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A review of prosthetic interface stress investigations
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Abstract—QOver the last decade, numerous experimental and
numerical analyses have been conducted to investigate the
stress distribution between the residual himb and prosthetic
socket of persons with lower limb amputation. The objectives

of these analyses have been to improve our understanding of

the residual hnbdprosthetic socket systent, o evaluate the
influence of prosthete design parameters and alignment
variations on the interface stresy distribution. and to evaluate
prosthetic fit. The purpose of this paper is to summarize these
experimental investigations and identify  associated limata-
tions. [n addition, this paper presents an overview of various
computer models used to nvestigate the residual  limb
interface, and discusses the dilferences and potential ramilica-
tions of the various wodeling formulations. Finally, the
potential and future apphcations of these experimental and
nurmerical analyses in prosthetic design are presented.

Key words: ampuiaiion, finite element anelysis, pressure,
prosthetics, stress.

INTRODUCTION

A prosthesis Is often used 1o restore appearance
and functional mobility to individuals following lower
hmb amputation. Coupling between the residual limb
and the prosthesis is typically achieved by a socket,
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which surrounds the restdual hmb, and to which the
remaining components ol the prosthesis are attached. In
current  prosthetic practice, the socket is a  critical
element of a successful prosthesis, as 1t is the sole
means of load transfer between the prosthesis and the
residual limb.

The soll of the rwesidual limb  are not
well-suited for load bearing, and the load tolerance of

tissues

the residual himb  depends on the biological  and
physiological structure of  these  tissues. Whenever

tissues are exposed (o excessive or protonged loading,
there 18 a risk of tssue trauma due w local circulatory
deficits andfor abrasion. Thus. for persons with lower
limb amputation, where large loads must be borne by
the soft tissucs, great care s taken m the design ol the
prosthetic socket to minimize discorafort and possible
tissuc trauma, Other arcas of rchabilitation where soft
tissues are exposced to load are subject to
problems (seat cushion and mattress design for wheel-
chair  and  bednidden  subjects,  orthotic braces,
orthopacdic walking casts, and pedorthics Tor individu-
als with insensate feet, for example). Nevertheless,
although a review paper on inferface stress has rel-
cvance to many arcas. Uns paper will focus on soft
tissuc/support systems for persons with amputation.

similar

One socket design that has shown success in
halancing the physiological and the load-bearing factors
for persons with below-knee (BK) amputation is the
patellar-tendon-bearing (PIB) socket. imitially  devel-
oped at the University of Calilornia at Berkeley in the
late 1950s. The basic concept of the PTB prosthetic
socket 15 to distribute the load over arcas of the residual
limb in proportion to the ability of the tissies to tolevate
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load. Load is borne primarily on the patellar tendon
{hence the socket’s name), medial and lateral (lires of
the tibia, and poplitcal arca. The socket pre-compresses
the tissues of the residual fimb in these load arcas so
that lorces may be preferentially distributed and the
movement of the socket relative to the skeleton is
minimized. The PTB socket 1s thus not a replica of the
residual limb. but instead includes appropriate shape
modifications (rectifications) so that pressure tolerant
arcas bear the majority of the load and pressure
sensitive relicved of load. These shape
modifications vary for each person with amputation and
each prosthesis, due to differences in residual hmb
seometry, tissue stiffness, and load tolerances of the
Lissues.

The fitting of a prosthests is an cmpirical process.,
The prosthetist has no quantitative information regard-
ing the load distnibution ot the soft tissues and must rely
on whal he/she has been taught andfor has experienced,
feedback from the patient. and indirect indications of
load {i.c., skin blanching) to gage socket fit. Knowledge
of the interface stress distribution between the residuoal
limb and the prosthetic socket would enable objective
evatuation ol prosthetic fit, and mmght advance pros-
thetic  socket design  through  direct  application  of
science and enginecring.

It is this desire for quantitative description of
prosthetic interface stress distribution that has motivated
the cxperimental and numerical investigations summa-
rized in this paper. The ohjective of this paper 18 to
provide a summary of past work. to discuss the
limitations  and  potential  sources of error of such
investigations, and to specudate on work made possible
through advances in pressure/force transducer designs
and/or computer hardware, computational methods, and
computer soltware.

areas  dare

Experimental Analyses

Several groups have nvestigated the stress distri-
bution between the residual limb and prosthetic socket
for both persons with BK and above knee (AK)
arnputation i laboratory andor clinical settings. Vari-
ous means of pressure measurcment have been used to
investigate the elfects of prosthetic azlignment, relative
weight-bearing, muscle contraction. socket liners. and
suspension mechanisms on the interface pressure distri-
bution (Table 1, 1-27). Most experimental
measurements bave been himited 1o specific sites around
the limb. as measuremcents can only be obtained at
transducer locations. Note (hat [or the purposes of this

stress

paper, pressure will be cquated with normal stress, and
shear will be cqualed with the tangential stresses.
Therefore, complete description of the interface stress
distribution includes both pressure and shear.

Dircet comparison of the results of these experi-
mental  Investigations 18 difficult, as  the  interface
pressure measures are highly dependent en both the
means of measurement {i.c., type of transducer) and the
calibration method cmployed. The transducers devel-
oped by Sanders (20) and Williams et al. (6) arc the
only trunsdocers that enable simullaneous measurement
of pressure and stresses. Ferguson-Pell  has
reviewed several key factors in transducer use and
sclection relevant to stress measures between the soft
tissues of the body and a support structure (28,29).

