD/CAM prosthetics
as an aid to rule development and refinement.

Ernest M. Burgess, M.D.; John A. Sidles, Ph.D.; F.A. Matsen, M.D.; David A. Boone, B.S.; Shirley M. Forsgren;

Albert F. Rappoport, CP; Joseph H. Zettl, CP

Veterans Administration Medical Center, Seattle, WA 98108 and Prosthetics Research Study, University of

Washington, Seattle, WA 98195

Sponsor: VA Rehabilitation Research and Development Service (Pilot Proposal A948-PA)

Purpose—This is a pilot project for the development
and use of computer graphics software to display,
quantify, compare, and manipulate the shapes in-
volved in automated prosthetic and orthotic manu-
facture.

Residual limb shapes will be digitized and stored
for each of 25 subjects. Various methods of digitizing
the residual limb will be investigated. The prosthetic
socket shape will be digitized from each subject’s
definitive prosthesis(es). Definitive prostheses made
by different prosthetists may also be compared for
similarities and differences. The residual limb shape
will be compared using computer graphic tech-
niques, to the definitive prosthetic socket shapes

currently being worn by each subject. The computer
will quantify and illustrate the precise manner in
which the prosthetist has created the prosthetic
socket.

Detailed quantitative analysis of these shapes
combined with findings from clinical evaluation of
the definitive prostheses will be the basis for first
generation rectification rules to be built into CAD/
CAM systems for Prosthetics and Orthotics. Fur-
ther, the software to be developed in this pilot study
would provide a means for creating a feedback loop
for critically analyzing any developing CAD/CAM
system.
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The Effect on Gait Using Various Ankle-Foot Devices

Frank L. Golbranson, M.D. and Roy W. Wirta, BSME

Veterans Administration Medical Center, San Diego, CA 92161

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The purpose of this study is to determine
criteria for the prescription of prosthetic ankle-foot
devices. The study examines relationships between
physical characteristics of amputees and locomotion
performances when using different ankle-foot de-
vices on level and nonlevel smooth surfaces. Five
different configurations under investigation are: 1)
SACH; 2) SAFE; 3) articulated single axis; 4) multi-
axis Greissinger; and 5) SEATTLE.

Progress—The collection of test data from 20 below-
knee amputees was completed. Testing included
seven modes of walking: normal, fast, and slow
speeds on a level surface; normal speed on surfaces
with lateral incline and lateral decline; and normal
speed up and down ramps. The acclivity-declivity
angle was seven degrees from horizontal. Bilateral
switches registered heel contact and medial and
lateral foot contacts. Bilateral electrogoniometers
registered knee flexion and extension. An acceler-
ometer pack attached laterally to the prosthesis
registered angular accelerations in the anterior-pos-
terior and medial-lateral directions. A gimbal-mounted
biaxial accelerometer at the sacro-lumbar area reg-
istered the fore-aft and vertical accelerations of the

body. A tachometer measured the forward velocity
of the body.

The data treatment is a comparative biomechanic
analysis focusing on identifying the interpreting
effects of the five different ankle-foot devices on
locomotion performances and the relation of these
effects to stump dimensions and weight of the
subjects. Analytical methods include harmonic anal-
yses of wave forms, multiple regression, and iden-
tification of relative anomalies occurring in time and
displacements.

Preliminary Results—Preliminary findings suggest
that harmonic ratios, determined from the fore-aft
and vertical accelerations, discriminate among the
different devices. Also, differences in the distribu-
tion of higher harmonics in wave forms of the angular
accelerations of the prosthesis during stance phase
appear to be influenced by the type of ankle-foot
device for given body weights and stump dimen-
sions. The challenges to locomotion provided by
the nonlevel walking surfaces appear to be useful
in comparing and relating compliance characteristics
of different ankle-foot devices to stump dimensions
and body weights and how these affect the relative
quality of gait.

Diabetic Neurotrophic Ulceration: Screening and Prevention Utilizing Aesthesiometry _

John J. Holewski, D.P.M.

Veterans Administration Medical Center, San Francisco, CA 94121

Sponsor: VA Rehabilitation Research and Development Service

Purpose—Sensory loss, caused by neuropathy, is a
major contributing factor in the development of
neurotrophic ulceration in the diabetic lower ex-
tremity. A noninvasive screening test for evaluating
the extent of sensory loss in diabetic peripheral
neuropathy is needed. New diagnostic criteria from
such a screening test may be helpful to predict the
relative risk of development of neuropathic foot
ulceration in the diabetic population. The aim of
this work project feasibility study was to develop a
testing method utilizing Semmes-Weinstein pressure

aesthesiometry probes and evaluate the technique’s
ability to quantify sensory loss in the lower extremity
of diabetic patients.

Progress—The best sites on the foot to test and
which range of probes to use were determined. A
technique was devised to reduce subjectivity in
collecting data by applying pressure only at random
intervals and eliciting the patient’s response. Using
this method of applying the probes we determined
the cutaneous pressure sensation threshold for var-
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ious sites on the foot. These sites included areas
prone to pressure ulceration and are representative
of various peripheral nerves and dermatomes of the
foot. Initial reproducibility trials were conducted on
ten control subjects and a sensitivity threshold level
was determined by selecting the smallest filament
with at least two correct interval responses in a
triplicate repetition set. Over 200 patients, both
diabetic and nondiabetic, have been tested utilizing
this technique. Our aim was to obtain cutaneous
pressure thresholds for comparison of four different
groups of patients: nondiabetic subjects; nonneu-
ropathic diabetic subjects; neuropathic diabetic sub-
jects without a history of pedal ulcerations: and,
diabetic subjects with a history of pedal ulcerations.

Results—Cutaneous pressure sensation is measura-
ble in the foot and values are reproducible. De-
creased cutaneous pressure sensation does correlate
with ulceration and clinical neuropathy. The tech-
nique is sensitive for identifying patients with a
sensory deficit in peripheral neuropathy. Addition-
ally, the technique appears very specific which may
make it ideal to help differentiate which patients
may be at risk for ulceration. The best discrimination

Limb Viability: Vascular Reconstruction and
Amputation Surgery

Amputations and Limb Prostheses

between groups is obtained by requiring that three
of the six plantar forefoot sites have a sensitivity
threshold level of greater than 5.07 log(0.1mg) force
as the risk discriminator level.

Future Plans/Implications—As a direct result of this
feasibility study, recommendations have been made
to prospectively test the ability of this technique to
identify high risk diabetic patients. Such a long-term
study is under way. This technique also needs to
be compared with other sensory testing methods
(thermal sensitivity and vibratory testing) to deter-
mine which offers the best sensitivity, specificity,
and accuracy in relation to ulcer formation. Now
that effective quantitative methods are available,
there is a need to correlate this information with
other risk factors (i.e., duration of diabetes; struc-
tural and vascular status of the foot) to determine
relative risk.

Publications Resulting from This Research

Aesthesiometry: Quantification of Cutaneous Pressure Sensation
in Diabetic Peripheral Neuropathy. Holewski et al., (ac-
cepted for publication) Journal of Rehabilitation Research
and Development 25(2), Spring 1988.

James M. Malone, M.D.; Robert E. Henry, M.D.; Kenneth C. Mylrea, BSEE, Ph.D., WOC

Maricopa Medical Center, Phoenix, AZ 85010

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The plan of this research project is to
develop techniques for preoperative amputation level
selection, to develop techniques for assessment of
limb viability after major vascular reconstruction,
and to evaluate the role of education for the pre-
vention of amputation in high risk, diabetic patients.

Progress—Studies on amputation level selection and
limb viability have been done by prospective com-
parison by transcutaneous oxygen, transcutaneous
carbon dioxide, intradermal Xenon'*, and Doppler
systolic blood pressures and ankle/brachial indices.

Assessment of limb viability during and after
major vascular reconstructive surgery has been done
in a prospective fashion utilizing transcutaneous
oxygen, transcutaneous carbon dioxide and Doppler
systolic blood pressures.

The diabetic education program has been a pro-
spective educational system. All patients admitted
to the hospital with complications of diabetic foot
problems including ulceration, infection, or prior
toe or limb amputation have been entered into the
study. Patients were randomized into an educational
or non-educational group based upon the odd or
even characteristic of the last digit of their Social
Security number. An educational program under the
organization of physicians, but designed to be nurse
run, was provided to those individuals in the edu-
cational arm. This program lasts approximately one
hour. All patients were treated the same with respect
to their medical care and follow-up. The primary
purpose of the study was to assess what, if any,
was the impact of an educational system on the long
term complications of diabetic foot problems.
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Results—The results of the prospective amputation
level selection study have recently been published
in the August, 1987 issue of the American Journal
of Surgery. The metabolic parameters were highly
statistically accurate at all levels of lower extremity
amputation and were clearly superior to intradermal
Xenon'*? and Doppler pressures or Doppler-derived

Identification of Optimal Amputation Level in Ischemic Limbs

Norah Milne, M.D., Ch.B.

indices.

The data from the diabetic educational program
is still being compiled and reviewed but there was
a decrease in the incidence of subsequent limb
amputation from 18 percent to 6 percent in com-
paring the non-education to the education group.

Veterans Administration Medical Center, Long Beach, CA 90822

Sponsor: VA Rehabilitation Research and Development Service

Purpose—This research project is intended to char-
acterize perfusion in ischemic lower limbs at rest
and during hyperemia following temporary arterial
occlusion. The goal is to identify the level at which
the amputation site will heal well, while preserving
the longest possible stump in patients with peripheral
vascular disease. Perfusion will be evaluated using
two methods: 1) Thallium-201 scintigraphy with
computer and tomographic gamma camera; and 2)
Thallium-201 scintigraphy with small silicon ava-
lanche detectors (SADs) applied to the skin above
and below the knee and on the foot. The use of the
SADs will allow evaluation of skin perfusion only.
Additional data will be obtained from transcutaneous

Quantitative Perfusion Fluorometry As a Useful

Adjunct to Determine the Healing of Lower Extremity Amputation

oxygen probes and Doppler ultrasound.

Progress—Five inpatient subjects with peripheral
vascular disease have been scheduled for study thus
far. These patients will be studied prior to and after
their scheduled amputation. The site of amputation
will be selected on clinical grounds and will not be
influenced by the experimental data.

The outcome of the amputation will be compared
with the experimental data described above. Addi-
tional data will be obtained for normal subjects and
diabetic subjects without medical indication of am-
putation.

Gordon R. Neufeld, M.D.; Andrew B. Roberts, M.D.; Cheryl A. Reilly, B.S.N.; Kalind R. Bakshi, M.D.;

David G. Silverman, M.D.

Division of Vascular Surgery, Medical College of Pennsylvania; Department of Anesthesia, University of
Pennsylvania School of Medicine; Department of Anesthesia, Yale University School of Medicine; Division of
Anesthesia Research, Veterans Administration Medical Center, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—Adequate nutritive blood flow is the pri-
mary requirement for the healing of amputations.
We have developed a multidisciplinary approach to
the measurement of skin blood flow and the clinical
evaluation of these patients. Our purpose is to
maximize the patient’s rehabilitative potential by
performing the amputation as distally as possible
through the use of quantitative perfusion fluorometry
(QPF) preoperatively to predict healing.

Progress—This report outlines our progress using
quantitative perfusion fluorometry in the evaluation
of cutaneous blood flow preoperatively in patients
with peripheral vascular disease and diabetes mel-
litus who are undergoing amputations.

In this study, 130 patients underwent QPF before
undergoing 145 amputations, and preoperative pre-
dictions of amputation healing were made based on
fluorescein levels. If the proposed amputation site
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had more than 42 percent of the fluorescence of an
upper extremity reference site, healing was pre-
dicted. If the relative fluorescence was less than 38
percent, amputation failure was predicted. The test
was not predictive if the leg was edematous, cellu-
litic, or had abnormally thickened or hyperpig-
mented skin. Eight amputations were excluded be-
cause the extremities had one of these characteristics.
Of the remaining 137 amputations, 9 had a dye
fluorescence index of less than 38 percent, and ali

Determination of Causes and Mechanisms of Phantom Pain

Amputations and Limb Prostheses

failed: 117 amputations had ratios greater than 42
percent and-of these, 102 (87 percent) healed. The
test had a sensitivity of 100 percent, a specificity of
37 percent, and a predictive value of 88 percent.

Implications—We conclude that QPF is a useful
adjunct to the clinical judgment of the surgeon when
attempting to optimize a patient’s rehabilitative
potential, while avoiding amputation failure.

Richard A. Sherman, Ph.D.; Glenda M. Bruno, R.N., M.S.; Jeffrey L. Ernst, Ph.D.; Roberto Barja, M.D.
Eisenhower Army Medical Center, Fort Gordon, GA 30905 and Veterans Administration Medical Center,

Augusta, GA 30910

Sponsor: VA Rehabilitation Research and Development Service; Department of Clinical Investigation of the US Army

Purpose—The purpose of this study is to determine
the causes and mechanisms of phantom pain.

Progress—Amputees reporting stump and/or phan-
tom limb pain were recorded using thermographic
measures of near-surface body heat and surface
electromyographic measures of muscle tension. Each
subject was recorded between two and four times
while reporting varied pain intensities. Thermo-
graphs showing heat patterns were taken of veterans
diagnosed as having complete and incomplete spinal
cord injuries (SCls). Each subject used a body map
to identify areas with phantom, no, and normal
sensations. Amputees kept a year long daily log of
environmental factors and intensity of phantom pain
in order to identify factors related to changes in
phantom pain. Veteran amputees were surveyed
about the impact of phantom pain on their lives and
other topics.

Preliminary Results— Physiological mechanisms.
Among amputees, a consistent inverse relationship
between intensity of pain and stump temperature
relative to the intact limb occurred for burning,
throbbing, and tingling descriptions of phantom limb
pain and stump pain, but not for other descriptions.
There is no convincing evidence that major person-
ality disorders are important in the etiology of
chronic phantom pain. Initial evaluation of logs
indicates that phantom limb pain can be effected by
the external environment.

Among SCI subjects, there was an almost exact

correlation between the location of phantom sen-
sations drawn on the body maps and relatively warm
areas on the body. Subjects with complete SCIs
showed a temperature gradation between a normally
sensate upper level and a lower level in which
sensations were either absent or different from pre-
injury sensations that were not present among sub-
jects with incomplete SClIs.

Impact of phantom pain on activities. Data from
surveys and logs indicates that phantom pain pre-
vents one fifth of those respondents who want to
work from working and seriously interferes with the
work of a third of those who are employed. Weekly
sleep loss and forced withdrawal from interesting
social activities is typical.

Future Plans/Implications—We are testing treat-
ments based on mechanisms identified to date and
will continue searching for the causes of other
descriptors of phantom pain. Our results indicate
that there may be pathways for pain outside the
spinal cord.

Publications Resulting from This Research

What to Expect When You Lose a Limb. Barja R, Sherman R,
GPO Publication #008-020-01083-9, 1986.

Application of Recent Discoveries of Physiological Bases for
Phantom Limb and Phantom Body Pain to Chronic Pain
Mechanisms and Treatments. Sherman R, Ernst J, Barja
R, Bruno G, Medical Bulletin of Europe, November, 1986.

Concurrent Variation of Burning Phantom Limb and Stump Pain
with Near Surface Blood Flow in the Stump. Sherman R,
Bruno G, (accepted for publication) Orthopedics, 1987.
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Psychological Factors Influencing Chrenic Phantom Limb Pain.
Sherman R, Sherman C, Bruno G, Pain 28:285-295, 1987.
Relationships Between Near Surface Blood Flow and Altered
Sensations Among Spinal Cord Injured Veterans. Sherman
R, Ernst J, Markowski J, American Journal of Physical

Development of a Sensory Substitution System
for the Insensate Foot

Medicine 65(6):281-297, 1986.

Differences Between Trunk Heat Patterns Shown by Complete
and Incomplete Spinal Cord Injured Veterans. Sherman R,
Ernst J, Markowski J, Paraplegia (in press).

Jacqueline J. Wertsch, M.D.; Paul Bach-y-Rita, M.D.; Melvin B. Price, D.P.M.
Veterans Administration Medical Center, Milwaukee, W1 53193

Sponsor: VA Rehabilitation Research and Development Service

Purpose-—Diabetics frequently have insensate feet,
which leads to improper gait, excessive pressure
loading, breakdown of tissue, infection, and ampu-
tation. We will develop a system of seven sensors
under each sole and feed back the information on
distribution of pressure to the subject through an
electrotactile display around the waist. This sensory
substitution system should partially restore sensa-
tion and reduce excessive pressure loading.

Progress—A conference with our research team and
four consultants resulted in an increased emphasis
on using leather extra depth shoes rather than
sandals fabricated from foam, and obtaining pressure
data from the soles during normal and altered gait,
The engineering members of the team are John G.
Webster, Ph.D. and Willis J. Tompkins, Ph.D.,
Department of Electrical and Computer Engineer-
ing, University of Wisconsin. They have surveyed
possible sensors that will fit into the shoe insole,
selected the Interlink conductive elastomer sensor,
installed seven sensors in each insole, and developed
a calibration setup. The present system obtains data
at a 35 Hz rate over a full-scale range of 870 kPa
with a resolution of 29 kPa from a subject who walks
at the end of an umbilical cord. They have written
a program to acquire the data and display it as bar
graphs in real time and also pressure versus time
after postprocessing on an IBM PC.

Results—Tests during normal walking at 96 steps/

minute show a peak pressure of 638 kPa under the
right first metatarsal head and 551 kPa under the
great toe. Tests during altered gait caused by ele-
vation of the left foot show a shift of peak pressure
to the right great toe and an increase at 5 cm
elevation to 678 kPa. Tests with a 5.4 kg weight in
the right hand increased the right great toe pressure
to 667 kPa. Also, the time from heelstrike to pushoff
changed from normal values of left:857 ms, right:914
ms to altered values of left:771 ms, right:971 ms.

Future Plans/Implications—The engineering team will
evaluate alternative sensors such as capacitive sen-
sors, metal strain gauge sensors, and electro-optical
sensors. They will develop a portable system that
will be worn on the belt to acquire data from an
ambulatory subject. This will dump stored data into
the IBM PC for analysis and replace the umbilical
system. They will program the portable system and
perform tests on ambulatory subjects. The medical
team will analyze the data and suggest modifications
to the data-gathering system. They will analyze
results from patients with normal and abnormal
sensation to investigate how pressure distribution
varies as a function of walking time. After acquiring
baseline data, we will determine the optimal method
of translating sensor data to provide feedback to the
patients through an electrotactile display. We will
then design a complete system and test it on patients
to determine its potential for reducing foot problems.
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Novel Pace Counter Design for Lower Limb Temporary Prostheses

Amputations and Limb Prostheses

Sohrab Kourosh, Ph.D.; Frank Gottschalk, M.D., F.R.C.S. Ed.; John Potter, C.P.O.
Division of Orthopaedic Surgery, UTHSCD, Veterans Administration Medical Center, Dallas, TX 75216

Sponsor: Dallas Veterans Administration Medical Center

Purpose—Experience has shown that early weight-
bearing following amputation will have a positive
effect on the healing and maturation of the stump.
This helps shorten the rehabilitation period and also
allows for a more successful fitting of the permanent
prosthesis. If the amputee can successfully wear
and use the temporary prosthesis at home, the in-
hospital supervised rehabilitation period and cost
can be considerably reduced.