The majority of the nterface pressure measuring
techniques summanzed in Table 1 require fabrication of
special sockets. These techniques have limitations in
that the mounting of the pressure transducers in the
socket requires that ports be tappedidrilled into the
socket wall, permanendy altering the prosthesis: the
transducers are expensive: and the nterface pressures
arc obtained for only a relatively small portion of the
interface. In addition, many pneumatic transducers do
not have sufficiently quick response to ¢nable pressure
measurement during dynamic loading (l.e.. gait). Hy-
draulic may be temperature  sensitive  and
difficult to calibrate. The calibration of all of these
transducers is critical to data analysis and interpretation.
Transducers designed for hydrostatic/pncumatic applica-
tions, but subjected to mechanical load. neced to be
calibrated appropriately (12,13}, Finally, because of the
fimite thickness ot the transducer and/or stiffness
incompatibility of the transducer and the intertace
materials, transducers placed belween the residual limb
and the presthetic socket may create stress concentra-
tions that result In measurement anomalies.

Recent commercial developments include systems
to mecasure Interface stresses for both scating  and
prosthetic systems, These systems were designed for
routing climeal application. and thus do not require
modiicauon of the seat cushion andior prosthetic
socket.

Tekscan, Inc. (Boston, MA) markets several bio-
mecical pressure measurement systems, including sys-
terits o analyze tooth pressure (dental occlusion), foot
pressure (303, seal pressure, and hospital bed pressures.
Fuchi of these systems utilizes a grid-based sensor in
which the rows and columns are separated by a polymer
whose elecmmical resistance varies with force. These

shear

SENSOTS
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Tahle 1.

Sumimary of experiniental residual lower-limb interface pressure studies reported in the
literature.

Investigation Transducer type Reference

quintification of Jdye-impregoated socks (1} Meier ot al

prosthetic tit

prosthetic Tiner ettects

slignment vuriation eftects

lovad state vanutons

ellects of muscie contraction

suspension ctfects

finute element model
validation

transducer protrusion

dynamic loading

flexible foree transducer
hydraulic transducer
hydrantic transducer
diaphragm trapsdueer array
diaphragm transducer array
beam transducer
diaphragm transducer
diaphragm transducer
diaphragm transducer

diaphragm transducer

diaphragm transducer
diaphragm transdocer

diaphragm transducer

diaphragm/beurmn transducer

diaphragm transducer

PSR (Tekscan)

(N
{2)
{3
(4}

(51

(o)
(6)
{73

("

{8)
(9)

(10
(11
()
(13}
(14}
(15}
(16)
(17}
(18}
(19}
(20)
(21}
(22)
(23

(24}
(25)

(26)
(27}

Meier et al.
VanPijkeren et al.
Isherwood

Rac & Cockret

Sonck et al.

Appoldt & Bennett
Appaldt & Bennett
Pearson et al.

Pearson ¢t al
Pearson et al,

Burgess and Moore
Ching et al.

Steege et al.

Steege ct al.

Steege & Childress
Steege & Childress
Brennan & Childress
Silver-Thom
Silver-Thorn & Childress
Silver-Thorn ct al.
Torres-Morene et al.
Sanders

Sanders et al.
Sanders & Daly
Sanders et al.
Sanders & Daly

Appolde et al.
Springer & Engsberg

Engsberg et al.
Houston et al.

sensors have recently been incorporated inte a pros-  of the

thetic measuring system (26,27.31). Nonce of these
prosthetic investigations, however, discuss the calibra-
tion of the sensors, their accuracy, or other issues
pertaining to their use.

The Socket Fitting System (R.GG. Rincoe and
Associates. Golden, CO) uses similar technology o
cnable investigation of prosthetic socket interface pres-
sures {32). This commercial system allows measurement

interface  pressures  without damage t¢ the
prosthetic socket. Although this system allows cxamina-
tion of a greater portion of the interface during a
particular gait trial than prior research investigations,
the accuracy and repeatability of these transducers have
not been documented. In addition, data acquisition via
this system s currently limited to three specific
imstances in the gait cycle: heel strike, mid-stance, and
toe-off,
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Numerical Analyses

[n contrast to the experimental techniques, com-
puter models of the residual limb and prosthetic socket
have the potential to estimate the interface pressures for
the entire residuum, and indeed are not himited to the
interface, bur also can provide information regarding the
subcutancous stresses. Nola and Vistnes and Daniel et
al. have found that ninal pathological changes i
pressure  sore  formation occur first i the muscle
directly overlying the bong, and then spread outward
toward the skin (33.,34). Therefore, the subcutancous
stresses may be of importance in evaluating long-term
prosthetic success. As current measuring  techniques
disrupt the very stress distribution that s of interest,
these subcutaneous stresses are particularly difficult to
measure (7 vive.

Several groups have used computer models of the
residual imb to investigate the residual hmb/prosthetic
socket inferface. Nissan used a  simpiittied  three-
dimensional (3-13) biomechanical model of the short BK
residual hmb to investigate the etfects of load transmis-
sion area, liblal geometry, and the role of the fibula on
the forces and moments exerted on the residual limb
(35). Winarski ct al. attempted to correlate prosthesis
loads to interface stresses at the patellar twendon and
gastrocnemius  areas as a functon of the {lexion/
extenston  angular alignment for persons with BK
ampulation (36).

Many Investigators have also used finite clement
{(FE) modeling of the residual himb and the prosthetic
socket of persons with lower limb amputation to
investigate residual limbfprosthetic socket biomechan-
s, and to estimate the interface pressure distribulions.

In fact, during the past 10 years, computer models of

the residual limb and prosthetic socket have primarily
involved FE analysis. For this reason, the FE method
and the various formulations that have heen utilized in
these prosthetic analyses will be reviewed in detail.

Introduction to the FE Method

The FE method 18 & modeling technique that allows
investigation of complex structures: those having com-
plhicated geometry andior complex material propertics.
For simple structures, the solution to the problem can
often be obtained analytically. For complex structures,
however, an exaact solution is rarely possible.

The Flz method 1s an approximate solulion method
whereby a complex structure 1 discretized, or divided,
into a number of regularly shaped pieces, known as
clements. Each element iy delined by several nodes, or

pomnts, the coordinates of which establish the gcometry
of the structure. The bechavior of the complex structure
18 then approximated as the sum of the respective
responses of each of the regularly shaped elements.

FE tnvesnigations may include structural (1.e., stress
analysis, deformation analysis, fatizue analysis, crack
propagation), hecat transfer. thad flow, andfor clectro-
magnelic analysis. In biomedical engineering, structural
analyses have been the most common, These investiga-
tions have inctuded stress analysis of prosthetic im-
plants, bone remodeling, and current flow through the
heart.

Overview of FE Modeling I'ormulations for the
Lower Limb Residual Limb

Complete FE model description requires the geom-
etry, material properties, load state, and boundary
conditions of the model (Figure 1). As prosthetic ¥E
models have been based on various sources of such
information, and various {ormulations, cach of thesc
facets of FE model description will be discussed with
respect to past. present, and future modeis of the
residual limb/prosthetic socket system. Many options
exist, and the sclection of specilic formulations s
dependent upon andior influenced by the underlying
purpose of the investigation.

Terms identified by asterisks in the following
discussion are defined in the Glossary.

prozimal tiekum surfece
kg nedd an elagkic
boundary conditon

EroE el nur 13 ansigred
& rigid boundary cond iton

[RLL T

ouler elements imernat bone elements

the model 2
vomposed of

B noded salic
hazahedron

eleindits each
anawgned matenal and
peciTelric proparies

inads amd trnents
are appired 1o 1he
disat pylan

Figure 1.

Sumple TE model of g BK wesiduad bmb and prosthete socket.
dlustrating key parameters in the moded hub geomatry us defined
by the nodal coondinates und the clement connectivity. miterial
propery  deseription for all elements, boundary  condibons and
loading.
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Model Geometry

Tvpe of Analysis. FE analysis ol the lower residual
limb  has generally involved either two-dimensional
(2-13, axisvwrmerric®™y or 3-13 models. Although neither
the BK nor AK residual limbs are axisymnetric, 2-13
modeling enables preliminary analysis that may indicate
the relative importance of certain modeling parameters.
However, 2-D analysis has limied apphicability in
furthering prosthetic socket design, as the axisymmetric
geometry approximation limits application of realistic
prosthetic socket rectifications, More complex 3-D
analyses usually follow 2-D analysis. These models
typically require additional memory and computer

rup-time due to the more complex representation of
limb geomeiry and the increased number ol degrees of

freedom®, but 3-I> analysis enables more accurate
representation of residual limb geometry and prosthetic
socket shape.

Whether performing 2- or 3-1D analysis, care must
be laken o avold warped® and skewed® elements®, and
high aspect ratios*, all of which may contributc to
compuiational errors in the analyses. Both linear and
higher order elements have been used n these T'E
models.

Source of Geometric Data

Data describing the geometry of the residual limb
have been based on the literature and non-contact andior
contact methods such (bat either surface geometry only,
or surface and internal {ic., bone) geomelry was
obMained.

Literature-based anthropometnc data 18 generic and
not individually specific. Such data can be scaled for
particular individnals. This data source will likely miss
subtle variations in residual limb geometry that may
have a significant role 1n  prosthetic  fit.  Thus,
anthropometric models may be most appropriate for
parametric studies and/or qualitative analysis.

Non-contact methods ol shape sensing have in-
cluded traditional computer-aided design, computer-
aided manufacture (CAD-CAM) optical surface meth-
ods (laser scanners and Motre contours) as well as
volumetric 1maging methods: X-ray, computed axiul
tomography (CAT or CT scans), magnetic resonance
imaging (MRI), and ultrasonic methods as shown in
Table 2 (37-46). These volumetric Imaging lechniques,
which quantify both the internal and surface geometry
of the residual limb, have been the primary non-contact
method used in FE Hmb models. Ultrasound. CT. and
especially MRI data allow identification of individual

SILVER-THORN et al. Review of Prosthetic Stress Investigations

structures within the soft tissue bulk, and may enable
more  complea representation of residual limb soft
tssues.

Imaging data. however, may also be subject to
several lmitations.

1. Imaging data is subject specific, and thus must be
obtained and digitized for cach ndividual. Thus,
imaging techniques, and the subsequent digitiza-
tion required for model ncorporation. may be
more time-consuming and expensive than other
approaches.

CT and X-ray techniques expose the subject 1o

10nizing radiation.

3. Xeray data is 2-DD (planar projection of 3-1D darta);
a minimum of two views are necessary for 3-D
approximation of hmb geometry. 3-1) cxtrapola-
tion of this data may be subject to large ¢rrors.