Progress—In order to aid this process, and to help
assess the patient’s own rehabilitative efforts, a pace
counter has been developed. In addition, the pace
counter has been used to help assess whether a
patient is a suitable candidate for prosthetic reha-
bilitation. The pace counter is a simple device which

A Rehabilitation Shoe for the ‘‘At Risk Foot”’

counts the number of gait cycles performed, above
a specified load threshold, between visits to the
rehabilitation center. The pace counter character-
istics include fitting within the pylon of the tempo-
rary prosthesis; minimal displacement and weight
so that it does not interfere with normal functioning
of the prosthesis; adjustable threshold load to con-
form with the patient’s weight and count only the
full weightbearing portion of the gait cycle. In
addition the counter is self-contained and is insen-
sitive to lateral loading. A counter display is readable
by the patient, allowing ‘‘visual feedback’’ to en-
courage prosthetic use. This design enables the
patient to set and achieve self-determined goals and
to shorten the stump healing and consolidation
period.

Sohrab Kourash, Ph.D.; Mel Stills, M.D.; Vert Mooney, M.D.; Frank Gottschalk, M.D., F.R.C.S. Ed.
Division of Orthopaedic Surgery, UTHSCD and STAMP Program, Veterans Administration Medical Center,

Dallas, TX 75216

Sponsor; Dallas Veterans Administration Medical Center

Purpose—The ‘‘at risk foot” is defined as the neu-
rologically deficient, partially ischemic foot that is
prone to ulceration and infection secondary to dia-
betes, neurological deficits, ischemia, and post-
traumatic deformity. Edema and impaired blood
supply, combined with deformity and lack of sen-
sation; cause the weight-bearing forces to magnify
and produce destructive lesions. Application of a
total contact cast has been shown to provide satis-
factory results in promoting the healing of chronic
ulceration and the mechanically induced inflamma-
tion in the ‘“‘at risk foot.”” The high cost of this
treatment, the difficulty of maintaining hygiene in-
side the cast, the lack of adjustment with the
edematous foot, and patient discomfort during sleep
and rest, makes the application of the total contact
cast cumbersome.

Progress—A rigid total contact shoe insert used in
conjunction with a short leg walking brace will
provide the same favorable pressure distribution,
without the undesirable characteristics of the total
contact cast. This is confirmed by using recently
developed equipment (EDG) which is able to dy-
namically measure gait parameters and foot support
interface pressures. The same rigid insert used in
conjunction with an extra depth orthopedic shoe
will allow even distribution of the interface pressure,
and prevents shear loading and friction. With ap-
propriate understanding of the force distribution on
the plantar surface of the foot, a combination of an
extra depth shoe and a properly designed rigid total
contact insert should provide a long-term solution
for protection and rehabilitation of the ‘‘at risk
foot.”
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Objective Assessment of the Performance of
Insert Materials in Diabetic Footwear

Sohrab Kourash, Ph.D.; J. Brodsky; Mel Stills, M.D.; Vert Mooney, M.D.; Frank Gottschalk, M.D., F.R.C.S. Ed.
UTHSCD and STAMP Program, Veterans Administration Medical Center, Dallas, TX 75216

Sponsor: Dallas Veterans Administration Medical Center

Purpose—The use of interface materials for the
protection of the ‘At Risk Foot” from the excessive
loading and shocks generated during walking is
important in the prevention and treatment of pres-
sure ulcers. These interface materials are used as
orthotic shoe insoles because of their characteristics
for pressure distribution, shock absorption, and
elastic properties. Within the confines of a shoe, the
inserts are subjected to sustained deforming deflec-
tion, cyclic compression, and cyclic shear compres-
sion loading. These forces gradually deform the
shape of the insert and progressively decrease the
functional properties, so that the insoles lose their
beneficial function and even become harmful.

Progress—Five commonly used interface materials
were tested in the laboratory. Plastazote, Pelite,
PPT, Spenco and Sorbothane were evaluated for

Design Modification to the Metatarsal Break of
the SACH Prosthetic Foot

any change and ability to absorb shock, distribute
pressure, and deformation, under the previously
mentioned loading situations.

Preliminary Results—The least deformation was in
the PPT and the maximum in the Plastazote which
has the best pressure distribution. We are currently
recommending a combination of a PPT base with a
Plastazote cover as shoe inserts and are further
studying these materials in a clinical situation, using
a modified electrodynograph system.

Future Plans/Implications-—The foot ground inter-
face pressure is measured at biweekly intervals. The
use of this combination of materials appears to
provide the best type of insole with the least amount
of deformation and least change of pressure distri-
bution and shock absorption.

Paul Allard, Ph.D., P.Eng.; Hubert Labelle, M.D.; Gilbert Drouin, Ph.D., P.Eng.
Pediatric Research Centre, Hospital Sainte-Justine, Montreal, Quebec H3T 1C3, Canada

Sponsor: National Health Research and Development Program and the War Amputees of Canada

Purpose—Prosthetic feet for children represent scaled-
down versions of the adult models, which do not
necessarily meet the requirements of the active
child. The Solid Ankle Cushion Heel (SACH) foot
is the component most widely used by lower limb
amputees in North America and has not evolved
significantly since its conception in the 1950’s. Re-
cent studies of unilateral below-knee child amputees
reveal significant gait asymmetry due to lack of an
active plantar flexion moment during push-off. The
objective of this study is to modify the design of
the SACH foot to include a leaf-spring component
at the metatarsal break, to impart an adequate
resisting moment on the prosthesis during toe-off,
while still allowing dorsiflexion of the toe region.

Progress—To determine the mechanical character-

istics of the new component, the prosthesis will be
modeled as a system of mass, spring, and dashpot
elements. A mathematical relationship will then be
derived relating the angle of deflection, angular
velocity and accelerations of the shank to the ground
and knee-reaction forces, knee moment, and me-
chanical properties of the system. The spring and
damper characteristics will be determined by an
optimization technique and the modification of the
actual prosthetic foot will be carried out imple-
menting these parameters. The mechanical proper-
ties of the prosthesis will be verified by means of a
bench test using a tensile machine. The kinematic
and kinetic parameters (from a gait analysis of two
unilateral-BK child amputees wearing the newly
designed prosthesis) will be carried out to validate
the model.
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Comparison of Feedback Controllers for
Functional Neuromuscular Stimulation

Amputations and Limb Prostheses

P.E. Crago, Ph.D., and Howard J. Chizeck, Sc.D.
Case Western Reserve University, Cleveland, OH 44106

Sponsor: National Institutes of Health

Purpose—The purpose of this project is to compare
quantitatively the properties of three previously
designed single-degree-of-freedom feedback con-
trollers for regulating the input/output properties of
stimulated muscle systems. The three discrete time
digital controllers are: a) a first order fixed parameter
pulse width modulation controller; b) an adaptive
parameter pulse width modulation controller; and
¢) a combined pulse width and stimulus period
controller. The first controller has the advantage
that it is extremely easy to implement in terms of
computational overhead and has been found to be
quite robust to changes in muscle recruitment gain.
The second controller has the advantage that it can
adapt to a much wider range of changes in muscle
properties without a degradation of response param-
eters. The third controller has the advantages of the
fastest response time and the ability to modulate
stimulus period to increase the range of force pro-
duction. The last two controllers have the disad-
vantage that they require an order of magnitude
more computation time than the first controller.

Progress—Each of the controllers has been imple-
mented in software that allows trial by trial com-
parison. The controllers regulate the stiffness at the
ankle joint of cats by stimulation of two antagonists.
The tibialis anterior and gastrocnemius muscles are
implanted with coiled wire intramuscular electrodes
and are chronically stimulated to convert their met-

Management of Tarsal Disintegration in Leprosy

abolic and physiological properties to those of slow,
fatigue resistant muscles. At two-week intervals the
animals are anesthetized for acute experiments to
evaluate the controllers. The leg is mounted in a
frame to allow a servo-controlled torque motor to
provide a variable external load at the ankle. The
controllers are being evaluated in terms of the
temporal response parameters for step and ramp
inputs (i.e., rise time, overshoot and settling time)
and in terms of the mean absolute and mean squared
error. Detailed tuning criteria are also being devel-
oped for each controller.

Loading conditions are designed to simulate the
control of functional tasks. Performance is important
in: a) unloaded position control (e.g., prior to contact
in grasp or position control at the elbow, wrist or
hip); b) isometric force control (grasping of a rigid
object); ¢) combined position and force control
(grasping of a compliant object); and d) during load
transitions (the changes in load that take place when
a limb comes into contact with external objects).

Preliminary Results—The expected outcome is that
one controller will not meet all needs in control of
stimulated muscle. The results of the present project
will provide a quantitative assessment of distinctly
different controllers under a wide range of conditions
that are encountered in functional neuromuscular
stimulation (FNS) and will form the basis of choosing
among them for specific applications.

V.N. Kulkarni, B.Sc.(PT)PGDR; S.B. Sane, M.S.; R.C. Sharangpani, M.S. Dip. Sports Medicine;

J.M. Mehta, M.B.B.S.

Dr. Bandorawalla Leprosy Hospital, Kondhawa, Pune 411022, India

Sponsor: Poona District Leprosy Committee

Purpose—Tarsal disintegration (TD) is well known
among leprosy workers. It occurs exclusively in a
neuropathic foot of leprosy and can be described as
a process where the tarsal bones undergo a series

of slow and progressive changes, losing their ana-
tomical configurations to each other and, ultimately,
leading to destruction and disorganization.

The normal intrinsic and extrinsic musculature
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which supports the arches of the foot, which form
a base for human propulsion and help to distribute
forces during static and dynamic phases of gait, get
paralyzed in leprosy. The ligaments, which are intact
initially, also eventually are involved. This results
in a disturbed weight transmission/distribution of
forces in addition to a sensory deficit. The bones
also undergo pathological changes since they are
subjected to stress and strain. Normal compression
and shearing forces during the heel-toe pattern are
altered due to sensory deficit, muscular paralysis,
and ligamentous laxity, making the neuropathic foot
more vulnerable to destruction.

In its early stages, disintegration takes the form
of swelling and raised temperature round the ankle
joint with or without pain or collapse of arch. In
the late stages, fixed deformities occur that are
complicated by the presence of ulcers and secondary
osteomyelitis. Radiologically, the earliest changes
can be detected in the form of localized osteoporosis,
cystic cavities with minimal fractures; advanced
changes are extensive fractures, flattening of bones,
and separation of hind and fore foot with effects of
osteomyelitis and presence of sequesirae, Conserva-
tive treatment of TD has been rare, even though the
process of TD itself has been studied extensively.
Amputation is still the only treatment left in patients
who report with an advanced case of TD. This could
be attributed to the fact that early diagnosis is still
not prevalent. The purpose of this study was to
achieve an early diagnosis and non-radical treat-
ment.,

Progress—Fifty cases were studied and treated un-

The Effect of Plantarflexion Bumper Stiffness
in Single-Axis Prosthetic Feet

der the following principles: 1) absolute rest and
control of infection, if any; 2) plaster immobilization
after thorough clinical and radiological evaluation
till the lesion is healed; 3) strengthening of both
diseased and normal lower extremities by physical
therapy to maintain flexibility in the other joints; 4)
graded weightbearing after the lesion is healed,
which helps spatial reconstructing of bony trabe-
culae that are weakened in the process of TD; 5)
amputation with proper prosthesis in advanced cases;
6) rehabilitation through a) prescription of Fixed
Ankle Brace (FAB) and other appliances; b) modi-
fication of strenuous occupational conditions; ¢)
care of anaesthetic feet; and d) proper health edu-
cation.

Results—This study showed that increased and ab-
normal shearing forces occurring during the heel-
toe pattern were the main causative factors both in
occurrence and progression of TD. This has also
been proved by a negative finding in another study
conducted on patients having short feet wherein the
typical changes of TD were not observed. (In short
feet the heel-toe pattern is abolished, ultimately
reducing the shearing forces, and the chances of
getting TD.) Treatment after the lesion is stabilized,
is thus aimed at reducing these forces by a FAB
appliance. This appliance controls the ankle move-
ments because its rocker action reduces the shearing
forces. The process has been well controlled in
patients using this appliance. These patients were
followed up every 6 months to assess the efficacy
of conservative treatment.

Sanford H. Anzel, M.D.; Thay Q. Lee, M.S.; Edmond Ayyappa, C.P.O.
Veterans Administration Medical Center, Long Beach, CA 90822

Sponsor: Special Team for Amputations, Mobility, Prosthetics/Orthotics (STAMP)

Purpose—In lower extremity amputee prosthetic
gait, the normal physiological plantarflexion motion
may be simulated by the use of a foot prosthesis
with an articulating ankle, such as a single-axis
prosthetic foot. In a single-axis foot mechanism, the
rate of plantarflexion is predominantly dependent
on the compressive stiffness of the plantarflexion

bumper and the weight of the patient. However, the
quantitative parameters of these bumpers are not
readily available through the manufacturers, and
commercially available bumpers do not cover an
adequate range of stiffness required for a variety of
patients. Currently, the criteria used for selecting a
plantarflexion bumper is acquired through the
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prosthetist’s experience. Therefore, the objectives
of this study were to quantitatively assess the
compressive stiffness of the plantarflexion bumpers
and also to provide a guideline for the prosthetist
in choosing a plantarflexion bumper with correct
compressive stiffness to obtain a symmetric bilateral
gait pattern.

Progress—For the first objective, an Instron Material
Testing System was used to determine compressive
stiffness of 6 commercially available and 4 modified
plantarflexion bumpers. For the second objective,
unilateral below-knee amputees (BKA) were sub-
jected to ambulation with single-axis foot prostheses.
Ten plantarflexion bumpers with a spectrum of
compressive stiffness along with a Footswitch Stride
Analyzer System (B&L Engineering, Santa Fe
Springs, CA) were used to produce and evaluate
gait pattern. The parameters provided by a Foot-
switch Stride Analyzer System include velocity,
cadence, limb support time, and the loading pattern
of the foot.

Preliminary Results—The compressive stiffness of
10 plantarflexion bumpers (6 commercial, 4 modi-

Gait Lab Analysis of Dynamic Elastic Response
in Prosthetic Feet

Amputations and Limb Prostheses

fied) ranged from 2.0 N/mm to 4.1 N/mm. This
spectrum of compressive stiffness proved to be
adequate for satisfying unilateral BKA subjects with
a single-axis prosthetic foot. Once the highest degree
of symmetry in gait pattern was obtained, the com-
pressive stiffness (K) of the plantarflexion bumper
was plotted with respect to the body weight (B) of
the amputee and the relationship was found to be
linear (K = 0.077B-3.167, r = 0.90).

Future Plans/Implications—Future plans are to eval-
uate all commercially available plantarflexion bump-
ers to assess their feasibility and durability, since
the prescription of a single-axis foot prosthesis
requires the selection of an appropriate plantarflex-
ion bumper in order for the patient to ambulate
effectively. Selection is based on the type of single-
axis foot prosthesis, body weight of the patient,
activity level, and gait characteristics. This study
quantifies the compressive stiffness of commercially
available plantarflexion bumpers, and its linear re-
lationship with the body weight of the patient for
symmetric bilateral gait pattern. Thereafter, the
prosthetist can use observational gait analysis skills
and patient feedback to finalize the prosthesis.

Edmond Ayyappa, C.P.O.; Richard Chambers, M.D.; Leslie Torburn, M.S., P.T.: Jacquelin Perry, M.D.;

Thay Q. Lee, M.S.

Rancho Los Amigos Medical Center, Pathokinesiology Department, Downey, CA 90242 and Veterans
Administration Medical Center, STAMP (117S), Long Beach, CA 90822

Sponsor: Special Team for Amputations, Mobility, Prosthetics/Orthotics (STAMP)

Purpose—‘Dynamic Elastic Response’ is defined
as the spring-like elastic characteristic recently being
incorporated into the componentry and design of
prosthetic feet which presumably improves the phys-
iological function of walking. This project examines
and compares the mechanical and physiological
differences of recently introduced ‘‘Dynamic Elastic
Response’ (DER) prosthetic feet for below-knee
and above-knee amputees. Seven below-knee am-
putees and seven above-knee amputees will each
be fitted with a variety of ““DER" type prosthetic
feet as well as a control foot, the SACH foot.

A period of accommodation of one month for
each foot ensures that each prosthesis is truly
functional for daily activities and permits the am-

putee to accommodate to the particular character-
istics of each foot before testing. Looking at foot-
switch stride data, intramuscular EMG’s, coronal
and sagittal vectors and torques, and joint motion,
the study seeks objective analysis and gait lab
confirmation of this presumed ‘‘Dynamic Elastic
Response.”” A questionnaire will record the ampu-
tees’ subjective assessment of five different pros-
thetic feet and any correlation of the gait lab data
will be noted.

Progress—Five of a total of 14 amputees were
selected and had begun the testing. All subjects
maintain the same prosthetic socket throughout the
testing. All prostheses are aligned for normal walking
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cadence, not running. Subjects are community am-
bulators who can walk 50 m/min for a minimum of
20 minutes without cane, crutch, or other assistive
devices and who incorporate knee flexion in their
loading response. Above-knee subjects have been
fitted with hydraulic knees, since clinical reports
have indicated their compatability with DER feet.
With regard to the below-knee amputee, we have
observed interesting early trends for the Flex-foot
which should demonstrate statistical significance
with the inclusion of all subjects. The interdependent
gait characteristics of velocity, cadence, and stride
have been closer to normal values than with either
the SACH or Single-axis foot, regardless of the
density and compression of the bumper or heel
cushion used. The prosthetic ankle torque has thus
far not followed normal patterns as closely as the

Energy Cost Comparison of ‘‘Stored Energy”’

Prosthetic Feet with Solid Ankle Cushion Heel Prosthetic Feet

SACH or Single-axis foot but the physiological joint
torques of hip and knee have been thus far remark-
ably closer to normal torques than with the SACH
or Single-axis foot,

Future Plans—A detailed biomechanical analysis of
the SACH foot has been performed by Inman and
his investigative team which resulted in the refine-
ment of prescription parameters and the develop-
ment of alignment guidelines for the use of the
SACH foot. The data from this study will serve as
the raw material for the development of such guide-
lines for DER prosthetic feet. A paper describing
our project was presented at the American Orthotic
and Prosthetic Association Annual National Assem-
bly in September, 1987.