4, Identification of the prosthetic  socket/residual
limb/bone bhoundarics in X-ray, CT, andior MRI
scans may require sophisticated image processing
techmgues.

5. Many of these imaging technigues require that the
patient be supine or prone during data acquisition,
As a result. the tissue geometry obtained may be
dependent upon body position within the gravita-
tional field.

tJ

In conltrast 1o these non-contact mcthods, contact
methods are an atypical source ol FE geometry for
residual limb models, but they are the most common
shape-sensing techpigques used in CAD-CAM in pros-
thetics today. In general, comtact methods of shape
sensing are susceptible to crrors duc to solt tssue
deformation associated with casting andfor caliper
measurements.  These methods  include:  mechanical
digitization of a prosthetic wrap cast (UCL CASD,
Seattle ShapcMaker). reference model selection, and
scaling bascd upon antero-posterior and medial-lateral
measurements via calipers and circumierential measure-
ments using a tape measure (MERU, University of
Briush Columbial.

Material Properties

The matertal propertics of all of the siructures
included in the FE model must be estimated and
assigned Lo the respective elements. The source of these
estimates has been the literature, materials tesung,
andior i vive or n vitro studics. In general, these
maicrials have been modeled as lincar and nonlingar
clastic iserropic™ matenals. [n additon, both small and
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Tulle 2.

Summary of residual limb and/or prosthetic socket models reporied in the literatare.

Gieametry T.vading Lot (R
* ki
Reference | Korek # VL Code Yize type | SRO [ ovpe : SRC t¥pe E ¥ Ly
o — N{Pa o
Steege AN [ g i PRS | SAPIY [Tr2msplansny | CT | $7CY B 4ND whodws | o & NDAX
i11-13 10:7 Rl Hx i
(1314 ANL | SRK { PRE| BFTS § 10?anl 3 SD ;0T | STC D 5T &N 6 1 28
MARC | 1SYE BL e
[N PND | IOL | NG| MARC 120EL | 3L DL | STCE T NI Le o3
i
(5T Bl M b NGO D MARC Uaa XD L SDsD L T8 Q80 LIT END W W lol8NDIOD 5N HX )
11476 E1, i LT I 1506 § NN 5N K
Rerneids | PN ] DL | PRS | PAFEC UINEL] AX | DT | DSP{CAIY | DSPBCE nfa § ava{oi Z2ND ST LG 7N
[53) i jinA AN K i
JELED ERM T TBE | NG FAFEC T 1B NT | I S VRRY TSP 1AL ] RGDVRUY nia § wia | 0§ § MDD KX
aTXEL 3 . :
: 300 TF MDXG |
Nilver- psD ] 2R | PRS | MaARC | 222080 wsn Doy s [ DsT AT | RGIDBC S nia | owa | G BNTHY
Tharn 1684 EL PIIT [ STCE PP
I: ! 6' 1? :I xS
(G4 FRM| -BK | PRE[ MARC | 2400 NI 3080 § TIY [ 870 FP [ RODBCE na fowia | o f ¥ N0 NDVIIW
000 EL TLiE. : NI HY
Quesadz [ PRM| TIL ] NO | SADTRO &I6 N0 | AT s MIDG | STC § IS ra naodnda |l oi INDES 4+ N SIT R
(583 455 EL HS i LIT el
Sanders § AN | 1TBK | PR FANSYS | 795 NT2[ 3D 8D | MRI [ Q81 SG |RGDBUE nfa §ofal ui 8 NDHY 1RO @1
(3024 & A3 xia NG HX & L
SHR :
Krouskap | FND | LAK | NO [ ANSYS WTEL] A SD | IOT [ 1ITY 3 TH. AN ws b [ e ®NDHY
7] LsD HX
2] CAT ZAK | CAD T ANSYS v FDEN MG PRE: T |RGDEBC i | osia ] of 8 NVIY PEE T
(e CAD | ZAK | CAL [ ANEYS | - 720 LL 308D MG | PRS A | RGDEBECE nfa §om ol 8NDTHXY ; TRY B
Seguehi ANL L I-AK | 80 [ ANSYS | sRENDLADSD L 0T | STC ] TX. T A E i FEE - G4 NOSH
(65 o 694 EL H :
Breanan | PRM| LAK | PRE | MARC | M5END{ 3DND O/ | STO ;. T AN 16§35 | o 8ENDCD wi D8P GO 1 B p CATE 150
3y 2671 ELL I, HY H
Tuorres- AML | TAK | RS | ARA- [ 1962NT)) 3DLD ; MRI | DS | EXP HX RS EHEEEES il WP RC T aam n'a oo’ a7
Morena L8] 2628 EL & i ANDIN !
(15,44 THE4 [ PRY :
Mak PN 4K | NO | NISAL AN AX T Fonds rs | BGLRBCE na s | o 43D aAX nis s Vs ]—:.‘- RGBT na L i s
a4y L0 | D {T §NDHY
Yannah BN TR | NO | MARC tEaX] AX i [ DSP ! IOL 1 RGO BT ada 4RI i
(47,453

KEY: AK=above-knee ammpuree, ANL=analve
wonograply, DF-degress of frecdom, DSP=disp
T ac! strike, H¥=s0lid heaahedion element, TL=idzaiized, IN=ir . INDi=ind
MEl=magnetiv resonance imaging, ND=node, NL=nonlincar, PRM=parametric, PRE—pressure QL=

te. HE

alament, SHR=alear, SLIP=slip allowad at imerface, STC=statie Toad, USDenlirasouni: marlud, v

lurge displacement™ formulanons have been attempted.
Such complexity may be required for soft tissues andior
prosthetic malerials that undergo significant deformation
under lead. Variations in FE material propenty deserip-
ton will be discussed with respect w the specific
structures/materiais - commonly  included  in residual
Limh/prosthetic sockel models,

Prasthetic Sacket aned Liner

The prosthetic socket is typreally composed of a
relatively  suff material, such as  polypropylenc
polyester, and 1s approximately 3 to 6 mm thick. The
prosthetic socket has been explicttly modeled as:

ar

s clements

e clystic foundations or springs

a rigid kinematic boundary.

sndinon, BR-bel
elasiic Fatndatn
entar

uadritateral.
CEEAOIUS Tatie, XE

Modeling the prosthetic socket as elements re-
gquires material property  description. For example, if
the prosthetic socket is assumed to be a  lmearly
elastic wsotropic homogeneons® material, material prop-
erly description includes speeificatian of Yourg s modu-
luy* forendations  and
springs require material property description in lerms
of forcedarca or force/dength, respectively, The use
ol eclastic foundations and springs reduces the num-
ber of unknowns in the model (ic., there are fewer
elements/nodes), but s limtted m that the stress
distrebution in the prosthetic sockel cannot be caleu-
lated. In addition, application of various prosthetic
rectification schemes may be  difficult 10 stmulate.
Finally. the prosthetic socket has been modeted  as
a rigid boundary via prescribed nodal displacements.
This formulation allows application of prosthetic rectifi-

and  Peoissos’'s rarfo®. Elastic
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cation schemes, but again socket
SLECHSES.

The FL model may also mclude a soft liner, which
has been similarly modeled as elements, vlastic founda-

tions, andéor lmear springs.

neglects  mnternal

Bone (Hard Tivsue)

The bony structures of the residual limb also need
to be mneorporated i the FE model. In gencral, bone has
been modeled in one of two ways. cither as clements
with properties estimated by literature values ciwed for
compact andfor cancellous bone, or as a fiaed mrernal
boundary, since bonc is several orders of magnimde
stiffer than <oft ussuc. By representing the  bony
structures  of the residual limb with elements, FE
analysis can be used to oblain estimates of bhony
stresses, motion of the bony structures with respect to
one another, and bone motion within the solt tissue
bulk. The latter formulation, a kinematic boundary, is
less informative but results in a mode! with lewer
degrees of freedom, thus requiring less  computer
ITRTOTY.

Saft Tissue

The soft tissue (muscle. skin, fat, ligaments, and
tendons) of the residual limb is neither homogeneous
nor isotropic. However, incorporation of hiomogencous
and isotropic material property  assumptions  greatly
reduces the complexity of the model. Consequently.
although many of the investigators in this field have
speculated  that precise representation of the  tissue
properties s critical to model accuracy. the soft tssue
has typically been assumed to be an elastic, 1sotropic,
homegeneous material (14,16.17.19.47). Properties of
solt tissue have been estimated from literature data. or
experimentally evaluated using /n vive indentor studies
of the residual limb {11,16.47- 343,

The use ol ultrasound. CT. or especially MRI data
provides the capability of cxplicitly modeling  the
individual structures of fat, ouscle. and skin, However.
if the model 15 to include such detall, these structures
must be dentified as specitic elements. and the matenal
propertics of these respective elements must be estl
mated and assigned. Current models have yet to include
these structural complexitics to any great degree,

An additional complexity ol bulk soft ussue 15 that
it 15 believed w behave as a nearly incompressibie®
material. This near incompressibility has been approsi-
mated by several methods:

SILVER-THORN et al. Review of Prosthetic Stress Investigations

1. lnear clasue formulations with Poisson’s ratio, v,

approaching 0.5

constant dilaration™ formulations in which soft

tssue s assumed 1o be incompressible on oan

¢lement basis

3. nonlinear elastomeric™ formulations that utilize
various forms of the slrain energy  cquation
(Mooney or Jamus-Green-Stmpson [ormuiations).

| ]

The first of these formulations, a linear elastic
representation of bulk solt tissue. may result in artifi-
cially stift behavior duee to lunits of displacement
method FE analysis. To avoad this anomaly, reduced
integration elements may be uscd (55). The constant
difatation  formulation requires the introduction of a
pressure parameter which is cquivalent to hydrostatic
pressure in the limit of incompressibility (535). This
additional parameter, which can be thought of as a
Lagrange multiplier. 1s incorporatcd as an additional
node per element. Therefore, this method results in
increased complexity ol the TR model, and requires
additional computer memory due to the increase in the
number of degrees of freedom per element. The
clastomeric formulations, delined by the strain cnergy
equanon, involve functions of the strain invariants, This
method has seen bmited use in TE limb models, as the
constant coefficients in the sirain energy equations are
not known, and the relationship between these cocfii-
clents and the elastic modul is not explicit (14,47.48).
Most FE hmb moedels have incorporated hnear clastic
formulations, 0.45<v<0.49, due to the simplicity of this
formulation.