Richard Chambers, M.D.; Edmond Ayyappa, C.P.0O.; Leslie Torburn, M.S., P.T.; Jacquelin Perry, M.D.;

Thay Q. Lee, M.S.

Rancho Los Amigos Medical Center, Pathokinesiology Department, Downey, CA 90242 and Veterans
Administration Medical Center, STAMP (117S), Long Beach, CA 90822

Sponsor: Special Team for Amputations, Mobility, Prosthetics/Orthotics (STAMP)

Purpose—Since energy conservation in prosthetic
gait is a crucial element in the rehabilitation of all
amputees, there is a particular need to quantify
energy expenditure of amputees while using the
recently introduced ‘‘energy storing’’ prosthetic feet.
This study will monitor the relative oxygen con-
sumption of above-knee and below-knee amputees
as they ambulate on commercially available “*stored
energy’’ type prosthetic feet of various designs. The
study will compare those findings with data obtained
when the same subjects walk with the current
prosthetic standard, the Solid Ankle Cushion Heel
(SACH) prosthetic foot. Seven below-knee ampu-
tees and seven above-knee amputees will each be
fitted with a variety of “‘stored energy’’ type pros-

thetic feet as well as a control foot, SACH. A period
of accommodation of one month for each foot
ensures that each prosthesis is truly functional for
daily activities and permits the amputee to accom-
modate to the particular characteristics of each foot
before testing. Feet to be tested include the Seattle
Foot, Flex-foot, Stenfoot, Carbon Copy Foot, and
possibly others.

Progress—Preliminary results are expected by De-
cember, 1988. Presentation of the data on several
of the initial subjects being tested was presented as
case histories at the American Academy of Ortho-
tists and Prosthetists combined annual meeting with
COPA/AOPA during June, 1987.



19

B. Lower Limb

2. Below-Knee

Prosthetics Research Study Report

Amputations and Limb Prostheses

Ernest Burgess, M.D.
Veterans Administration Medica
Washington, Seattle, WA 98195

Sponsor: VA Rehabilitation Research and Development Service

Progress—During the past year and a half, the Seattle
Foot has become commercially available. At this
time (August 1, 1987) approximately 14,000 feet are
now being worn by veterans and other amputees
around the world. The design has been and is
continuing to be improved. The research and eval-
uation provided by VARR&D has stimulated exten-
sive additional research into prosthetic feet and
ankles both by the industry and by other worldwide
prosthetic research sources.

Ankle/Shaft Unit, Activities related to develop-
ment of additional lower limb prosthetic components
continue to be based on energy storing and release
incorporated in light composite materials design.
Motion/force vectors are incorporated in the mate-
rial itself with elimination of components ordinarily
and traditionally used. A monolithic gravity-energy
storing ankle/shank has been developed, bench and
laboratory evaluated, clinically tested locally, and
1s now released for national field testing in 100
subjects. As with the Seattle Foot, the keel testing
and evaluation will be a cooperative study between
the VACO RR&D Section and Prosthetics and
Sensory Aids Service,

The ankle provides controlled and programmed
rotation, inversion-eversion and modestly enhances
flexion/extension for the Seattle Foot when the two
units are used together. This below-knee endoske-
letal system will incorporate a new cosmetic foam
cover being developed to complete the VA/Seattle
System. National field testing should begin by the
end of the year 1987.

Automated Fabrication of Mobility Aids (AFMA).
Our facility is actively engaged in automated fabri-
cation of below-knee prosthetic sockets through a
working agreement with the University College,
London, Roehampton Bioengineering Unit. Below-

Center, Seattle, WA 98108 and Prosthetics Research Study, University of

knee residual limb shape sensing is accomplished
by wrapping routine plaster casts for each subject.
These casts are forwarded to our London collabo-
rators to the milling and socket forming equipment
where sockets are completed, using their rectifica-
tion program. A ‘‘Trans-Atlantic’’ socket with a
Seattle Ankle/Foot combination prosthesis is being
worn by a Vietnam veteran. This computerized and
automated fabrication system is providing us with
sockets of essentially the same quality and fit as
those obtained by conventional prosthetic tech-
niques. Eleven below-knee amputees have been
fitted to date and an additional ten subjects will be
included by the end of 1987. Information derived
from our research is being incorporated in the
London database. Although no date has been set
for commercial production, research is progressing
rapidly at coordinating centers in this country.

We are continuing to investigate a variety of types
of shape-sensing, including the incorporation of
stiffness of the tissues as well as the physical shape.
Automated fabrication systems are being studied
both in this country, Canada, and a number of other
centers throughout the world.

Limb Viability. Limb viability studies continue
through recent extension of funding of the micro-
wound biological structure investigation and Tc¢PQO,
evaluation of the circulatory status of residual limbs
under pressure. This latter information should be
useful in the AFMA prosthetic project. A number
of scientific publications accepted or awaiting merit
review will describe the progress made in this
essentially basic evaluation of the healing capacity
of the skin in vive in the presence of ischemia and
related pathological states necessitating limb abla-
tion.

The influence of platelet-derived wound healing
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factor in the management of extremity wounds and
ulcers, particularly in the diabetic, has been recently
brought to our attention by Dr. David Knighton and
his staff at the University of Minnesota. We are
exploring the potential study of this exciting biolog-
ical breakthrough as an outreach from the primary
investigators.

Activities Related to This Research— The Prosthetics

CAD/CAM of Below-Knee Prostheses: Program Studies

Dudley S. Childress, Ph.D., and Yeongchi Wu, M.D.

Research Study (PRS) staff has participated in a
regional workshop at VAMC, Minneapolis, MN,
June 1987, a workshop at Portland VAMC Septem-
ber 1987, and a similar seminar at the University of
New Mexico/VAMC Albuguerque, NM, also Sep-
tember 1987. A Western Regional IRMEC sponsored
3-day seminar for VA Physical and Occupational
Therapists was held in Seattle in December 1986
where PRS staff provided faculty support.

Veterans Administration Medical Center, Chicago, IL 60611
Sponsor: VA Rehabilitation Research and Development Service (Project #XA317-2RA)

Purpose—The purpose of this project is to develop
methods for the determination of interface pressure
patterns, and then use those methods to evaluate
many of the common strategies used to modify
pressure patterns at the interface. Our particular
method for determining interface pressure patterns
uses finite element modeling of socket-limb me-
chanics. An advantage of the computer modeling
methodology is that the many parameters which
affect interface pressures can be systematically in-
vestigated without the need to build and instrument
prostheses.

The finite element modeling process requires both
geometric and material descriptions of the bones,
soft tissue, and socket. The geometry information
is obtained from a CT scan of an amputee’s limb.
The material properties of the bone and socket can
be obtained from published literature or measured
in a materials testing machine. The material prop-
erties of the soft tissue, however, are complex and
not adequately documented. A reasonable material
description must therefore be formulated for soft
tissue. Verification of the finite element model is
also important if meaningful results are to be ob-
tained from this study. We will perform finite ele-
ment analysis and in vitro testing of tissue samples
in order to catagorize the material properties of
tissue such that pressure patterns predicted by the
finite element model match those measured in the
tests. This will formulate stage one of model devel-
opment and verification.

Stage two of model development and verification
involves finite element modeling and in vivo testing.

Finite element models of socket-limb mechanics for
volunteer amputee subjects will be formulated. The
socket interface pressure at various load states will
be measured for each volunteer and a computer
simulation performed. Predicted pressures will be
compared with measured pressures and the model
adjusted until the pressures correspond. At this
point, an appropriate finite element description can
be said to exist.

A generic finite element socket-limb model will
be developed which uses a geometrically simplified
representation of the residual limb. This simple
model will then be used in a systematic analysis of
prosthesis design parameters. Parameters will be
varied one at a time and interface pressure patterns
computed. The parameters to be investigated in-
clude: residual limb characterization (length and
bulk), type of socket rectification, type of liner, and
alignment state. This series of investigations is
expected to increase our understanding of what
factors govern interface pressure and may suggest
new concepts which may be effective in the control
of interface pressure.

Finally, we will develop devices and techniques
that will allow us to rapidly and easily formulate
finite element models for specific individuals. This
will help us to expand our studies in the future.
Additionally, such equipment and techniques may
pave the way for integration of these methods into
the clinical environment.

We intend to study the limb loading characteristics
of 15 below-knee amputees in anatomically-based
reference frames. The subjects will be required to
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be considered ‘‘good’’ walkers. Their residual limbs
will be of various lengths and tissue bulk, because
these parameters are known to correlate with inter-
face loading characteristics. The relations between
amputee gait characteristics, limb loading, align-
ment, and skeletal anatomy will be studied using
malalignments from known prosthetically accepta-
ble alignment ‘‘set-points.”” Limb loading charac-
teristics during walking, relative to skeletal anatomy,
will be collected using techniques that have already
been developed around the high accuracy, real-time
display, and three dimensional information capabil-
ities of the CODA-3 Movement Monitoring Instru-
ment and the biomechanics platforms. From rela-
tions between alignment, loading, and skeletal

Computer-Aided Analysis of Below-Knee Prostheses Alignment

Amputations and Limb Prostheses

anatomy, we hope to define an ‘“‘ideal’’ alignment
set point that is specific to the amputee’s skeletal
anatomy. Thus, we hope to be able to make proper
alignment decisions before amputees walk on the
prostheses (a priori decisions).

Our ultimate goal is to develop a system to achieve
successful alignment based upon anatomical factors
in an attempt to replace the iterative process now
used. The ideal is to be able to design and fabricate
unitized prostheses automatically and quickly with
non-adjustable alignment. By using CAD/CAM tech-
niques, prostheses could be delivered in a short time
and could be easily refabricated to make adjustments
in either alignment or socket shape.

Dudley S. Childress, Ph.D.; Joshua S. Rovick, M.S.; Robert L. Van Vorhis, M.S.
Prosthetics Research Laboratory, Northwestern University, Chicago, IL 60611

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The purpose of this on-going study is to
establish a method of aligning below-knee prostheses
which is quantitative, simple, and produces a more
reliable alignment outcome. Malalignment of a pros-
thesis is manifested as an irregularity in the walking
pattern for an amputee. Dynamic alignment is
achieved by making adjustments to the foot position
based on the particular walking irregularities ob-
served. By using computers and sensitive transduc-
tion equipment, we hope to be able to quantitatively
correlate the relationship between particular mala-
lignments and their associated gait patterns.

Progress—We are in the process of assembling a
gait analysis laboratory to be used in these studies.
The CODA-3 Movement Monitoring Instrument is
used for position transduction providing global X,
Y, and Z-coordinates of up to eight passive markers.
Two AMTI biomechanics platforms are used to get
the six components of reaction force at the ground.
A raised walkway is being constructed so that the
walking surface is at the same level as the biome-
chanics platforms.

We have developed an approach methodology for
the analysis of walking trials as they relate to
prosthesis alignment and skeletal anatomy. Anatom-
ically-based axis systems have been defined for each

of the body segments of interest; prosthetic foot,
tibia, femur, and pelvis. Computer algorithms have
been completed which determine the 3-D location
of the hip joint centers by tracking the motion of a
CODA landmark attached to the thigh. We have
also designed a jig to find the primary flexion axis
of the knee, and using a CODA-based, 3-D digitizing
wand this axis is located in three-dimensional space.
These joint location methodologies are used to
provide precise and reproducible axis definition prior
to testing,

The experimental protocol involves successive
alignment perturbations from an ideal set-point and
an analysis of the resulting gait deviations. An
interactive computer-based nulling routine has been
developed to aid in establishing the specific align-
ment states of both the ‘‘ideal’” set-point and the
perturbations from this set-point used during the
walking trials.

Results—Assembly of the gait laboratory, and testing
of the protocol are scheduled to be completed by
the Fall of 1987. The first round of data collection
took place in the Fall and Winter of 1987, with some
preliminary from analysis of the data expected in
the Spring of 1988.



22

Rehabilitation R&D Progress Reports 1987

Implications—The goal of our work is to investigate
the feasibility that the foot of a below-knee pros-
thesis can be properly aligned without the need for
dynamic walking trials. Such an alignment scheme
would likely necessitate that a common anatomical
basis be established in the limb of the amputee. Our
experimental methodology is designed around this
anatomical basis. The results of this investigation
could then be transferred to the clinical setting by
providing a means for locating a suitable anatomical
reference. The immediate clinical usefulness of this

Computer-Aided Analysis of Below-Knee Socket Pressure

Dudley S. Childress, Ph.D. and John W. Steege, M.S.M.E.

work would be the elimination of dynamic walking
trials in the alignment process. Moreover, the intro-
duction of automated methods into the clinic (i.e.,
CAD/CAM of prostheses) will make feasible fabri-
cation of unitized prostheses which do not incor-
porate adjustable alignment components.

Publication Resulting from This Research

Anatomically-Based Gait Analysis for Below-Knee Prosthesis
Alignment—An Experimental Method. Van Vorhis RL and
Rovick IS, ASME Bioengineering Division, Boston, MA,
December 1987.

Prosthetics Research Laboratory, Northwestern University, Chicago, 1L 60611

Sponsor: VA Rehabilitation Research and Development Service

Purpose—In this study, finite element (FE) models
of the below-knee residual limb-socket system were
analyzed in an attempt to predict interface pressures.
The input parameters, which were experimentally
measured, were socket geometry and the external
load vector developed during stance. Beginning with
simple but realistic assumptions, mechanical prop-
erties were assigned to the elements of the two
models and simulations carried out. While FE anal-
ysis has come to be a widely used tool in many
engineering fields, it has also come to be widely
misused. Models that yield accepted results can be
created which appear to represent the intended
physical system but are in error when tested. An
experimental pressure measurement methodology
was therefore simultaneously developed to verify
the results of our FE models. The pressure meas-
urements made on two volunteers were compared
to resultant pressures at the limb-socket interface
as predicted by FE analysis.

Progress—In an effort to obtain static pressure
measurements along the tissue/liner/socket inter-
face, a methodology was devised. The resultant
system proved to be linear and highly repeatable
yet was dependent upon the type of semi-solid liner
material. The transducer selected was a ruggedized,
miniature Kulite™ pressure transducer (model XTM-
190) with a maximum rated pressure of 0.35 MPa,
a sensitivity of approximately 170 mV/MPa, and a
piezoresistive strain gauge bridge circuit mounted

on a metal diaphragm used as a sensing element.
The transducers weigh 8 grams and have a diameter
of 4.0 mm and were easily mounted into the subjects’
sockets at seven ports. Briefly, the placement of the
transducers was at the medial tibial condyle, patellar
tendon bar, distal end, popliteal area, distal lateral
contact area, medial proximal tibia flare, and below
the fibula.

We could not obtain consistent results when the
transducer alone was mounted in the socket because
it could not be made exactly flush with the inner
surface. To ensure that the transducer’s face would
be flush with the socket, epoxy collars with a flat
face one centimeter in diameter (larger than the
diameter of the transducers) were machined to hold
the transducers. The flat collar surface formed a
small ‘‘area of measurement’’ on which the trans-
ducer could be mounted flush to the surface and
locked into position. Although the addition of the
collar would slightly alter the actual socket shape
when the collar was threaded into the socket, the
forcing of a flush fit of the transducer was felt to be
of prime importance to ensure proper use of the
gauge.

The 3-D geometry of the residual limbs of two
volunteers was obtained from multiple transverse
CAT scans (1 cm spacing). The CAT scan images
were then digitized by hand on a tablet. Of the levels
imaged for subject A, 13 were chosen for mesh
development which represented critical geometric
occurrences while 14 were chosen for subject B.
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The mesh for subject A consisted of 1282 nodes
defining 1017 linear 3-D isoparametric elements
which represented the limb and 340 linear spring
(boundary) elements which were added normal to
the limb elements to represent the socket liner. The
boundary elements act as linear springs resisting
deformation and thus only require a spring stiffness.
For subject B, the liner was represented with linear
3-D isoparametric elements as opposed to springs.
Thus the mesh consisted of 1976 nodes comprising
1578 eight-noded elements. The first model was
analyzed using SAP IV™ installed on a Cyber 845
while the second model was analyzed using a per-
sonal computer (PC) based code (GIFTS™) which
runs on an IBM AT.

The limb elements were assigned properties of
bone, cartilage, soft tissue, or Pelite™ as appropri-
ate. Bone and cartilage properties were obtained
from the literature while that of Pelite™ was obtained
experimentally. Pelite’s™ spring stiffness for subject
A was found to be 145 N/cm while its Young’s
modulus (E) for subject B was 380 KPa. For the
soft tissue, E was obtained by use of a plunger
device which consisted of a small load cell and an
LVDT and output load/displacement curves. For
each subject, a socket was made with seven ports
(corresponding to the points at which pressure was
measured experimentally) to which the plunger de-
vice attached. During stance, the plunger was de-
pressed into the tissue and load-displacement curves
obtained. On the FE model, the ports were identi-
fied, corresponding socket liner elements removed,
and unit normal compressive loads applied. The
tissue was given an initial E value previously ob-
tained at this laboratory (85 KPa) and analyzed. The
values of E and displacement are proportional for
these linear models. By comparing the ratio of FE
analysis and experimental displacements at the ports
to the initial E value, an average value of Young’s
modulus was obtained (60 KPa).

Along with geometry and material properties, the
moments and loads developed during the stance of
each subject must be applied to their model. This
information was obtained by having the subjects
stand on two force platforms (Advanced Mechanical
Technology, Inc.) which measured XYZ forces,
moments, and center of pressure. By observing
oscilloscopes interfaced to the plates, subjects found
and held comfortable positions with their weight
evenly distributed. Position of the limb with respect

Amputations and Limb Prostheses

to the force platforms was measured simultaneously
using a CODA-3 Scanner (Movement Techniques,
Ltd.). Pressures at the port areas were measured
concurrently using the Kulite™ transducers. Thirty
samples of all parameters were obtained at 300 Hz
every ten seconds for one minute. The resulting
force and moments obtained for the sampled stance
were transformed from the foot to the proximal
femur in the FE model by satisfying equilibrium
conditions.

Preliminary Results—The FE analyses were per-
formed and resulting predicted pressures for subject
A (a distal end weight bearer) ranged from 0 to 9
N/cm? (0.6 at the popliteal artery; 9 at the patellar
tendon bar [PTB]) while the experimentally meas-
ured pressures ranged from 0 to 11 N/cm? (zero at
the politeal artery; 5 at the PTB). The predicted
pressure at the distal end was 5 N/cm? while the
measured pressure was 11 N/cm?,

Pressures predicted for subject B ranged from 0
to 30 N/cm?. It should be noted that contour plotting
for subject B through GIFTS™ which allowed for
identification of small local concentrations of pres-
sure (up to 30 N/cm?) such as was predicted beneath
the PTB. If the element corresponding to the location
of the PTB pressure gauge was located on the model
it was found that across the element face, there was
a predicted pressure range of 2 to 12 N/cm?. Thus
the measured pressure could be expected to fall
within this range and in fact was measured to be 8
N/cm?. Predicted pressures around the remainder
of the limb were 0 to 3 N/cm? except for the popliteal
area where the predicted pressure was 6 N/cm?.
Measured pressures around the remainer of the limb
were 0 to 6 N/cm? except for the popliteal area
which was 8 N/cm?. Finally, the predicted and
measured pressure at the distal end was zero, and
this corresponded well with the fact that the subject
was a non-distal end weight bearer.