A inal complexity of bulk sofl tissuc s its
viscoelasticity and dependence on loud history. Bulk
soft tissue, like its individual components, 15 believed to
be a material. Thus, us behavior. or
response to loading, is dependent on the load rate and
the preconditioning of the tssuc. Bulk soft tissue 1s
expected  to demonstrate hysteresis  upon  loading/
unloading, and exhibit stress relaxation and creep. The
preconditioning ot such ussues ilustrates the depen-
dence of the ussues™ current oading response o prior
lowding. As yel, these phenomena have not been
incorporated in residual limb FE models.

viscoelastic

Load State

The load state of these FE residual hmb models
huas been either static or pseudo-static. In general, prior
analyses have concentrated on static loading, or stance,
and pscudo-static gpproximations of gait. These load
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states have wypically been based on data obtained from
force plates or other (oree transducers during studies of
amputee  gait andior balance, subject o alighment
variations.  The  loading  has been applied  to the
clements/nodes of the bone, although models which
represent the bony structures of the residval limb as a
[txed boundary have applied foad to the distat nodes of
the prosthetic socket,

For a linear model, superposition s valid. There-
fore. the analysis of various load states for lincar models
may be approximated as the sum of prior analyses of
simplified load components, TFFor exarmple, the inidal
stress state due to prosthetic socket rectiflicalion may be
summed with the results of static loading.

Dynamic analysis introduces many additional pa-
rameters, such as tme-logd mcremenis and numerical
integration methods, that may greatly complicate the
analysis and influence model stability. Such analysis
may  also necessitate  the inclusion  of viscoelastic®
phenomenon. Currently, all dynamic loading hax con-
sisted of pseudo-static analysis, which may be approxi-
mated as a series of superposed load steps.

Boundary Conditions

The boundary conditions of the reported residual
limb models range from simple to complex. The
strmplest formulations assume total contact between the
bone/soft tissue, soft tissuesprosthetic limer. and pros-
thetic linerssocket interfuces. More complex formula-
tions allow time-varving boundary conditions.

The preceding section on prosthetic sockets indi-
cated that the socket interfuce has been approximated as
an elastic foundation or as claste  springs. These
mvestigations  of the residual  limb/prosthetic sacket
interface only report normal stresses (pressures) at the
interface, and ignore, due to the totad contuct condition,
the shear stresses. While deformation of the limb s
allowed along the socket wall, slip cannot be computed
with these 1D models {i.e., the models assume infinite
frictiom.

In addition. fensiie normal stresses may develop at
the residual limb surface in the FE models, As tension
cannot exist to any greal extent between a llmb and a
socket, the existence of tension in FE models may he
counter-intitive. Therefore. attempts have been made
to reduce these tensile stresses through various Jterative
means.

Finally. more complicated formufations, which
model the structures as deformable and rigid bodies,
allow 1he influcnce of contact and slip/friction w be

investigated. However, such formulations increase the
complexity of the madel, as every increment must be
analyzed (o determine whether contact has been made,
or broken, between the respective bodies. The ability of
commgercial L software o perform 3-13 contuct analy-
sis s aoredatively recent development, and residual b
models are only now being developed that incorporute
this method of analysis.

Specific Residual Limb FIXMs

A number of iovestigations of the residual limty
prosthetic socket system have been carned out using FE
analysis methods, and these approaches are reviewed in
the following paragraphs, Special attention is given to
the FE formulation paramcters. and the potential clfects
these parameters have on medel ouarput. The formulation
pararmelters of the respective models are summarized n
Table 2.

Steege ¢t al. were the first 1o model the residual
limb and prosthetic socket system for persons with BK
amputation (11,123, Their work mcluded both FE
analysis ol the residual limb and prosthetic socket. and
experunental verification of local interface pressures for
two individuals with BK amputation. The internal and
external geometry of the residual limbs was based on
transverse T scans of the residual limb and unrectified
prosthetic socket. The soft tssue was assumed (o be a
homogencous, Tmearly elastic, isotropic material, and
the value of Young's modulus (E=60 kPa) was based on
the mean results of i vive indentor studies ol the soft
tissues of the residual imb at several locations. The
matertal properties of the hone, cartilage, and patelar
tendon were based on the literature. The load state for
these analyses and for the pressire measurements was
static double support stance. In the initial FE analyses,
the range ol estimated pressures was 0105 kPa. More
recently, Steeee ot al. have reported using FE analysis
to design BK prosthetic sockets, as well as performing
quasi-static  analysis based upon dynamic gait data
(56,57

Reynolds (33) and Revnolds and Tord (54} alse
attempted to estimate BK prosthetic interface pressures.
Inittal parametric analyses, investigating the cffects of
friction, material properties, and socket design, were
conducted for a 2-D, axisymmetric FE approximation of
the BK residual limb. Verification of the imterface
pressure  cstimates was  performed using a physical
model  of this  axisymmetric  approximation of  the
residual limb. These analyses were of lunited clinical
value, since the actual geometry of the residual limb
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was poorly represented, and the imposed socket recufi-
cation schemes were highly artificial. Reynolds then
developed and analyzed a 3-13 madel of the BK residual
Hmb based on radiographic data. The properties of the
bulk soft assue were assumed to be linear, with locul
Young's modult based on in vive indentor tests at four
sites on the residual imb (30145 kPa). Analyses were
performed for various socket recufication schemes and
for various material property approximations of bulk
soft tssue for static. double support loading. Pressures
ranged [rom 0 (o 200 kPa for the nominal limb model.
No vernification/validation of the 3-1) model was per-
formed.