Future Plans—It can qualitatively be seen from the
first two subjects analyzed that the FE technique
possesses the capability to predict pressure ranges
developed between the limb and socket with rea-
sonable accuracy. From the results of subject B it
is demonstrated that there may exist local hot spots
of pressure around which high pressure gradients
exist. This points out the need in future analyses to
locate the small measurement face of the transducers
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accurately with respect to the model and also to
increase the density of elements in areas which are
expected to develop relatively high pressures (i.e.,
PTB, popliteal area, distal end). This mismatching
of model and transducer may be one reason why a
one to one correspondence between predicted and
measured pressures was not demonstrated. This
lack of correspondence could be due to several other
factors. Initially, we have examined amputees wear-
ing well-fitted sockets. These sockets were made
from rectified molds and may not provide the contact
continuity assumed in the model between limb and
socket. Additionally, the soft tissue may better be
represented by nonlinear elements. In the future,

Development of the ISNY Below-Knee Flexible Socket System

S. Fishman, Ph.D.; N. Berger, M.S.; D.E. Krebs, Ph.D.

we will test subjects fitted with unrectified sockets
to assure initial contact of the entire limb with the
socket. Also, we are converting to a nonlinear
mainframe code (MARC™) in order to investigate

nonlinear effects of m

aterials on the model.

Publications Resulting from This Research

Finite Element Analysis as

a Method of Pressure Prediction in

the Below-Knee Socket. Steege JW, Schnur DS, Van Vorhis
RL, Rovick I, Proceedings 10th Annual RESNA Confer-

ence,7:814-816, June 1

987.

Prediction of Pressure at the Below-Knee Socket Interface by
Finite Element Analysis. Steege JW, Schnur DS, Childress
DS, Symposium on the Biomechanics of Normal and
Prosthetic Gait, Boston, MA, December 1987.

New York University Post-Graduate Medical School, New York, NY 10016 and Veterans Administration Medical

Center, New York, NY 10010

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The goal of this project is to adapt the
successful Icelandic-Swedish-New York University
(ISNY) Above-Knee Flexible Socket to below-knee
(BK) amputees.

Progress—The central design concept relates to the
provision of the two fundamental prosthetic socket
functions, ‘‘weight transmission’” and ‘‘hydrostatic
containment,”” utilizing two separate sfructures (a
flexible socket contained withina rigid frame), rather
than by the conventional single, rigid, laminated
structure.

Socket. The most important characteristics of the
tissue-containing socket are transparency, thinness
and flexibility (consistent with requisite strength and
durability), and an extremely intimate fit of the
residual limb. This ‘‘sheath’ fit requires great care
and precision in casting and cast modification pro-
cedures, as well as the mandatory use of “‘check”
sockets. Our studies indicate that the preferred
socket material is sheet low-density polyethylene
(1/4 to 3/16 inch Ethylux) which is heated and drawn
over the modified plaster residuum model to produce
socket wall thicknesses of 0.030 to 0.060 inches.

Frame. The design employs a three-strut ‘‘in-
verted tripod’’ configuration, consisting of a proxi-
mal horizontal brim connected to a distal end cup
by two anterior struts and one posterior strut (1/2

inch to 3/4 inch wide and 1/6 inch to 1/4 inch thick).
The proximal brim originates at the anterolateral
strut, runs medially to support the patellar tendon,
continues around the medial side to support the
tibial flare, and terminates posteriorly at the lateral
edge of the popliteal fossa.

The anteromedial strut supports the tibial shaft,
running 1/4 inch medial to the tibial crest; the

anterolateral strut sup

dorsiflexor remnants)

ports the soft tissue (primarily
just lateral to the tibial crest;

and the posterior strut prevents frame deformation
by supporting the popliteal segment, running verti-

cally downward from
There is an interf

its center.
ice of 1/5 inch thick Pe-lite

padding between the frame and the socket to diffuse

any edge pressures an
force distribution. Ei

carbon-fiber filament
nole material laminat
ester resin is require
durable frame.
Suspension. Separa
to accommodate the
knee suspension. The

d provide a more comfortable
ght layers of 1/4 inch width
tape, nylon, Dacron and Xy-
d into a composite with poly-
d for a sufficiently rigid and

e designs have been developed
three major types of below-
conventional cuff is placed in

the usual location—attached to the rigid frame me-
dially and to the polyethylene socket laterally. In
the supracondylar suspension the areas below the

proximal frame extensions are left open and the
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usual wedges are utilized. In the corset design, the
proximal frame surrounds the entire residuum to:
a) provide an attachment point for the lateral upright;
and b) to enhance structural stability.

Preliminary Results—All told, 28 patients partici-
pated in the project—13 in the developmental as-
pects and 15 in the clinical evaluation of the final
designs. Eleven of these latter patients continue to
wear the ISNY sockets full-time. Patient reactions
have been very positive, citing the more intimate
and natural fit, greater freedom for muscle activity,
improved suspension and prosthesis control, lighter

Amputations and Limb Prostheses

weight, coolness, fewer skin breakdowns, and gen-
erally increased comfort.

Implications—For the prosthetist, the considerable
transparency and the economies afforded in the
socket modification and/or replacement are signifi-
cant features.

Publication Resulting from This Research

Fabrication Procedures for the ISNY B/K and A/K Flexible Socket
Systems. Fishman S, Berger N, Krebs DE, Faculty,
Prosthetics and Orthotics, New York University Post-
Graduate Medical School, 42 pp., June 1987.

Patterns of Perfusion as Assessed by Quantitative Perfusion Fluorometry

That Could Affect the Outcome of a Below-Knee Amputation

Gordon R. Neufeld, M.D.; Andrew B. Roberts, M.D.; Cheryl A. Reilly, B.S.N.; David G. Silverman, M.D.
Division of Vascular Surgery, Medical College of Pennsylvania; Department of Anesthesia, University of
Pennsylvania School of Medicine; Department of Anesthesia, Yale University School of Medicine; Division of
Anesthesia Research, Veterans Administration Medical Center, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The purpose of this project was to deter-
mine if there is a decrease in blood flow medially,
laterally or posteriorly at the site of incision that
affects the healing of below-knee amputations (BKA).

Progress—The perfusion patterns of 77 legs assessed
pre-operatively for either an above or below knee
amputation were compared retrospectively with those
of 105 control legs of patients with peripheral vas-
cular disease (PVD). Three 1-cm sites were analyzed
(3 ¢cm medially to the tibial, 3 ¢m laterally to same,
and posteriorly on the calf) at three levels (10 cm
and 2 cm below the knee and 5 cm above the knee)
to determine if there was a gradient. It was evident
from the data that there is a decrease in perfusion
laterally below the knee, in ischemic limbs, that
could affect the outcome of a standard below-the-
knee amputation, which utilizes a long posterior
flap.

Results—The DFI (dye fluorescence index) of the
14 failed BKA’s laterally was 41 = 30 (which is

within the borderline zone of healing of 38 = 42)
while the DF1 of the 45 healed BKA’s laterally was
found to be 56 = 20. The 105 control legs showed
a different perfusion pattern, with DFI's well above
the cutoff. Our findings are consistent with Mc-
Collum (McCollum PT, Spence VA, Walker WF:
“Circumferential Skin Blood Flow In the Ischaemic
Limb,” Br J Surg, 72:310-312, 1985), and suggest
that preoperative assessment with quantitative per-
fusion flourometry (QPF) can determine a lateral
gradient significant to the healing or failing of a
below-knee amputation.

Future Plans—A study is being planned to prospec-
tively evaluate patterns of perfusion in all amputa-
tions and how this affects healing.

We are comparing preoperative anglograms of
vascular surgery patients to QPF studies obtained
preoperatively to see how skin perfusion is affected,
and we are presently comparing medial and lateral
aspects of perfusion, using the Laser Doppler and
QPF.
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Diabetic Foot Ulcers—Quantifying the Effects
of Nonsurgical Treatments

Roger Pecoraro, M.D,

Veterans Administration Medical Center, Seattle, WA 98108
Sponsor: VA Rehabilitation Research and Development Service (Project #XA318-2RA)

Purpose—Most amputations due to foot ulceration
in diabetes result directly form either infection or
failure of wound healing. Since chronic hypergly-
cemia has been implicated in many of the mecha-
nisms responsible for wound failure, we hypothesize
that efficient wound repair is impeded in diabetic
patients with suboptimal control of diabetes, in-
creasing their risk for amputation. We wish to test
whether precise medical management of diabetes,
nutritional supplementation with ascorbic acid and
zinc, or application of total contact casts, combined
with appropriate surgical and local wound care
practices, will substantially improve the rate of ulcer
healing.

We propose to recruit and characterize a popu-
lation of diabetic patients with foot and lower ex-
tremity ulcers, in order to evaluate prospectively
the status of healing of their cutaneous ulcers.
Patient who present or are referred wth similar
ulcers, based on a standardized wound classification
system, will be randomized to groups receiving
specified treatment interventions in addition to
standard care. Wound healing will be measured
objectively by blinded sequential computerized cal-
culations of ulcer area based on direct wound trac-
ings and standardized photographs. The proposed
study will be conducted over three yvears and involve
150 subjects. Specific objectives are:

1) Develop an objective method to quantitate the
healing progress of cutaneous ulcers.

2) Compare the rates of ulcer healing among
patients randomized according to a 2x2x2 factorial
ANOVA design. The factors are: (I) intensive dia-
betes management for optimal control of diabetes;

Finite Element Analysis of a Below-Knee Prosthesis

Harry B. Skinner, M.D., Ph.D., and Peter M. Quesada

(N) nutritional supplementation with zinc and as-
corbic acid; and, (W) ulcer severity (note that this
is a stratification). The control therapy group will
receive conventional medical and surgical manage-
ment.

3) Compare the rate of ulcer healing among an
additional smaller subset of patients with plantar
foot ulcers which fall within a single defined stratum
of ulcer severity and meet specified criteria for
treatment with total contact casts. Patients will be
randomized according to a 2x2x2 factorial ANOVA,
with factors including 1 (see above); N (above); and
(C) sequential applications of total contact casts.

4) Survey the biomedical characteristics of all
subjects, including the status of diabetic control,
vascular integrity, extent of neuropathy, and char-
acteristics of the cutaneous ulcer. These factors,
combined with the measured initial rate of ulcer
healing, will be analyzed retrospectively to define
characteristics of the patient and the foot lesion
which predict the probabilities of ulcer healing,
chronic wound failure, or other definitive medical
outcomes.

5) Examine the independent effects of the exper-
imental treatment interventions on the eventual
distribution of definitive outcomes of foot ulceration.

6) Examine the potential utility of a novel adap-
tation of NMR spectroscopy to measure noninva-
sively the metabolic status of ulceration cutaneous
tissue, We will test whether cutaneous ATP and
NADPH levels will improve during effective treat-
ment, in particular with precise medical management
of diabetes, and whether changes will correlate with
healing progress.

Veterans Administration Medical Center, San Francisco, CA 94121

Sponsor: American Federation for Aging Research

Purpose—In the USA a majority of the 80,000
amputations performed per year are below-knee

(BK) amputations. Many BK amputees complain
that prostheses are heavy and uncomfortable, and
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a portion are subsequently confined to wheelchair
existences.

Numerous investigators have studied and reported
on the subnormal gait characteristics of BK ampu-
tees using prostheses. Other investigators have re-
ported on the problems associated with the pros-
thesis/stump interface.

This study utilizes the finite element method to
determine the stresses and displacements at the
prosthesis/stump interface. This information is then
used in prosthesis design in order to minimize
displacements and stresses at the interface, and thus
provide reduced pain and greater comfort.

Progress—This 3-D finite element study is being
conducted with a base model consisting of 636 nodes
and 655 quadrilateral and triangular constant strain
shell elements. Base model node coordinates were
measured directly from a right exoskeletal BK pros-
thesis and socket. Elements in the base model were
taken to be 0.5 ¢m thick. The nodes of the socket
were then supported by springs to model the soft
tissue of the stump. The material properties of the
base model were those of a composite of polyester
resin and fiberglass. A resultant load of 984 N was

Amputations and Limb Prostheses

equally distributed among three nodes at the heel
at an angle of 9 degrees from the positive Z-axis,
81 degrees from the negative X-axis, and 88 degrees
from the positive Y-axis, in order to simulate the
direction of the forces at heel strike. The analysis
was performed on an IBM PC/AT using the finite
element program, SAP80; and plots were generated
by the accompanying program, SAPLOT.

Preliminary Results—The finite element analysis was
performed for the base model. The resulting forces
at the interface are being used to calculate the
interface pressures. These pressures will then be
compared with other investigators’ experimentally
measured pressures in order to verify the results of
the analysis. Several altered models have been
prepared with the intention of reducing the interface
pressures.

Future Plans—The models will be analyzed following
verification of the results of the base model. The
pressures obtained for each altered model will then
be compared with those of the base model in order
to determine if the changes made for each altered
model succeeded in reducing the interface pressures.

Design and Construction of a Bicycle Attachment for Conditioning of

Below-Knee Amputees in the Early Postoperative Stage

A. Esquenazi, M.D.; T. Vachranukunkiet, M.D.; W. Micheo, M.D.
Gait and Motion Analysis Laboratory, Moss Rehabilitation Hospital, Philadelphia, PA 19141

Sponsor: Moss Rehabilitation Hospital Research Fund

Purpose—We have identified the need for a device
that would permit below-knee amputees to exercise
large muscle groups of both lower extremities with-
out interfering with early wound healing. The use
of upper extremity and one-legged exercises has
been attempted, to improve conditioning in the
amputee, with limited results. Upper extremity ex-
ercises use muscle groups which fatigue easily and
increase blood pressure. Also, there has been proven
to be no transferability of training from upper ex-
tremity exercise to lower extremity exercise, par-
ticularly ambulation. One-legged exercises, on the
other hand, are difficult to perform by the patient
and would not provide training of the amputated
limb. Ambulation to improve cardiopulmonary en-
durance is well known. Unfortunately, for this

population, in the early postamputation period, the
condition of the residual limb will generally prevent
ambulation even with an immediate postoperative

pylon.

Progress—We have designed and constructed a de-
vice that permits the attachment of the below-knee
residual limb to a stationary bicycle: thus, bilateral
lower extremity exercises to attain early cardiovas-
cular and musculoskeletal conditioning are possible,
which we believe will facilitate the patient’s pros-
thetic rehabilitation and may aid in stump matura-
tion.

The device consists of a vacuum form polypro-
pylene socket with an inflatable polyethylene open-
ended insert, and a length-adjustable metal shank
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inserted into a quick-disconnect unit, which in turn
is attached to the bicycle pedal. The system is fully
adjustable in length, diameter, amount of pressure
applied to the residual limb, and is interchangeable
for right and left.

Preliminary Results—Testing of the device on four
patients revealed good adjustability, patient toler-
ance and acceptance to the device. There was no
evidence of skin irritation or reports of pain in any
of the subjects. The subjects were able to pedal up
to 15 minutes without residual limb complications
or excessive muscle fatigue. Evidence of cardiac

Investigation of the Optimal Load Bearing

Characteristics of Patellar Tendon Bearing (PTB) Prostheses

R. Seliktar, Ph.D.; T. Vachranukunkiet, M.D.

and respiratory response necessary for conditioning
were present.

Future Plans/Implications—Two prototypes have been
fabricated, and a follow-up clinical trial study to
assess cardiovascular and musculoskeletal effects
will be undertaken. Future applications of this device
are in the cardiovascular exercise testing of below-
knee amputees.

The device at this time has a patent pending and
the initial results of the project have been presented
at the Fifth World Congress of the International
Society for Prosthetics and Orthotics.

Department of Mechanical Engineering, Drexel University, Philadelphia, PA 19104 and Moss Rehabilitation

Hospital

Sponsor: The National Science Foundation

Purpose—The specific aim of this project is to
broaden the knowledge pertaining to transmission
of loads through the stump-prosthesis interface.
Understanding the mechanisms of the load bearing
will pave the way toward analytical synthesis of
prosthetic sockets. Such synthesis is necessary in
order to proceed toward automated Computer In-
tegrated Manufacturing of lower limb prostheses.

The long-term goals of our research efforts are to
supplement this study by two additional investiga-
tions aimed at: 1) synthesis of an optimal structure
of a whole prosthesis from the dynamic point of
view; and 2) studying the amputee’s compensatory
activity resulting from psychological attitudes.

Based upon the accumulated knowledge from all
three studies, a scheme for construction of custom-
1zed prostheses will be developed. This scheme will
ultimately be translated into design and manufac-
turing algorithms to facilitate objective and optimal
delivery of prostheses to the amputees. This will
lead to a substantial improvement in the quality of
prosthetic care delivery, which, at present, is heavily
dependent on the artisan skills of the prosthetic
team.

Progress—The aims of the original proposal were
focused on the understanding of the patellar tendon
bearing concept. These were later broadened to

cover other bearing areas, such as the stump end
and the tibial flares. At the present stage, further
expansion of the project and its supplementation by
mathematical modeling is being considered.

Preliminary Results—The following is a summary of
the accomplishments and the results obtained during
the first eighteen months of the work.

1) Altogether, nine patients were involved in this
study, two of whom withdrew in the middle of the
experimentation. Information is therefore available
on seven subjects and more are currently being fitted
with prostheses.

2) The original patellar-tendon transducer was
modified and implemented in the more recent
prostheses. The stump-end-bearing transducer was
designed and had undergone several changes since
its original implementation. Several designs for im-
plementation of load cells to monitor forces on the
tibial flares were considered and rejected due to
technical limitations. The idea of expanding the
scope of the study in this direction was abandoned.
However, this information will be obtained through
mathematical modeling of the socket.

3) A preliminary stage of mechanically modeling
the stump for the purpose of improving its deter-
minancy is currently in progress.

4) Preliminary results of the dynamic model of
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the man-prosthesis were obtained and reported in
the meeting of the International Society for Pros-
thetics and Orthotics.

5) Some experimental results have been analyzed
and reported in the relevant literature.

6) In the first stages of the analysis, some very
interesting discoveries were made regarding limita-
tions of weightbearing, and interplay between the
different load-bearing zones of the socket. These
were partially reported in relevant publications and
some findings are still in the process of preparation
for presentations.