Sanders (207 and Sanders and Daly (22,24) investi-
galed BK interface pressures using both 3-10 Lincar PR
analysis of the residual hmb and prosthetic socket, and
experimental measurement of mterface stresses. Sand-
ers’ work differed from previous resecarch in that; 1)
stress measurements included both normal (pressure)
and shear stress, 23 the load state Tor the FE model was
dynamic (1.c., guasi-static representations of gait), 3) the
residual limb geometry was based upon MR images,
and 4) the FE model approximated bulk soft tissue as a
combination of skinflat and muscle.

Quesada and Skinner used FE analysis of a PTB
prosthesis to investigate vanations in prosthesis design
on the inlerface stress distribution at heel strike (58).
These models approximated the bulk soft tssue of the
residual parallel  {skin) and  pempendicular
{compressive tissue) linear springs  attached 1o the
socket wall. The normal siresses estimated with this
model ranged from 0 to 961 kPa: the shear stresses
ranged from O to 463 kPa. The stresses estimated at the
distd antentor end ot the residual mbisocket (961 kPa
normal steess, 463 kPa shear stress) were consuderably
higher than the stresses predicted for the remainder of
the himb/socket. No verification of the model has been
reparted.

Silver-Thorm (10) and Silver-Thorm and Childress
(17.59) created a FEomodel of the BK residual limb and
prosthetic socket o investigate the effects ol parameter
variations on the mtertace pressure distribution during
static stance. The geometry ol both the residual limb
and prosthetic socket in this model were approximated
by standard geometrie shapes, the size and selecuon of
which were based on available anthropometric data. The
femnur, tibia. fibuls, and patella, as well as the articular
cartilage of the knee joint, were modeled as a fixed
mnternal boundary. bor the parametric studies. the soft
tissue, assemed W be asotrople, linearly clastic, and

limb as
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homaogeneous, was assigned a Young's modulus of 60
kPa {Poisson’s ratio=0.453}. The prosthetic socket and
lner were modeled ax elements. the material properties
of which were based on the literature. The load state
“double support’ suance, was applied (o the distal end
of the socket. Parametric analyses were performed w0
myestigate the elfects of variations in: 1) the material
properties of the residual Himb, prosthetic liner, and
prosthetic socket; 2) the internal and external geometry
of the residual limb; and 3) the prosthetic  socket
rectiftcation scheme. Analvses were conducted {or a
person with BK amputation for both unrecufied and
PTB rectified socket designs, The ability of this generic
ceometrie Flomode!l 1o estimate prosthetic anterface
pressures was evaluated based upon comparison of the
FE interface pressures (individually scaled models) o
that measured for three people with BK amputation in a
variety of socket designs and  static load/alignment
states (16,17.56).

Krouskop et al. were the first to make use of the
FE method as a CAD tool for AK prosthetic sockets
(60 62). Afer evaluating the surface geometry of the
restidual limb through a contact method using two
diametrically  opposed  contractingfretracting  probes,
ultrasound was used to obtain average local maiterial
properics. A generic FE model  was then scaled
appropriately for the subject’s surface geometry, and the
focal material properties were assigned to respective
lingar elastic 3-1 elements. A static loading function,
based on average interlace pressure profiles measured
for subjeets wearing comfortable quadrilaieral-brim AK
prostheses was impased. The 15 model was then used
to predict the shape of the loaded hmb such that the
desired pressure profile would be obtained. This recti-
fied socket geometry was then carved on a computer
numerically carved (CNCY milling machine, and the
propased  socket was subsequently  vacuumy  formed.
Krouskop reported the successful fitting of two persons
with AK amputation using this methodology.

Rescarch has also condneted  using FE
analysis to study the interface presswre distribution for
persons with AK amputiation. The models developed by
Brennan and Childress (13), Torres-Moreno et ab. {199,
artd Muak ot al, (63) are sinmilar 1o the FE models for BK
restdual himbs and <ockets mentioned previously., The
model developed by Scgucht ¢t al. was novel (64).
Seguchi avoided characterization of the mechanical
properties of bulk soft Ussue by modeling only the
agcrylic socket. As this problem is underdefined. the
complementary cnergy criterion was used to search for

heen
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the most plausible mterface pressure distribution. The
FE model was based on wransverse CT scans of the
socket, and consisted of thin quadridateral shell ele-
ments. The static tesponse of the socket way investi-
pated for two hypotheucal load cases: 1} umiform
contact pressure along the interior surface ol the sockel,
and 2} weight fully supported at the ischial seat.
Experimental venfication of both the model and the
method consisted of circumferential strain measure-
ments during point loading on the anterior and posterior
walls of the socket. The clinical value of such a maodel
is questionable, however, as the model ignores residual
limb geometry and bonc-soft tissue nteractions.

SUMMARY

Many of the interface pressure measurement lech-
nigues involve tesearch applications and methodoelogies
that are not appropriate for routing clinical use. How-
ever, the development of commercial systems using thin
force sensitive resistive materials to measure inlerface
pressuresistresses for both seating systems and pros-
thetic sockets may provide a diagnostic tool that can be
readily incorporated into prosthetic fitting. These sys-
tems have clinical potential and may facilitate creation
of prosthetic pressure databases such that interface
pressurcs, whether measured in research settings, clini-
cal settings, or estimated with computer models, may be
properly interpreted.