Publications Resulting from This Research

Gait Performance and Dynamic Characteristics of Weightbearing
on the Patellar Tendon in PTB Prostheses. Mizrahi J, Seliktar
R, Bahar A, Susak Z, Najenson T, Biomechanics IX-A:581-
586. D.A. Winter (Ed.), Human Kinetics Publishers, 1985.
Biomechanical Evaluation of an Adjustable Patellar Tendon
Bearing Prosthesis. Mizrahi J, Susak Z, Bahar A, Seliktar

Functional Comparison of Single-Axis and Solid

Ankle Cushion Heel Prosthetic Feet in the Dysvascular Below-Knee Amputee

Amputations and Limb Prostheses

R, Najenson T, Scandinavian J. Rehab. Med. Suppl.
12:117-123, 1985.

Opimization of Stump Lead Bearing with B.K. Prostheses.
Seliktar R, Besser J, Vachranukunkiet T, Mizrahi J, Pro-
ceedings of the 38th ACEMB 38, 1985.

Gait Characteristics of Below-Knee Amputees and Their Reflec-
tion in the Ground Reaction Forces. Seliktar R, Mizrahi J,
Engineering in Medicine, 15(1):27-34, United Kingdom,
1986.

Dynamic Medeling of Human Motion and its Relevance to Lower
Limb Prostheses. Seliktar R, Proceedings of the 5th World
Congress of the International Society for Prosthetics and
Orthotics, Copenhagen, June 1986.

Optimization of Residual Limb-Socket Load Bearing of Below-
Knee Prostheses. Vachranukunkiet T, Seliktar R, Besser
M, Demopoulos IT, Proceedings of the 5th World Congress
of the International Society for Prosthetics and Orthotics,
Copenhagen, June 1986.

Structural Synthesis of Lower Limb Prostheses for Optimal Gait
Performance. Seliktar R, Proceedings of the 13th Northeast
Bioengineering Conference, Philadelphia, PA, March 1987.

Toward Automation of the Manufacturing of Lower Limb
Prostheses. Seliktar R, Proceedings of the Special Congress
of the International Society for Prosthetics and Orthotics,
Israel, September 1987.

Sanford H. Anzel, M.D.; Thay . Lee, M.S.; Robert Baird, M.D.; Leslie Torburn, M.S., P.T.;
Jacquelin Perry, M.D.; Edmond Ayyappa, C.P.O.; Bruce Thoma, M.D.; Mike Coen, B.S.

Rancho Los Amigos Medical Center, Pathokinesiology Department, Downey, CA 90242 and Veterans
Administration Medical Center, STAMP (117S), Long Beach, CA 90822

Sponser: Special Team for Amputations, Mobility, Prosthetics/Orthotics (STAMP)

Purpose-—This comparative gait lab study looks at
the effects on gait to the dysvascular below-knee
patient population wearing both single-axis and SACH
prosthetic feet. It also investigates the effect of
changing plantar flexion bumper compression in the
case of single-axis feet and the effect of changing
the durometer of heel cushion density in the case
of SACH.

Progress—Twelve below-knee dysvascular ampu-
tees were fitted with a succession of 6 prosthetic
feet and underwent gait lab analysis. The feet tested
were comprised of 3 SACH designs (with firm,
medium, and soft heel densities) and 3 single-axis
designs (using 3 different levels of bumper compres-

sion). Subjects selected for the study were experi-
enced amputees who walk without upper extremity
aids on a community ambulatory level and who
have been screened for consistent walking patterns.
Initial screening was done using the footswitch stride
analyzer. Definitive gait testing included dynamic
EMG, footswitch stride analysis, dynamic knee
goniometer measurements, and ground reaction force
analysis with a force plate. The correlation between
type of foot with velocity and other gait character-
istics, time of EMG firing, and joint torques was
determined comparing each subject to himself. Data
was examined for relevant differences and evidence
of gait advantages in each of the feet.
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B. Lower Limb

3. Above-Knee

Gait and Energy Expenditure in Above-Knee Amputees:

Differences Between Socket Types

Mark I. Bresler and Stephanie D. Burns, R.P.T.

Veterans Administration Medical Center, Oklahoma City, OK 73104

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The original intent of the study was to
find differences in prosthetic sockets for above-knee
amputees. Energy expenditure and gait character-
istics were to be studied to determine if Contoured
Adducted Trocanteric Controlled Alignment Method
(CAT-CAM) sockets significantly differ from Quad-
rilateral sockets in the monitored characteristics.
The study is being modified to describe the gait
characteristics of above knee CAT-CAM wearers.

Progress/Methodology—Originally, this study in-
tended to have 12 male above-knee amputee sub-
jects. At the start, each subject would be using a
prosthesis with a quadrilateral socket. The subject’s
gait would be recorded with a Vicon Motion Analysis
System, and energy expenditure would be monitored
with a CAD/NET 2001 by analyzing expired air.
Next, the subject would change his prosthetic leg
to one with a CAT-CAM socket and the measure-
ments would be retaken. By analysis of the differ-
ences between sockets for the same subject, it was
hoped to determine if socket type indeed made a
difference in gait or energy expenditure. However,
several equipment problems greatly delayed accu-
rate setup and use of the Vicon system as well as
the CAD/NET 2001. Second, the number of potential
subjects, i.e., those with a quadrilateral socket
prosthesis in good repair and recently fitted with a
CAT-CAM socket prosthesis having similar com-
ponents was smaller than initially thought. Third,
the cost figures provided by the prosthetist proved

to be greatly underestimated. This resulted in in-
sufficient funds to insure that the prosthetic com-
ponents for each limb were similar except for the
socket. We were then unable to control enough
variables to allow comparison only between the
socket types.

Preliminary Results—Three subjects have been mon-
itored at the laboratory, with one subject’s data
deemed unuseable. Of the remaining two subjects,
energy expenditure was less using the CAT-CAM
socket, but gait analysis was inconclusive. Our
experience so far has led us to conclude that a
descriptive study of gait characteristics of CAT-
CAM wearers will form the basis for future com-
parative studies of Quadrilateral versus CAT-CAM
sockets.

Future Plans—Recently some major technical prob-
lems in the motion analysis laboratory have been
corrected and recruitment of subjects will resume
shortly. In view of the difficulty in finding proper
subjects, a redirection of the study is being consid-
ered. This revision would entail a descriptive report
on the gait characteristics of twelve CAT-CAM
socket users. If equipment and personnel allow,
energy expenditure data will also be collected.

Preliminary results of this work were published
in the Proceedings of the Tenth Annual Conference
on Rehabilitation Engineering, RESNA, San Jose,
CA, June 1987.
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Geriatric Prosthetics: Design and Development

Amputations and Limb Prostheses

of an Improved Above-Knee Socket

Hans R. Lehneis, Ph.D., C.P.0.; Gustav Rubin, M.D.; Vern L. Houston, Ph.D., C.P.O.;

Mary Anne Garbarini, ML.A., P.T.

New York University Medical Center/Rusk Institute of Rehabilitation Medicine, New York, NY 10016 and
Veterans Administration Medical Center, New York, NY 10010

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The forces and moments transferred to
and from an amputee’s stump and his/her prosthesis
are frequently uncomfortable and often painful. The
way these forces and moments are distributed over
an amputee’s stump is determined by the design of
the prosthetic socket, its fit, and alignment.

The stump musculature, biomechanical tissue
characteristics, and circulatory and general phys-
iological properties differ markedly between young,
vigorous amputees and geriatric amputees. The
ability of the soft stump tissues of these two types
of amputees to support loading varies considerably,
but for all above-knee (AK) amputees, sockets of
the same design, and alignment and fit with respect
to the same criteria, are currently used.

The purpose of this project is to investigate and
determine the prosthetics needs of geriatric AK
amputees, and to develop quantitative socket design
criteria and procedures for deriving socket designs
affording optimum or near-optimum fit, comfort,
and performance for geriatric AK amputees.

Progress—Work has continued on measuring and
compiling a computer database of physiological,
biomechanical, and prosthetics parameters on ger-
iatric and non-geriatric AK amputees and control
subjects. Forty-eight subjects have been tested to
date. From these subjects a number of significant
statistical trends have been observed.

All geriatric subjects, amputees and non-amputees
alike, have evidenced circulatory impairment to
some degree. No common, localized regions of poor
or good circulation have been observed on the
stumps of the geriatric AK amputees tested, how-
ever.

Tissue mechanical elasticity has been shown to
be anisotropic for all of the subjects tested. Tissue
elasticity has been lower (less elastic) on the stumps
of the AK amputees tested. Geriatric amputees, in
general, have evidenced lower tissue elasticities than
nongeriatric amputees. As with circulation, there
have been no common, localized regions or direc-

tions exhibiting higher or lower elasticity on the
stumps of the subjects tested. Although some sen-
sory diminution has been noted in four geriatric AK
amputees, no mMajor sensory or proprioceptive im-
pairment has been observed in any of the subjects
tested to date.

Work has continued on AK socket design in
conjunction with the physiological and biomechan-
ical testing. Investigations using tissue compliance
measurements with uniform cross-sectional loads
for quantitative derivation of socket shape, as pre-
viously described, have continued. Results to date
indicate that it may be possible to evaluate stump
tissue compliance, and hence socket shape, at eight
or nine key locations per cross-sectional level, rather
than the 28 to 32 locations previously tested. Com-
pilation of data on prosthetic loading, load distri-
bution, and load tolerance ranges as a function of
stump tissue compliance has continued.

Sockets for four more subjects were fabricated
and incorporated in prostheses for clinical evaluation
and testing, using the uniform force/tissue displace-
ment socket design method developed under the
project and described in previous progress reports.
The sockets fitted to date have all been judged
comfortable and stable anterio-posteriorly, medio-
laterally, and rotationally. It has been observed that
the load tolerance ranges (i.e., the range of cross-
sectional pressures needed for support and ambu-
lation that are still deemed comfortable by a patient)
are noticeably smaller for patients subject to signif-
icant stump volume variations. In total-surface-
bearing sockets, this can place a rather severe
constraint upon the socket fit required. This dra-
matically underscores the need for developing quan-
titative socket design and fitting procedures that
would enable expeditious derivation of the optimum
socket design.

Future Plans—Current physiological, biomechani-
cal, and prosthetics parameter measurement and
socket design studies will continue. In addition,
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investigation of the effects of prosthetic socket
loading upon stump circulation will begin. Stump/
socket normal and shear-stress loading studies using
instrumented sockets will also be conducted. The
present project work on determining prosthetic load-

Myoelectrically Controlled Above-Knee Prosthesis

ing, load distribution, and load tolerance ranges as
a function of stump tissue compliance will be ex-
panded to include stump tissue viscoelasticity stud-
ies for derivation of optimum stump/socket load
distribution, and hence, optimum socket shape.

Gordon D. Moskowitz, Ph.D.; Ronald J. Triolo, Ph.D.; Howard Hillstrom, M.S.
Drexel University, Philadelphia, PA 19104 and Veterans Administration Medical Center, Philadelphia, PA 19104

Sponsor: VA Rehabilitation Research and Development Service; Gait Laboratory, Moss Rehabilitation Hospital,

Philadelphia, PA

Purpose—The need exists for active volitionally-
controlled above-knee (A/K) prostheses which are
more easily controlled by the amputee. Currently,
control of lower limb prostheses has been largely
limited to preprogrammed, passive devices which
are awkward and difficult to control, the most
popular means of passive control being the use of
fluid damping mechanisms at the knee joint. Active
volitional control of a prosthesis permits continuous
adjustments to changing gait conditions, decreasing
metabolic energy usage, and the ability to respond
to extraordinary events, such as stumbling.

A myoelectrically controlled A/K prosthesis is
under development at this laboratory that provides
greater conscious and subconscious active control
in gait and nongait activities. This prototype pros-
thesis has three principal operating subsystems: a
myoelectric signal processor, a controller and a
hydraulic/pneumatic (H/P) actuator. The myoelec-
tric signal processing that we employ includes spatial
pattern recognition and time-series methods.

Progress—Progress has been made in the following
areas:

a) Successful application of spatial pattern rec-
ognition methods in discrimination between in-
tended knee and hip activity among normal and
above-knee amputee subjects.

b) Development of a pneumatically powered A/K
test actuator with the following characteristics: 1)
the ability to produce torques actively and in op-
position to externally applied torques; 2) the ability
to recover energy as opposed to conventional ac-
tuators which act only as energy dissipators.

¢) Successful integration of the actively powered
test actuator with the spatial pattern recognition
control algorithm.

d) Demonstration of an alternative control strategy
based on time series features of the EMG signal.

e) Development and verification of a complete
and robust multichannel time series myoprocessor
which performs both limb function classification and
muscle force estimation. The system consists of an
optimal myoprocessor applied to the prewhitened
residual sequences of each AR filter employed in
the limb function classifier and offers the following
advantages: 1) Modelling the EMG as an autore-
gressive process incorporates temporal information
which reduces the number of electrodes required
for the reliable detection of the direction of intended
limb motion; 2) Incorporating spatially distributed
information in the parallel filtering classifier by
modeling multiple channels of EMG activity as a
vector process with multidimensional AR filters
increases the peak performance of the detection
system, reduces classifier sensitivity to exertion
level, and expands the operating range to include
clinically useful levels of contraction; 3) Prewhiten-
ing the EMG with AR filters extends and completes
the optimal myoprocessor to include multiple chan-
nels of serially correlated data. It allows both muscle
force estimation and limb function detection to be
accomplished simultaneously by a single, hybrid
system with great computational economy. The
multichannel time series myoprocessor (MTSM)
represents the first time series based system to
provide both binary decisions and a proportional
control signal, and therefore specifies a complete
and self-consistent intent recognition system.

f) Development of Gaussian Bayesian reference
models for EMG based intent recognition and real-
time control of artificial lower limb was accom-
plished. SNR and percent CC were obtained and
proved superior to short term models. Minute and
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hour scale stationarity was observed in parameters
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This new actuator is a hybrid

rt time models.

brication of a second
has been completed.
hydraulic/pneumatic

which is currently being assembled.

Results—EMG patterns were

collected for 10, 20,

and 40 percent MVC moment levels about the
medial-lateral axis of the knee over a 4-hour time
span. These data were obtained via a controlled

paradigm where target profiles
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Gaussian Bayesian reference
extended to include ensemble

containing knee mo-
re visually tracked.
models have been
averages of five and

eight of these data sets. At present, an eighth order
reference model has demonstrated the most robust
performance of the spatial pattern recognition based

intent recognizers.
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oprocessor subsystems, has b
line and evaluated extensively
isometric, constant force contr

1€ series myoproces-
consists of parallel
er and optimal my-
een implemented off
with EMG data from
actions. System per-

formance in terms of percent correct classification
of limb function and fidelity of estimates of muscle
force were compiled and found to be in agreement
with expected results and previously reported results
of system simulations. Significant increases in op-
erating range of the intent recognition system were
observed when additional channels of EMG data
were added to the processor. The gains in SNR of
the estimated joint moments were less than those

predicted by the simulations and reported for ap-
plication of the optimal myoprocessor subsystem

on the raw EMG of isolated

muscle without the

prewhitening transformation of the MTSM. This
behavior was attributed to the fact that recording

channels were located between
classifier performance from a
trodes. Two criteria for optim

muscles to maximize
minimal set of elec-
al electrode location

based on classifier performance for the time series

system were tested. Results were inconclusive and
neither criteria was able to predict the location of
the best single channel system. It was also impos-
sible to predict multichannel classifier performance
from single channel results. The effects of channel
location on joint moment estimation are being in-
vestigated in an effort to improve the fidelity of the
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estimates without sacrificing classifier accuracy or
robustness.

The new actuator prototype has been assembled,
and it’s control programs completed. The unit is
currently being bench tested. The prototype was
completed as planned.

Future Plans—Plans have been formulated to study
the requirements of implementing the (MTSM) myo-
processor in real-time and to interface it to the A/
K joint actuator. The effects of sampling rate,
computational window size, and special AR model
structures on system performance are being ad-
dressed in order to minimize the mathematical op-
erations required to make a decision and to set the
hardware and software requirements of a real-time
system.

The completed laboratory prototype will be gait
lab tested. Conversion of the unit to a free ranging
preclinical form is planned. This untethered pros-
thesis will then be ready for more realistic testing
outside of the gait laboratory.

Publications Resulting from This Research

Comments on Upper Extremity Limb Function Discrimination
using EMG Signal Analysis and The Relationship Between
Parallel - Filtering and Hypothesis Testing Limb Function
Classifiers. IEEE Transactions on Biomedical Engineering,
BME-52(3), March 1985.

The Effects of Myoelectric Signal Processing on the Relationship
Between Muscle Force and Processed EMG. American
Journal of Physical Medicine, 64, (3), 1985.

Biomedical Evaluation of Myoelectric Above-Knee Prosthesis.
Proceedings of the 38th Annual Conference in Medicine
and Biology, Vol. 27, 1985.

Simultaneous Limb Function Identification and Force Estimation.
Proceedings of the 38th Annual Conference in Medicine
and Biology, Vol. 27, 1985,

EMG Characterization for Real Time Control. Proceedings of
the Frontiers of Engineering and Computing in Health
Care, 7th Annual Conference of IEEE/Engineering in
Medicine and Biology Society, 1985. (Also Abstract-IEEE
Transactions on Biomedical Engineering, BME-32(10),
October 1985.

A Multichannel Time Series Myoprocessor for Robust Classifi-
cation of Limb Function and Estimation of Muscle Force.
Proceedings of the Frontiers of Engineering and Computing
in Health Care, 7th Annual Conference of IEEE/Engineer-
ing Transactions on Biomedical Engineering, BME-32 (10,
October 1985.

Experimental Demonstration of a Time Series Myoprocessor for
the Control of an A/K Prosthesis. Proceedings of the 8th
Annual IEEE EMGS Conference, Dallas-Fort Worth, TX,
November 1986.

Channel Selection for Multichannel Time Series Myoprocessor.
Proceedings of the 39th Annual Conference on Medicine
and Biology, Vol. 28, Baltimore, MD, September 1986.
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A 2D Force Feedback Monitor for Repeatable Muscle Contrac-
tions. Proceedings of the 39th Annual Conference in Med-
icine and Biology, Vol. 28, Baltimore, MD, September
1986.

Optimization of Amputee Prosthesis Weight
and Weight Distribution

Spatial Pattern Recognition Reference Model Building. Proceed-
ings of the 8th Annual Conference, IEEE Frontiers in
Health Care, Fort Worth, TX, November 1986.

H.B. Skinner, M.D., Ph.D.; C.D. Mote, Ph.D.; Siduey Sun; Elwood F. Agasid
Veterans Administration Medical Center, San Francisco, CA 94121

Sponsor: VA Rehabilitation Research and Development Service

Purpose—Past patient surveys, conducted by Re-
habilitation R & D at the VAMC in San Francisco,
indicated a desire by many patients for a “‘light
weight’” prosthesis. However, it is argued by some
researchers that too little weight in a prosthesis will
hinder maintenance of forward velocity. The pur-
pose of this project is to determine optimal weight
and optimal weight distribution characteristics of
AK amputee prostheses.

Progress—Determination of optimal prosthesis weight
and weight distribution will be accomplished via
examination of the mechanical energy required to
move the prosthesis and by measuring the amount
of energy or oxygen consumed in moving the limb.
Work energy principles will be applied in the analysis
of amputee gait to determine mechanical energy
requirements. Hot wire anemometry will be utilized
to measure translational velocity. The Douglas bag
technique will be employed to measure patient
oxygen consumption. This method provides a simple
and cost effective means of measuring energy ex-
penditure. The results will be expressed as rate of
oxygen uptake and net oxygen cost.

Results—Validation of mechanical energy velocity
measurement methods is nearing completion. Cali-
bration experiments of laboratory fabricated ho-
twires were performed and showed their feasibility
for the project. Commercially manufactured ho-
twires were purchased. They are currently being
calibrated and integrated onto a prototype AK pros-

thesis. Initial tests indicate that they will provide
good directionality and magnitude of velocity of
limb segment. A data acquisition system is currently
being configured based upon the laboratory com-
puter. This will enable the data from the hotwire to
be acquired in real-time by the computer. Analysis
of the data will then be performed according to
project protocols.

Energy consumption measurement validation is
nearing completion. Measurements are being per-

formed and analyzed
thus far correlate well

on normal controls. Results
with published data.

Materials for prostheses construction were pro-

cured and delivered

to a certified prosthetist. A

prototype AK prosthesis was fabricated for evalu-
ation purposes. In addition, the hotwires are being
integrated onto the prosthesis to accomplish velocity
measurements.

Future Plans—AK amputee patients are currently
being recruited to participate in the research project.
Initial response by recruitment survey has indicated
a desire by many patients to evaluate a “‘light
weight”’ prosthesis. Selection criteria for patients
will be based upon current physical condition and
overall condition of stump and prosthesis. Energy
cost determinations combined with gait parameter
evaluation, and motion analysis will be used to
determine the effects of mass, mass distribution and
motion. Ultimately this information will be used to
optimize prosthesis weight and weight distribution.
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Automated Fabrication of Lower Extremity Prosthetic Sockets

James Williams, M.D., and Thomas A. Krouskop, Ph.D.

Amputations and Limb Prostheses

Veterans Administration Medical Center, Houston, TX 77211 and The Institute for Rehabilitation and Research,

Houston, TX 77030

Spensor: VA Rehabilitation Research and Development Service

Purpose—The goal of the project is to explore the
feasibility of using computer-aided design (CAD)
techniques to reduce the hand labor associated with
above-knee prostheses.

Progress—The methodology for using computer-
aided design to predict the shape of a socket for use
in an above-knee prosthesis has been developed.
Shape data that characterizes the shape of the stump
have been collected from 15 above-knee amputees
using the shape-sensing equipment that was devel-
oped as part of this project. The methodology for
the shape data collection is currently being refined
to make it easier to use in the clinical environment.
Techniques are being developed to permit the ma-
chine to recognize movements of the limb that may
occur during the data collection. This refinement
will be used to alert the operator to the need for
repeating the data collection process. A computer
control ultrasonic instrument has been developed to
quantify the mechanical properties of the soft tissue
comprising the stump. This system has been used
to collect data on 15 above-knee amputees and many
normal volunteers.

We are currently studying how many readings
must be taken to accurately characterize the tissue
and we are studying which points on the stump are
most critical in calculating the rectified socket shape.
As part of this activity, we are studying how large

the tissue volume that is scanned needs to be to
produce repeatable data. We are also developing a
support system to reduce the tendency to contract
the muscles during a data collection session. The
shape and material property data have been used to
generate socket molds for 6 amputees. At this time,
we are modifying the algorithms to select either a
quadrilateral brim or NSNA brim.

Future Plans/Implications—Sockets for an additional
14 amputees will be fabricated to study when our
computer-aided design technique can be success-
fully used to fit the prostheses. We plan to continue
the instrument refinement and develop proper in-
struction manuals for the shape data collection and
the material characterization technique.

Publications Resulting from This Research

Salvage of Amputation Stumps by Secondary Reconstruction
Utilizing Microsurgical Free Tissue Transfer. Shenag S,
Krouskop T, Stal S, Spira M, Journal of the American
Society of Plastic and Reconstructive Surgery, 79(6):861-
870, June 1987.

A Pulsed Doppler Ultrasonic System for Making Noninvasive
Measurements of the Mechanical Properties of Soft Tissue.
Krouskop T, Vinson S, Journal of Rehabilitation Research
and Development, 24(2):1-8, Spring 1987.

Computer-Aided Design of a Prosthetic Socket for an Above-
Knee Amputee. Krouskop T, Muilenberg A, Dougherty D,
Winningham DI, Journal of Rehabilitation Research and
Development, 24(2):31-38, Spring 1987.
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C. Upper Limb

1. General

Improved Upper Limb Prosthetics Development Program

Dudley S. Childress, Ph.D.

Veterans Administration Medical Center, Chicago, 1L 60611
Sponsor: VA Rehabilitation Research and Development Service (Project #XA306-2DA)

Purpose—Progress in the development of new tech-
nologies, whether for general use in society or for
specialized use by persons with amputations, re-
quires continuous effort. No significant advances in
the field are possible without active, aggressive
investigations that continually question current prac-
tices and that continually try to develop improve-
ments. Satisfaction with the status quo inhibits
progress by its very nature. The technologies avail-
able for upper limb prostheses do not seem good
enough at this time for status quo to be a viable
operating option. Therefore, this upper limb pros-
thetics development program intends to create new
upper limb components in response to clinical needs
observed by the investigators in their attempts to
effectively fit a wide range of upper limb amputees.

The program consists of two parts. Project 1
concerns the development of powered prosthetic
fingers (including thumb); a new idea in powered
prehension prostheses. We believe this new devel-
opment will permit expanded versatility in prosthetic
hand rehabilitation, by permitting routine customi-
zation of powered hand configurations, and by
encouraging the conservation of the wrist joint in
severe partial hand amputation problems. We be-
lieve it is possible to fit partial hand amputees with
functional, cosmetic, and protective prostheses that
are also self-suspended and self-contained and that
allow full functional positioning of the prosthesis by
the wrist and arm. Powered prosthetic digits for the
hand can be used soon in common ways such as by
myoelectric control of several digits in partial hand,
wrist, and below-elbow fittings. In the longer view,
these components may permit the control of indi-
vidual digits, and help in studies of how individual
finger control can be integrated with the body to
produce functional, coordinated patterns of prehen-
sion activity,

Project 2 concerns the development of electro-

mechanical joint locking/unlocking components and
a cable recovery mechanism for the improvement
of body-powered and hybrid prostheses for upper
limb amputees. Upper limb amputees, particularly
those with high-level bilateral limb loss, frequently
can make good use of a body-powered, cable-drive
prosthesis. With proper harnessing, and with cur-
rently available components (sometimes modified),
an amputee can use one cable to control the useful
operations of opening-closing of a terminal device,
wrist supination-pronation, wrist flexion-extension,
and elbow flexion-extension. However, this control
requires that the amputee be able to lock and unlock
each joint and that each joint have movement in
one direction (in opposition to the cable-operated
direction) that is activated by a spring or by gravity.
Joint locks currently used are frequently difficult to
operate mechanically and the control sites for their
operation are sometimes hard to efficiently incor-
porate into the prosthesis. We plan to develop
locking and unlocking joint mechanisms that require
little effort to operate and that can be easily inter-
faced with the amputee. Although this project was
stimulated by problems of the high-level bilateral
upper limb amputee, the results may also be of
much significance to the more common unilateral
above-elbow amputee, because an electrically acti-
vated elbow locking/unlocking mechanism may greatly
improve proficiency of operation of this prosthesis,
allow a wide variety of control options (e.g., elec-
trical switches or myoelectric activation from biceps
brachii), and simplify harnessing.

We also propose developing a positive locking
shoulder joint that will use electromechanical lock-
ing/unlocking to enable a high-level amputee to
position the free swinging shoulder joint and to
positively lock it in favorable positions when so
desired.

An amputee using a body-powered system often
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uses up available cable excursion, especially when
fully flexing the elbow, and consequently has little
remaining excursion, along with an inefficient body
position, for cable operation of his terminal device
when in this position. We propose to develop a
practical cable recovery unit (an improvement upon

Cosmetic Covers for Upper Extremity
Prostheses (Male/Female)

Amputations and Limb Prostheses

one that was developed a number of years ago but
which is not now available) that will allow the
amputee to regain his excursion and his best force
operating range after using body power to flex the
elbow.

Robert A. Erb, Ph.D., and Lawrence Cerullo

Franklin Research Center, Philadelphia, PA 19103 and Veterans Administration Medical Center,

Philadelphia, PA 19102

Sponsor: VA Rehabilitation Research and Development Service

Purpose—An objective of this program is to develop
realistic and durable cosmetic covers for hand and
arm prostheses for men and women. Advanced
materials and techniques have been used in achiev-
ing this objective, including the concept of using the
subject’s remaining hand, where possible, for mir-
ror-image replication.

Progress—Activities and results include the follow-
ing:

The -approaches developed for primary molding
of the hand use addition-cure silicone rubber (sup-
plied with an inline mixer) to provide highly detailed,
dimensionally stable molds. For split molds, *‘zip-
strip”’ devices were developed to minimize seams.
These are preformed, flexible silicone-rubber strips
(straight or curved) with hemispherical or interlock-
ing keys on a separator-treated face. For evertable
molds, a rapid-curing, silicone backup material was
developed to provide greater tear resistance than
the other rapid-cure silicones.

Techniques were demonstrated for using, in part,
a subject’s remaining hand as a master for a cosmetic
cover. Involved here was the use of a 3-D reversing
pantograph for carving the general shape of the hand
and arm. Wax casts of the subject’s fingers, with
other wax overlays cast in silicone rubber molds,
plus texturized bridging between areas, provide the
reversed master from which a final mold can be
made.

A concept was made for an adjustable-size internal
skeleton for cosmetic covers. Active-hand proto-
types were made using pivoted, square telescoping
tubing with polyester film tendons for flexion and

torsion springs at each joint for extension. The use
was demonstrated of two tendons per finger (with
different phalanx attachment points), sequentially
actuated by one linear movement. The single-control
prototype hands (thumb plus two moving fingers)
show excellent dexterity and conformability in
grasping objects of various sizes and shapes.

Means were designed for quantitative pigmenta-
tion for intrinsic coloration. One approach involves
color triangles for covering the entire skin-tone
region in Munsell color space. Another approach
involves making silicone-rubber swatches with
translucent-over-opaque layers covering selected
colors of greatest interest.

Materials approaches used for flexible final molds
were: 1) castable polyurethane; and, 2) silicone
rubber with a surfactant-solution release agent ap-
plied. The latter was used for evertable molds for
making a cosmetic cover directly from a donor mold
(single use with present technology). Demonstration
cosmetic covers (male and female examples) were
fabricated with multilayer intrinsic coloration of
addition-cure silicone elastomer. Good realism was
achieved. A finished below-elbow prosthesis was
made with a cosmetic cover from an evertable donor
mold with a partial side seam (zip-strip). Kevlar-
reinforced epoxy was used for the socket.

Future Plans/Implications—This program was com-
pleted in April 1987. A proposal has been submitted
for a follow-on project to include continued devel-
opment and demonstration efforts, technology trans-
fer and training, and applications to active hands
and to lower extremity prostheses.
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Design of Prehension Systems for Upper Limb Amputees

Craig W. Heckathorne, M.S.E.E.; Dudley S. Childress, Ph.D.; Edward C. Grahn, B.5.M.E.; Hal Krick, C.P.
Veterans Administration Lakeside Medical Center, Chicago, IL 60611 and Prosthetics Research Laboratory,

Northwestern University, Chicago, 1L 60611

Sponsor: VA Rehabilitation Research and Development Service

Purpoese—The overall objective is to increase the
variety of powered prehensile devices available to
persons with upper limb amputations. Specifically,
we are proposing: 1) new utilitarian prehensile fin-
gers which are not based on the traditional hook
shape; 2) a cosmetic hand with high performance
characteristics; and 3) a utility-hand which would
serve as a compromise between utilitarian and cos-
metic designs but would have advantages of both,

The Use of CAD/CAM in the Design and

Development of a Range of Prosthetic Components for the Upper Limb

David Gow; Parviz Moghaddam; T.D. Dick; J.L. Murray

Progress—Refinements of the power-base actuator
for the prehension devices has been completed.
Several concepts for the utilitarian prehensile fingers
and for the utility-hand, developed in cooperation
with an industrial design team, are currently being
evaluated. Final designs will be carried through to
prototype fabrication and will be field-evaluated by
persons with amputations below the elbow.

Bioengineering Centre, Princess Margaret Rose Orthopaedic Hospital, Edinburgh EH10 7ED, Scotland, UK and
Department of Mechanical Engineering, Heriot Watt University, Riccarton Campus, Currie, Edinburgh,

Scotland, UK

Sponsor: Committee on Research for Equipment for the Disabled, Scottish Home and Health Department

Purpose—The aim of this project was to use the
design and fabrication facilities of the CAMX CAD/
CAM(computer-aided design/computer-aided man-
ufacture) system to eliminate model building time
in the development of upper limb prosthetic com-
ponents. The idea of developing modular upper limb
prosthetic components, which has now been adopted
as the main theme of research in Edinburgh, has
led to a joint project with the department of me-
chanical engineering at Heriot Watt University in
Edinburgh. Their expertise in the use of solid mod-
eling CAD/CAM techniques is being utilized in the
development and fabrication of a range of prostheses
from child to adult.

The main objective of this project was to eliminate
a large amount of the model building time normally
associated with prototyping. A midrange size of
prosthesis would be built and the results scaled up
and down to produce a ‘‘jigsaw’’ of pieces covering
all sizes of the range. The components would be
manufactured using the CAM facilities at the uni-
versity and would allow a greatly enlarged trial
number of patients to be fitted than could conceiv-

ably have been envisaged using conventional ma-
chining resources.

Progress—The design of a midrange hand size (half
way between smallest child and largest adult size)
was achieved using conventional design techniques.
The CAD facility was used to scale up and down
the variables necessary to achieve a full range of
sizes (six in all). The CAM resource was then used
to manufacture the various prosthetic components.
In addition, the CAD facility was used to model the
internal hand volume within which it was permissible
to place structural and power components.

Preliminary Results—Initially, we have achieved the
manufacture of power modules for body-powered
and externally-powered components as well as as-
sociated structural parts.

Future Plans/Implications—It is anticipated that the
complete “‘jigsaw’’ of pieces, from which we hope
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to be able to assemble any one of the six sizes of
prosthesis of the range, will be manufactured by the

Amputations and Limb Prostheses

fall of 1987. A full scale evaluation of the prostheses
will then be affected.

Further Research into the Use of Room Temperature Vulcanizing (RTV) Silicone Rubber

as a Cosmetic Glove Material for Upper Limb Prostheses

David Gow; C.M. Moedie; K. Quinn

Bioengineering Centre, Princess Margaret Rose Orthopaedic Hospital, Edinburgh EH10 7ED, Scotland, UK
Sponsor: Committee on Research for Equipment for the Disabled, Scottish Home and Health Department

Purpose-—~The aim of this study is to quantify and
evaluate the relevant mechanical properties of var-
ious commercially available room temperature vul-
canizing (RTV) silicones and to optimize the silicone
for use with upper limb prostheses.

The Bioengineering Centre has developed a proc-
ess for manufacturing complete cosmetic gloves for
functional and cosmetic prostheses from silicone
rubber. The Centre has now gained experience over
the last eight years in fitting over forty patients and
results show that the average life of these cosmetic
gloves is about three months. Despite much im-
proved cosmesis and cleaning properties, the gloves
tend to fail catastrophically rather than degrade
gradually. Therefore, this research is intended to
improve the strength and durability of silicone rub-
ber prosthetic coverings.

Research into a Modular Prosthetic Development for the Upper Limb

David Gow

Progress—A survey of available RTV silicones has
been undertaken and those suitable in terms of
pigmentability and handling strength determined.
Ten silicones in all have been isolated for research
purposes. Mechanical testing in the form of tensile,
tear and wear tests is being undertaken on ‘‘0’" ring
samples of the materials.

Preliminary Results—Initial results indicate that an
increase in mechanical strength of at least 30 percent
can be achieved with no loss of cosmesis.

Future Plans/Implications—It is intended to com-
plete the testing on all the silicone samples, but use
preliminary results to manufacture gloves for pa-
tient/laboratory testing to gain valuable field results
before the expiration of this research in July 1988.

Bioengineering Centre, Princess Margaret Rose Hospital, Edinburgh EH10 7ED, Scotland, UK

Sponsor: Lothian Health Board

Purpose—The objective of this study was to develop
a useful system of interchangeable components for
control, cosmesis, power and structure of artificial
upper limbs. From the previous experience gained
in the manufacture of body powered prostheses and
externally powered prototype limbs it was decided
that a series of components could be devised which
were interchangeable between different sizes and
different power regimes. The aims of this work are
to develop six sizes of prosthesis from child to adult
male. The work is to split into four areas: cosmesis,
control, power, and structure. Cosmesis is to be
based on room temperature vulcanizing silicone

elastomer. Control is to be based on interchangea-
bility between control regimes such as extended
physiological proprioception (EPP), electromy-
ogram (EMG), or switch control. Power is based
on body power and miniature gearboxes and 0.5 to
3 watt D.C. motors powering ballnut or ballscrew
actuators. Structure is to be based upon interchange-
ability of components between sizes and power
types, i.e., body-powered hand structure is identical
to electrical-powered hand structure.

Progress—Prototype hand components for the mid-
range hand size (size 3) were built and tested. Critical
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components which could be used in all six hand
sizes were identified and dimensions finalized. In
addition, six different types of actuator (three me-
chanical and three electrical) were built and evalu-
ated. Once the basics of power and structure were
determined, various control methods were tested
for incorporation into the final design. At this stage,
design modifications were made to allow for a good
cosmetic result to be achieved.

Improvement of Body-Powered Upper Limb Prostheses

Maurice LeBlanc, MSME, CP
Children’s Hospital at Stanford, Palo Alto, CA 94304

Preliminary Results—Preliminary results are very
encouraging. Working prototypes of both body-
powered and electrically-powered hands have been
build and are efficient and controllable. Final mod-
ifications to achieve optimum cosmesis are presently
in work. One trial patient has been fitted to determine
controlability. Patient response was enthusiastic and
encouraging.

Sponsor: National Institute on Disability and Rehabilitation Research

Purpose—The goal is to improve the acceptance and
use of body-powered upper limb prostheses by arm
amputees in the USA. The objective of this project
is to improve conventional arm prostheses by means
of a hydraulic force transmission system to replace
the present cable control system.

Progress—A hydraulic control system has potential
advantages of allowing the improvement in function,
comfort and appearance of conventional arm
prostheses. The first and major challenge is to design
and develop a system which can be placed inside
the prosthesis where it does not show and interfere
with clothing.

Preliminary Results—A proof-of-concept external
hydraulic control system has been built and tested
encouragingly with six amputees. An internal hy-
draulic control system has been built and tested in
the laboratory and found to be an unsuccessful
solution due to the size constraints of packaging all
the hardware inside the prosthesis. (Arm amputees
want the prosthesis to be smooth and soft on the
outside.)

Future Plans/Implications—Design and development
of a suitable hydraulic control system is continuing

in an attempt to find a satisfactory solution. Because
the force and excursion requirements of the prehen-
sor are critical to the control system and because
of renewed interest in voluntary closing operation,
new designs of prehensors are being explored. As
well as continued efforts on hydraulic control sys-
tems, a parallel effort will be applied toward: 1) the
development of a new elbow-extension controlled
below-elbow prosthesis which eliminates the shoul-
der harness; 2) the improvement in technology of
present cable systems; and 3) evaluation of new
designs of prosthetic prehensors.

Publications Resulting from This Research

Body-Powered Upper Limb Prosthetics. LeBlanc M, Abstracts,
ISPO V World Congress, June 29-July 4, 1986.

Study of Body-Powered Upper Limb Prostheses in Europe.
LeBlanc M, Report of Fellowship by International Ex-
change of Experts and Information in Rehabilitation, World
Rehabilitation Fund, September 5, 1986.

Do We Need a Prehensor Which Is Neither Hook Nor Hand?
LeBlanc M, Parker D, Nelson C, Proceedings of the Tenth
Annual RESNA Conference, June 19-23, 1987.

Making the Case for Body-Powered Upper Limb Prostheses.
LeBlanc M, Proceedings of the Tenth Annual RESNA
Conference, June 19-23, 1987.

New Designs for Prosthetic Prehensors. LeBlanc M, Parker D,
Nelson C, Proceedings of the Ninth International Sym-
posium on External Control of Human Extremities, August
31-September 5, 1987,
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Development of a Cosmetic Functional Prosthesis for Children

David Gow
Bioengineering Centre, Princess

Sponsor: REACH (The Association f

Purpose—The purpose of this research was to de-

sign, develop and fit a cosm

etic, functional pros-

thesis for children. The experience of the Bioengi-

neering Centre in producing
with enhanced cosmesis has,

functional prostheses
to date, mainly been

confined to adults. The knowledge gained has now
been applied to the construction and testing of a
miniature electric hand for children.

The research was aimed at building a small,
responsive prosthesis with silicone glove cosmesis.
In addition, research into battery systems and mod-
ular components would be attempted.

Progress—Prostheses were built using miniature mo-
tors and gearboxes mounted transversely to the
wrist. The actuators were tested in the laboratory,
undergoing a minimum of 10,000 opening and closing
cycles.

Preliminary Results—The prostheses produced were
remarkable for their compactness, seeming in effect

Research Into the Use of a Shape Memory

Alloy as a Power Assistive Component for Upper Limb Prostheses

David Gow

Amputations and Limb Prostheses

Margaret Rose Orthopaedic Hospital, Edinburgh EH10 7ED, Scotland, UK
or Children with Artificial Arms)

to be no more than ‘‘powered knuckles.”” The first
prototype was tested on a young transcarpal am-
putee. The patient used flexion and extension to
control opening and closing; control was good and
repeatable. The length of the prosthesis was an
excellent match to the remaining natural hand, and
cosmesis was excellent.

The second prototype produced a slightly higher
grip performance of 13N (3 Ibs force) at the finger-
tips, but was in fact more compact than even the
previous model. It would appear that all levels of
amputation from just-proximal to trans-metacarpo-
phalangeal joints could be accommodated with no
lengthening effect.

Future Plans/Implications—Different control re-
gimes, e.g., extended physiological proprioception
single-switch control, will be tested on these pro-
totypes and more patients will be fitted. in addition,
research is on-going into the use of smaller, more
compact battery systems.

Bioengineering Centre, Princess Margaret Rose Hospital, Edinburgh EH10 7ED, Scotland, UK

Sponsor: Women's Royal Voluntary Service

Purpose—This research is designed to investigate
the thermal properties and force generating capacity
of shape memory alloy (SMA) and its usefulness as
a power component in upper limb prosthetics.

Progress—The properties of the alloy of nickel and
titanium, called nitinol, are well documented; the
material exhibits the property of recovering from
large mechanical strains and generating a large
recovery force. This recovery is triggered at the
transition temperature which is dependent on alloy
composition and heat treatment. Maximum recovery
forces of around 600 N per mm square of cross-
sectional area can be achieved.

The heating and cooling of shape memory alloy
wire, 0.5mm and 1.0mm in diameter, is being in-
vestigated. The temperature of the wire is elevated
using electroheat and cooled under various regimes,
namely, natural convection, forced convection and
heat sinking. Actuators operating the prehensors of
a prosthetic device have been constructed using
nitinol wire and electric motors. Also, a purely
mechanical prosthesis has been constructed.

Preliminary Results—Initial results are encouraging
and suggest that the combination of a lightly geared
electric motor and nitinol transmission member can
give both high speed and large stall force capability.



42

Rehabilitation R&D Progress Reports 1987

In addition, the wire has been included in a wrist-
operated prosthesis to allow electromechanical power
assistance in a severely restricted space, which
would have precluded the use of a conventional
electromechanical device.

C. Upper Limb
2. Below-Elbow

Below-Elbow Prosthetic System

Future Plans/Implications—1It is intended to evaluate
the long-term performance of prostheses incorpo-
rating SMA and to optimize the control regime using
bench experimental models.

Dudley S. Childress, Ph.D.; Edward C. Grahn; John S. Strysik
Prosthetics Research Laboratory, Northwestern University, Chicago, 1L 60611

Sponsor: VA Rehabilitation Research and Development Service

Purpose—The objective of this project is to develop
a below-elbow prosthetic system with prehensor
(hook/hand) interchangeability and easily removable
modular components. The components consist of
the prehensors: a NUVA Synergetic Prehensor and
an electric hand, the signal processor circuit board,
the active electrodes, a ground electrode, a battery
pack, and a wrist connector that provides the me-
chanical and electrical connection between the pre-
hensor and forearm.

A Study of the Range of Motion of Human

Fingers with Application to Anthropomorphic Designs

Nitish V. Thakor, Ph.D., and Jeffrey C. Becker

Progress—The Veterans Administration Rehabili-
tation Research and Development Evaluation Unit
has purchased 20 systems for clinical evaluation
through VA Medical Centers. Commercial availa-
bility of this system to the consumer, through a
prosthetics facility, is expected in the near future.
This laboratory will continue to work with the
manufacturer in an advisory capacity.

Biomedical Engineering Department, The Johns Hopkins School of Medicine, Baltimore, MD 21205

Sponsor: Nursing Home Program Project of the The National Institutes of Health

Purpose—The multi-fingered human hand serves as
a model for the design of anthropomorphic manip-
ulators and prosthetic devices. Our objective is to
study the motion of the human hand and fingers.
We propose to conduct experiments and develop a
model to describe the range of motion of a human
finger. We hope that this can guide us in the design
of anthropomorphic manipulators. We hope to dem-
onstrate the technique with a prototype design.

Progress—We studied the anatomy of the human
finger, comprised of multiple joints, and tendons

actuating the movement of these joints. Based on
the modeling studies and data obtained from cadaver
fingers by others, we developed equations describing
tendon displacement from the rotation of two joints.
These data are presented in a range of motion plot.
We obtained range of motion plots for normal and
disabled fingers.

Preliminary Results—We have presented a technique
to analyze the range of motion and capability (in-
cluding) disability of human fingers. We have de-
veloped a prototype of a tendon-based finger. This
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prototype uses shape memory alloy actuator as a
tendon. Its design is preliminary because, at the
present time, it is quite limited in performance.

Future Plans/Implications—Our future plans are to
develop a model and an assessment technique for

multip]e, interacﬁng ﬁngers. This 1s ;‘mportant in
fully understanding the dexterity of human fingers.
Our prototype is currently quite limited because it

Amputations and Limb Prostheses

has a single tendon, and the SMA actuator is quite
inefficient and sluggish. We hope to improve the
design of the tendon-based actuators used in an-
thropomorphic fingers.

Publication Resulting from This Research

A Study of the Range of Motion of Human Fingers with Appli-
cation to Anthropomorphic Designs. Thakor NV, Becker
IC, IEEE Transactions of Biomedical Engineering, to be
published, 1987.

Powered Upper Extremity Prosthetics Research and Development Project:

Development of Child-Size Electromechanical Hands

M. Milner, Ph.D., P.Eng., C.C.E. and R. Galway, M.D., F.R.C.S.(C)
Hugh MacMillan Medical Centre, Toronto, Ontario M4G 1R8

Sponsor: Variety Club of Ontario, Tent #28

Purpose—The objective of this study was to develop
three sizes of hands to cover the age range from 2
to 12 years old. Presently, two sizes, the VV03 and
VV2-6 hands, have been developed and are now
being marketed. The final size is to be completed
this year. This hand is 20 percent larger than the
VV2-6 hand.

Progress—A new design of the Size #2 hand was
developed and a prototype built and tested. This
hand is to address the needs of children between 7
and 12 years old. The main feature of this design is
the utilization of a friction drive system in order to

An Examination of Hand Amputees and Two Prosthetic Options

L. Fay (Student), B.S¢.0.T.

reduce the noise level. Continuous bench testing
showed no consistent running current. This was
investigated. The friction drive unit was redesigned
and an updated prototype was fabricated and tested.
This model was cycle-tested continuously on the
bench for 250,000 cycles without any problems.
Most of the documentation is completed and some
details have been released for production.

Publications Resulting from This Research

A New Variety Village Electromechanical Hand for Child Am-
putees Less Than Two Years of Age. Al-Temen I, Mifsud
M, Spencer I, Milner M, Journal of the Association of
Children’s Prosthetic-Orthotic Clinics, 1986.

Hugh MacMillan Medical Centre, Toronto, Ontario M4G 1R8

Sponsor: None Listed

Purpose—This study has the following objectives:
D) to identify possible demographic and amputation
characteristics of the child hand amputee which may
affect prosthetic choice and use; 2) to determine the
types of prostheses used by the child hand amputee,
the extent of use, reason for use and functional
gains; and, 3) to gain information on prosthetic
satisfaction and areas of concern.

Progress—A questionnaire was developed by the
principal investigator and mailed to 38 hand ampu-

tees presently on active cases at the HMMC. In-
cluded with the questionnaire was an information
sheet and consent form. The data obtained were
categorized, coded, and analyzed. Nonparametric
analyses were conducted, consisting of frequency
and percentage distribution.

Results—The results indicated that those amputees
surveyed used either a spatula, standard below-
elbow, switch electric or myoelectric prosthesis.
Use of a specific type of prosthesis was not de-
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pendent on type of amputation. The myoelectric
prosthesis was used predominantly, particularly
among the younger subjects surveyed. Early pros-
thetic fitting was deemed important for positively
influencing future prosthetic use. Prostheses were
reported to be primarily used to increase function
as opposed to cosmetic reasons. Functional gains,

C. Upper Limb

3. Above-Elbow

Position-Servo Control of Upper Limb Powered Prostheses

however, were reported to be marginal. Prostheses
were used passively by the majority of the sample,
possibly as a result of many reported difficulties
associated with the prosthetic fitting of congenital,
unilateral hand amputees. These difficulties were
outlined. Implications for practice and research were
discussed.

Craig W. Heckathorne, M.S.E.E.; Dudley S. Childress, Ph.D.; Hal Krick, C.P.; Lew J. Leibowitz, B.S.E.E.;

John Strysik

Veterans Administration Lakeside Medical Center, Chicago, IL 60611 and Prosthetics Research Laboratory,

Northwestern University, Chicago, 1L 60611

Sponsor: VA Rehabilitation Research and Development Service

Purpose—Experience has shown that users of pow-
ered multi-joint prostheses must give considerable
attention to the control of these prostheses. The
effective use, i.e., with low mental loading, of more
than two powered joints in coordinated movements
does not appear possible using ‘‘velocity-control’’
approaches, e.g., switch and myoelectric control-
lers.

We are proposing to implement a force-actuated
position-servo controller, coupling an anatomical
joint(s) and a prosthetic joint(s), as a means of
achieving improved control of muiti-joint powered
prostheses. This type of controller is based on
Simpson’s concept of extended physiological pro-
prioception (epp). Position and velocity of the pros-
thetic joint are controlled by the anatomical joint.
And, because of the coupling between the joints,
the user is constantly aware of the position and
velocity of the prosthetic joint through the propri-

oception of the anatomic joint. The effectiveness of
this control has been demonstrated empirically in
Simpson’s applications to gas-powered prostheses
and experimentally in comparisons with velocity
control of electric-powered prostheses.

Progress—We are preparing to initiate a field eval-
uation of a prototype epp-controller, which uses a
commercially available thick-film force-sensitive re-
sistive material to transduce the force in the cable
coupling the user to the prosthesis. Our plans are
to fit an individual having an above-elbow amputa-
tion with a Hosmer NYU elbow modified for the
prototype controller. Methods of supporting and
harnessing the system are under development. The
initial fitting will have only the electric elbow con-
trolled by the epp-controller, with the terminal
device under myoelectric control.
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Implementation of Extended Physiological
Proprioception for Prosthesis Control

Amputations and Limb Prostheses

William G. Winter, M.D. and Lawrence E. Carlson, D.Eng.

Department of Orthopaedic Surgery, Veterans Administration Medical Center, Denver, CO 80220 and Department
of Mechanical Engineering, University of Colorado, Boulder, CO 80309

Sponsor: VA Rehabilitation Research and Development Service

Purpose—Extended physiological proprioception
(EPP) is a control concept that has demonstrated
certain advantages for the position-control of
prostheses. The goal of this project is to control a
Utah Arm with EPP, fit it to an above-elbow am-
putee, and evaluate its performance.

Progress—The Utah Arm with EPP control has been
fitted to the test subject at the University of Colorado
Health Sciences Center in Denver, using a trans-
parent check socket and a figure-eight suspension/
control harness. Initial attempts to control the arm
were very successful; the amputee could immedi-
ately position the elbow where desired with little
ambiguity.

Mechanical failure of a cable attachment halted
the experiment, but that problem is being corrected
by redesign of that portion of the transducer. In
addition, semiconductor strain gauges will be added
to reduce current drain in the system.

Extended-Limb Prostheses

Future Plans—When the cable attachment has been
reinstalled, the amputee will visit our laboratory at
the University of Colorado in Boulder, where he
will perform random tracking and blind positioning
tests while a computer data acquisition system
monitors his performance. Three variables will be
monitored: elbow angle, input displacement, and
feedback displacement. The tests will be performed
using both EPP and myoelectric control for com-
parison.

Preliminary studies of various candidates for an
optical transducer have been completed and a pro-
totype is in the design stage. The plan is to use the
new transducer to control a Boston Elbow, which
will be furnished by Liberty Mutual Insurance Com-
pany. A suitable subject for these trials has been
located. Fitting will commence when the new system
is operational.

Edward C. Grahn, B.S.M.E., and Hal Krick, C.P.

Rehabilitation Engineering Program, Northwestern University, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Research

Purpose—The objective of this project is to deter-
mine if, under some conditions, simple extensions
of the limbs of persons with high level, upper limb
amputations can be more effective functional tools
than conventional types of prostheses.

Progress—One concept is a prosthetic socket with
a device attached to its immediate distal end that
will enable a person with an above elbow amputation
to write more easily. This would utilize a writing
device that is now commercially available but which
is intended for a hand orthosis. It comes with three
interchangeable tips that allow the user to choose
among a pencil, a pen, and an eraser.

The first subject for a clinical evaluation of this

concept is a young man, 30 years old, with traumatic
amputations above elbow bilaterally and hip disar-
ticulation on the right side. He was fitted bilaterally
with above elbow prostheses; a lower limb pros-
thesis allowed the subject to walk quite well. A
prosthetic socket with a writing device attached to
the distal end was fabricated for his right (dominant)
side. This is intended to replace the standard pros-
thesis only when the subject wants to write; writing
is its only function. The subject was able to write
legibly, in fact he stated that it resembled his hand
writing prior to the accident that caused the ampu-
tations. He was readily able to change tips to choose
between pen and pencil. He found the device useful
and wanted to keep this prosthesis for use at home.
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The next step in development is to incorporate
this device into a standard prosthesis so that the
user does not require someone to change the entire
prosthesis whenever he wishes to write. Two schemes
have been developed. The first scheme will require
a simple disconnect mechanism that can be operated
by the person wearing the prosthesis to permit easy
removal of that part of the prosthesis distal to the
writing device. The mechanism must also contain
electrical contacts when electrical components are
distal to this point and electrodes or switches and/
or battery cables are proximal. The disadvantage of
this scheme is the dexterity required to detach and
reattach the distal prosthesis. The advantage is that
with the distal portion removed, the user has good

An Electric Artificial Limb for Children Without Limbs

visibility of the writing device.

The second scheme is to provide a second hinge
on the anterior aspect of the humeral section which
is proximal to the elbow mechanism of the pros-
thesis. Unlatching the second hinge would allow the
user to flex the elbow mechanism and forearm as a
unit against the humeral section, exposing the writ-
ing mechanism. The advantage of this scheme is
that no portions of the prosthesis need be completely
separated, and unlatching would not require any
adroitness. The disadvantage is that the flexed por-
tion would limit visibility of the writing device.

Future Plans—Both schemes will be clinically eval-
uated on amputee subjects.

Craig W. Heckathorne, ML.S.E.E.; Dudley 8. Childress, Ph.D.; Edward Grahn, B.S.M.E.; Hal Krick, C.P.;

John Strysik

Rehabilitation Engineering Program, Northwestern University, Chicago, TL 60611

Sponsor: National Institute on Disability and Rehabilitation Research

Purpose—The objective is to develop an artificial
arm that can be used by children who are born
without arms. To provide effective control of the
arm, we will be implementing a force-actuated po-
sition-servo controller based on Simpson’s concept
of extended physiological proprioception (epp).

Progress—A prototype epp-controller has been de-
veloped and implemented on the NU/Michigan Arm.
This arm is a child-size prosthesis (for children ages
3-6 years) developed by our laboratory for the Area
Child Amputee Center (ACAC) in Grand Rapids,
Michigan. Four of these arms have been constructed
for the ACAC and are presently controlled with

Quantification of the Functional Capability of

switches.

The epp-controller is configured as a force-acti-
vated position control system. The force in a cable
coupling the child’s shoulder to the forearm of the
prosthesis controls the direction of movement of
the forearm and, proportionally, the width of the
drive pulses delivered to the elbow motor. The
position of the child’s shoulder determines the po-
sition of the forearm relative to the humeral com-
ponent. A force-sensitive resistive material is used
to transduce the force in the coupling cable. Methods
of mounting and harnessing the prosthesis are under
investigation preliminary to a clinical fitting.

Upper Extremity Amputees

Neville Hogan, Ph.D.

Massachusetts Institute of Technology, Cambridge, MA 02139

Sponsor: National Institute on Disability and Rehabilitation Research

Purpose—The goal of this project is to develop and
apply a technique for quantification and measure-
ment of the upper-extremity functional capability of
able-bodied and disabled persons. Quantifying the
disability due to upper-extremity amputation is the
primary concern, though the techniques developed

may have application to other upper-extremity dis-
abilities. The techniques which have been developed
are practical and have been derived from a deep
understanding of the kinematic, dynamic, and neural
aspects of upper-extremity motor behavior. Per-
formance is measured on specific tasks that repre-
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Amputations and Limb Prostheses

Preliminary Results—We then compared the ability
of 1) an intact arm braced in this way, 2) an
unencumbered intact arm, and 3) an amputee using
a Boston Elbow (a myoelectrically controlled, ex-
ternally powered, electromechanical elbow pros-
thesis) to perform the crank-turning task. We found
that (as expected) the performance of the unencum-
bered intact arm was significantly different from
that of the prosthesis. We also found that the
performance of the braced intact arm was essentially
indistinguishable from that of the prosthesis.

The significance of this result is that by simply
degrading the mechanical performance of an intact
elbow, we could reproduce the movement strategy
and kinematic performance of an amputee using a
prosthesis. Although factors such as neural damage,
sensory loss, etc., are undoubtedly important con-
tributors to an amputee’s disability, the difference
in mechanical performance of the elbow alone is
sufficient to account for the observed differences
between the performance of the unencumbered in-
tact arm and the prosthesis. We conclude that a
controllable, functioning elbow is important for an
upper-extremity amputee.

Publications Resulting from This Research

Quantitative Functional Assessment of Elbow Prostheses. Abul-
Haj, C, Hogan N. Proceedings of the 39th Annual Con-
ference on Engineering in Medicine and Biology, 100,
September 1986.

Multivariable Mechanics of the Neuromuscular System. Hogan,
N. Proceedings of the 8th Annual Conference of the IEEE
Engineering in Medicine and Biology Society, 594-598,
November 1986.

Moving Gracefully: Quantitative Theories of Motor Coordination.
Hogan N, Flash T, Trends in Neurosciences, 10{4):170-
174, April, 1987.

Controlling Multi-Joint Motor Behavior. Hogan N, Bizzi E,
Mussa-Ivaldi FA, Flash T, Exercise and Sport Sciences
Reviews, Vol. 15, 1987.

Coordinating Multi-Joint Motor Behavior. Hogan N, Proceed-
ings of the ASME 1987 Biomechanics Symposium, AMD,
84:383-386, Cinncinati, OH, June 1987.

Quantitative Assessment of the Importance of Elbow Prosthesis
Dynamic Behavior in the Performance of Manual Tasks.
Hogan N, Miller C, Proceedings of the RESNA 10th Annual
Conference, 193-195, San Jose, CA, June 1987.

Quantitative Functional Assessment of Control Systems for Upper-
Extremity Prosthesis. Abul-Haj C, Hogan N, Proceedings
of the RESNA 10th Annual Conference, 284-286, San Jose,
CA, June 1987.

Apn Emulator System for Developing Improved Elbow-Prosthesis
Designs. Abul-Haj C, Hogan N, IEEE Transactions on
Biomedical Engineering, 1987. (In press)
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Control of Metrical and Timing Precision in Human Movement

Paul J. Cordo

Good Samaritan Hospital and Medical Center, Portland, OR 97210

Sponsor: National Institutes of Health

Purpose—This study proposes to investigate central
nervous system control strategies used to produce
accurate movements. Control of voluntary move-
ment is viewed in this study as a stratified process
with several levels of control: 1) movements are
initiated by high level construction of open-loop
motor commands, which are 2) executed from a
reference frame stabilized by a postural control
system, and are 3) modified by sensory feedback
during both command execution (‘‘concurrent feed-
back’’) and after movement completion using knowl-
edge of results (“‘delayed feedback’’). Skilled move-
ments and isometric force production are evaluated
in terms of these three control mechanisms.

Adult, human subjects will track various wave-
forms presented on a visual display by exerting force
on a manipulandum with their elbow musculature.
Comparison will be made of motor accuracy under
a variety of conditions affecting: 1) the predictability
of the stimulus (tracking waveform) amplitude; 2)
the availability of visual feedback; 3) the degree of
postural stability; and, 4) movement of the elbow
joint. In most experiments subjects will track step

Two-Degree-of-Freedom, EPP-Based Arm Prosthesis for Above-Elbow Amputees

R. Seliktar, Ph.D., and D.C. Baer, Bh.A.

waveforms on an oscilloscope screen, while, in one
experiment designed to distinguish between strate-
gies subserving timing and metrical movement pre-
cision, graphical displays will be more complex.
Electromyographic activity will be recorded from
appropriate muscles during tracking experiments in
order to characterize movement strategies at a level
of peripheral neural commands to muscles. Ampu-
tees fitted with myoelectrically controlled arm
prostheses will be used in several phases of this
study. In one experiment, these individuals will be
used as a model of the ‘‘deafferented arm,’” in order
to characterize this role of peripheral somesthetic
feedback in the control of accurate movements in
normal subjects.

In addition, a pilot experiment is proposed which
directly addresses the problem of user control of
multiple degree-of-freedom powered arms. It is hoped
that the latter experiment will lead to the develop-
ment of a large-scale research and training program
for amputees at Good Samaritan Hospital and Med-
ical Center.

Department of Mechanical Engineering and Mechanics, Drexel University, Philadelphia, PA 19104

Sponsor: National Institutes of Health

Purpose—The general intention is to develop an
externally-powered mechanical arm prosthesis with
two degrees of freedom. It will consist of a powered
elbow and a three-finger, single-joint prehensile
device.

An Extended Physiological Proprioception (EPP)
control system is being developed to provide the
greatest range and restoration of function. The EPP
concept is based on the use of residual joints with
intact proprioception to provide the subject with an
intuitive knowledge of the position of the artificial
arm as long as there is a rigid attachment to a
member of the body. Controller circuits and trans-

ducer systems have been investigated for the control
system where the arm is always directly related to
the position of the shoulder joint.

Progress—Our earlier research utilized shoulder har-
nesses, via biscapular movement, to provide the
control signals. The position sensors were mercury-
filled Silastic tubing mounted to the elastic material
of the harness, which failed often and had a short
lifetime. Therefore, other methods were sought to
determine intent for motion. A bending-type biaxial
strain-gauged transducer was developed to monitor
two degrees of freedom of motion of the acromion
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Quantification Functional Assessment of

Control Systems for Elbow Prostheses

Neville Hogan, Ph.D.

Amputations and Limb Prostheses

output from the amplifiers. The result showed a
linear relationship within 2 percent for the output
of the amplifiers, which serves as the input to the
control circuit. The position of the arm is monitored
with the aid of the linear feedback potentiometer
circuit which produces a voltage proportional to the
angle of the elbow. The input voltage was compared
to the position of the arm. The result was also linear
within 5 percent, which meant that the control circuit
was functioning as designed. The entire system was
tested by comparing the flexion of the transducer
to the position of the elbow, which also yielded a
linear relationship within 5 percent. Dynamic tests
were performed with the aid of the computer model
operating in real-time. The model predicted the
output of the controller circuit; whether to turn on
the motor, and in which direction. The model was
fed the same inputs as the controller board and at
the same time. There was better than 90 percent
correlation with the actual motor drive signals (which
were also fed to the computer to make analysis
easier).

Future Plans/Implications—The arm system cur-
rently under development has shown promise in
meeting the design requirements of an extended
physiological proprioception-based system or posi-
tion control arm for above elbow amputees. It is
compact, with good functionality, and will also be
easy to learn how to use due to the intuitive nature
of EPP.

Massachusetts Institute of Technology, Cambridge, MA 02139

Sponser: National Science Foundation and Whitaker Foundation

Purpose—The goal of this project is to develop
better upper-extremity prostheses. At present, our
primary concern is with elbow prostheses for above-
elbow amputees, though the technology developed

may have application to other

assistive devices. A

key feature of the research program is that a major
component of the effort is focused on the quanti-

tative assessment of the funct
isting and proposed prosthesis

ional benefits of ex-
designs.

Progress—To accomplish a convincing quantitative
assessment of prostheses in a laboratory environ-
ment, a new, practical technique was developed for
the design and evaluation of elbow prostheses. A
high-performance, computer-controlled elbow pros-
thesis emulator has been built. The device may be
programmed to emulate the behavior of any elbow
prosthesis, existing or proposed. The device is worn
by an amputee and the evaluation of a prosthesis
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design is based on a quantitative assessment of the
amputee’s ability to perform tasks representative of
activities of daily living.

There are many advantages to this approach, but
probably the most important is that the experiments
to assess functional performance can be controlled
rigorously. A broad range of prosthesis character-
istics can be tested experimentally, merely by re-
programming the device. Other variables such as
the weight of the prosthesis, the type of body
attachment, the physical and mental condition of
the amputee, the extent of sensory loss or neural
damage—all remain unchanged. Modifying a single
feature of a prosthesis design while keeping other
variables constant allows the effect of that feature
to be distinguished.

Results—OQur technique for quantitative assessment
of the amputee’s functional performance has been
described elsewhere (see the report “*Quantification
of the Functional Capability of Upper Extremity
Amputees’” in JRR&D Progress Reports 1986). To
quantify performance precisely, we have investi-
gated one simple but representative task: turning a
crank in a vertical plane. Turning a crank is repre-
sentative of important tasks an amputee may need
to perform (e.g., opening a drawer or opening a
door).

This system was used to assess the importance
of the control strategies used in elbow prostheses.
Most externally-powered prostheses are velocity
controlled. The control signal (e.g., the position of
a switch or the difference between the activities of
two relevant muscles such as the biceps and triceps
fragments in an amputee’s upper arm) is used to
determine the speed of elbow motion. One advantage
of this strategy is that fixed posture may be main-
tained without effort. However, a drawback is that
the operation of the prosthesis is quite unnatural.

A more natural strategy is impedance control.
This is a new approach which has been inspired by
studies of how the brain controls natural motor
behavior. The difference in the myoelectric activities
of two relevant muscles is used to determine the
motion of the prosthesis. The sum of the activities
modulates the impedance of the prosthesis, the way
it moves in response to external loads. Using this
control strategy, the prosthesis mimics the natural
compliant behavior of the intact arm.

The ability of an amputee to perform the crank-

turning task was compared, using: 1) the new imped-
ance control strategy; and 2) a velocity control
strategy similar to that used in the Boston Elbow (a
myoelectrically-controlled, externally-powered,
electro-mechanical elbow prosthesis). Turning a crank
can be difficult when using an artificial limb as the
mechanical joint (e.g., the elbow) must be coordi-
nated with the natural joints (e.g., the shoulder).
An analysis of the mechanics of crank-turning showed
that there are critical points along the crank trajec-
tory where shoulder/elbow coordination is essential.
At one of these points, the elbow reverses its motion,
and cannot contribute any force to driving the crank;
this must be accomplished by the shoulder. At the
other -point, the roles of shoulder and elbow are
reversed.

When using the velocity control strategy, the
amputee rapidly reversed the elbow driving torque
at the point of elbow reversal. This rapid reversal
required precise timing of muscle activities, and the
amputee slowed down markedly near the point of
elbow reversal, apparently pausing to identify the
correct moment to switch. In contrast, using the
impedance control strategy, the amputee could eas-
ily coordinate the artificial elbow joint with the
natural shoulder joint. The motion was faster and
smoother and the reversal of elbow motion was
accomplished with a much more gradual reversal of
elbow driving torque. Because this control strategy
does not require precisely timed switching of muscle
activities, the concentration required of the operator
is reduced, and the amputee reported that the task
was much easier to perform with this controller.

Implications—These results show that the control
strategy used in a prosthesis has a major influence
on its functional benefit to an amputee and that
impedance control offers significant advantages over
velocity control.

Publications Resulting from This Research

Quantitative Functional Assessment of Elbow Prostheses. Abul-
Haj C, Hogan N, Proceedings of the 39th Annual Confer-
ence on Engineering in Medicine and Biology, p.100,
September 1986.

Multivariable Mechanics of the Neuromuscular System. Hogan
N, Proceedings of the 8th Annual Conference of the IEEE
Engineering in Medicine and Biology Society, pp.594-598,
November 1986.

Moving Gracefully: Quantitative Theories of Motor Coordination.
Hogan N, Flash T, Trends in Neurosciences 10(4): 170-174,
April 1987.
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Controlling Multi-Joint Motor Behavior. Hogan N, Bizzi E,
Mussa-Ivaldi FA, Flash T, Exercise and Sport Sciences
Reviews Vol. 15, 1987.

Coordinating Multi-Joint Motor Behavior. Hogan N, Proceed-
ings of the ASME 1987 Biomechanics Symposium,
AMDB4:383-386, Cinncinati, OH, June 1987.

Quantitative Assessment of the Importance of Elbow Prosthesis
Dynamic Behavior in the Performance of Manual Tasks.
Hogan N, Miller C, Proceedings of the RESNA 10th Annual

A Microprocessor-Controlled Prosthesis with

Amputations and Limb Prostheses

Conference, 7:193-195, San Jose, CA, June 1987.

Quantitative Functional Assessment of Conirol Systems for Upper-
Extremity Prostheses. Abul-Haj C, Hogan N, Proceedings
of the RESNA 10th Annual Conference, 7:284-286, San
Jose, CA, June 1987.

An Emulator System for Developing Improved Elbow-Prosthesis
Designs. Abul-Haj C, Hogan N, [EEE Transactions on
Biomedical Engineering, 1987 (in press).

Extended Physiological Proprioception

Micheal D. O’Riain, Ph.D., P.Eng. and David T. Gibbons, Ph.D., P.Eng.
The Rehabilitation Centre, Ottawa, Ontario, Canada K1H 8M2 and the University of Ottawa, Ottawa, Ontario,

Canada KIN 6N5

Sponsor: The Natural Sciences and Engineering Research Council, Canada; The Royal Ortawa Hospital,

and the University of Ottawa

Purpose—The objective of this project was to assess
the effectiveness of Extended Physiological Propri-
oception (EPP) in positioning the terminal device of
our microprocessor-controlled prosthesis. The bench
prototype prosthesis was equipped with an electri-
cally powered hand, wrist, and elbow. Shoulder
position on the amputated side was used as input.

Progress—Tests have been performed to determine
the degree of position proprioception obtained with
a single input/output relationship. The results have
shown that our system with EPP was significantly

superior to all other systems for controlling the
position of the terminal device of an externally
powered prosthesis.

Future Plans/Implications—Our system is equipped
to handle up to eight different input/output relation-
ships (which we term linkages). This is a departure
from conventional EPP, but it will increase the
usefulness of the prosthesis. However, an as yet
undetermined loss in positioning accuracy will result
from the use of more than one linkage. A major
study is being undertaken of this factor.

Powered Upper Extremity Prosthetics Research and Development Project:

Development of a Child-Size Electromechanical Elbow

M. Milner, Ph.D., P.Eng., C.C.E. and R. Galway, M.D., F.R.C.5.(0)
Hugh MacMillan Medical Centre, Toronto, Ontario M4G IR8

Sponsor: Variety Club of Ontario, Tent 28

Purpose—The objective of this study was to develop
a miniature child-size electromechanical elbow.

Progress—The initial design requirement was to
design a basic mechanical joint without a free swing
feature and to provide a unit which could be covered
by the prosthetist at fitting. The size of this elbow
is to be suitable for children from 3 to 6 years old.
The device utilizes the motor/friction drive assembly
from the VV812 elbow which is already in produc-
tion. The final stage of this drive is a worm-and-
wheel combination.

Results—Although it is very desirable to cover this
unit at fitting, routing the internal wiring proved to
be difficult and the need for a passive humeral
rotator was identified. As a result, a second proto-
type will be designed and fabricated to resolve these
problems.

Publication Resulting from This Research

A New Variety Village Electromechanical Elbow and Forearm
for Juvenile Amputees. Al-Temen 1, Mifsud M, Spencer J,
Milner M, Journal of the Association of Children’s Pros-
thetic-Orthotic Clinics (in press).
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Purpose—It has long been recognized that the suc-
cess of a prosthetic fitting, in terms of utility to and
utilization by the amputee, depends on the quality
of the interface between the amputee and the pros-
thesis. The objective of the muscle site identification
project is to improve the quality of the myoelectric
prosthetic interface and the efficiency of the provi-
sion of myoelectric prostheses through the devel-
opment and implementation of a new method for
identifying optimal muscle sites for electrode place-
ment in myoelectric prostheses.

Progress—Two projects intended to improve the
process of muscle site identification have been
completed at HMMC in the past few years. The
first is a 2-channel data acquisition system which
processes the myoelectric signal from two muscles
simultaneously and dynamically displays the my-
oelectric signal activity in digital form. A record of
the maximum signal obtained is also displayed to
aid the therapist in comparing signals from various
muscle sites.

The second project is a 4-channel data acquisition
system which processes the signals from four elec-
trodes placed symmetrically about a common ref-
erence electrode. There is a digital display of the
four signals corresponding to the four electrodes
and an analog display indicating to the therapist the
direction of increasing signal strength.

The objective of this project is to reduce the

possibility of error in the determination of the
“maximal’’ site by relying on the relative signal
strengths of the four channels from a single con-
traction instead of comparing absolute signal levels
from separate contractions. In addition, it is ex-
pected that use of this system would save time in
the determination of the site of maximal signal
activity.

Preliminary Results—The following improvements
to the projects described have been proposed: 1)
the electrode probe-in compares longitudinally (elec-
trodes 1 and 3) and transversely (2 and 4) derived
signals. A new probe which compares longitudinally-
derived signals in all directions (I-3, 2-4, 5-6, and 7-
8) has been designed; 2) the two data acquisition
systems discussed above will be integrated for ease
of use in a clinical setting; 3) the software for the
muscle site identification will be upgraded. Cur-
rently, the display does not respond as quickly as
the changing averaged signal. In addition, the current
program does not maintain a running average of the
incoming signal; 4) the proposed program will cal-
culate the rate of rise of the processed myoelectric
signal so that the amputee can be evaluated for
eligibility to use a rate-sensitive prosthesis; 5) the
program will indicate to the therapist if the level of
cross-talk is acceptable for a particular muscle site;
and 6) the clinical procedure for utilizing the appa-
ratus will be developed and documented.
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