We believe that the two greatest limitalions in

current modeling cfforts involve the representation of

Lissue properties across the entre limb and the interface
condition between the residual limb and prosthesis. The
ability of current FE models o estimate prosthetic
interface  stresses, while in some  cases perlorming
rcasonably well, has not been highly accurate on the
whole. Nevertheless, the methodology  has  distinet
promise and potential, und the (rend is toward 1mproved

accuracy. Advances in FE software, enabling nonlinear

elastomeric formulations of bulk solt tissue, contact
analysis, and dynamic analysis may help to address
some of the current limptations of the models. In
addition, the advances im computer hardware make
application of these modeling complexities feasible,
Thus, the tools needed to advance the FE models are
avatlable. and continued progress appears fikely. Corre-
sponding advances in the presswre transducer technol-
ogy will help 1w validate the computer models, and also
facilitate mterpretation of the results of the analyses.

Applications and Utility of Prosthelic Interface
Stress Studies

Clinical measurement of the prosthetic interface
pressures  has  the potential 1o provide guantitative,
objective mfomation to assist in the evaluation of
prosthetic fit. In addition, the effects of prostheltic
alignment and componentry on the nterface  siress
distribution can be determined. Routine use of such
systemsidevices will help to establish a database so that
the significance of the results might be established and
assist in the interpretation of the results.

Regardiess of the assumptions and the simplifica-
tions of various computer models, numerical analysis of
the residual limb and socket offer several advantages
over experimental measurements in the estimation of
prosthetic interface pressures. For example, the use of
computer models, as opposed to experimental analysis,
allows examination ol the entire residual limb/prosthetic
socket interface. In addition, prospective socket designs,
characterized by material modilications and/or alterna-
tive socket rectification schemes may be investigated
prior to socket manufacture. [n fact, hypothetical
designs that cannot be fabricated due to  current
technological limitations (L.e., material constraints) may
be investigaled. Note that computer models necessitate
experimental verification to establish model validity.

Currently, it 18 not possible 1o perform c¢linical
parametric  studies of the prosthetic socket due to
difficultics in the repeatability of tlest procedures, cost,
and time constraints. Computer models are not subject
1o these iimitations, and provide the potential for
extensive parametric analysis.

These advantages of numerical analysis might also
be utilized to enhance the education and training of
prosthetists, Graphical results, still or animated, gener-
ated from computer models investigating  prosthetic
ahgnment and socket shape may be incorporated into
prosthetic training software. Such soltware would allow
the prosthetist to visualize the stresses resulting from
histher desien efforts.

Future Trends

The recent avatlability of commercial systems (o
measure and record prosthetic interface pressures {and
possibly shears) should provide additional objectivity
when evaluating prosthedic fit, However, these systems
and  thelr respective transducers must be  thoroughly
characterized so that results for various individuals and
systems may be mterpreted appropmately. These devices
may make it possible to creste databases of interface
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pressurcs (and  shears) experienced during  amputec
stance/gait. Such information will be usclul i cvaluat-
ing prosthetc fit, and in designing prosthetic sockets,
whether the design involves CAD-CAM or conventional
technigues.

FLL analysis of the residual mb  and
prosthete socket system will likely continue in the
futurc. The FE method has proven itselt as an extremely
uselul gencral engineering 1ool, and while its applica-
von to limb prosthetics has not been as straightforward
as mtially hoped, the FE mcthod heolds promise for
parametric analysis of prosthetic systems, These com-
puter models offer distinet advantages over experimen-
tal measurements, in that stress information ¢an be
obtained for the entire prosthetic intertace, and that the
subcutanecus stress distnbution may aiso be invest-
gated. In addition, parametric analysis, aimed at improy-
ing the understanding ol the residual limb prosthetic
system, 15 only feasible via computer analysis.

FE models have potential applicability in CAIY of
prosthetic sockets. Current prosthetic CAD  systems
allow the prosthetist to replicate on the computer what
he has always donc with his hands, that is, change
geometry in an attempt to control force distribution in
the residual limb. We forcsee the FE technique being
mcorporated as the “‘engine” of future CAD (or
perhaps more appropriately computer alded engineering:
CAE} programs. Similar to current methods, prosthetists
will use the computer mouse to idenufy areas on a
graphical rendering of a residual limb. Instead of
making shape chaonges o the surface of the limb, they
will prescribe pressure tolerance information io the
model. This optimal load information will be the input
1o the FE-based CAE design program: the output will be
the computed shape of the new socket. In this manner,
the prosthetic design will be based directly on the
control parameter, namely force or pressure.

Finally, future developments in CAD ol prosthetic
sockets are also likely to be influenced by alternative
shape sensing methodelogy, such as ultrasound, cast
digitizers, and spiral CT scanning, that will cnable
tmely evaluation ol residual limb  geometry andfor
material properues.

Fuwure FE models will Lkely vary from those
summarized in  this  paper. Advances in computer
weehnology (faster processors and larger memory) allow
analysis of larger, more complex models. In addition,
developments in FE software enable incorporation of
nounlincar material properties. contact analysis, and true
dynamic analysis. The development of commercial or

lower
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custem software o process imaging data and autemate
FE mesh gencration, similar to packages for custom
prosthetic hip design, should decrease the time needed
to create these models. The incorporation of  thesc
features will likely have a significant impact on the
performance ot residual limb/prosthetic socket maodels,
and the futurc wility of such models in prosthete
design.

GILOSSARY

Aspect Ratio. Ruatio of the longest to shortest ¢lement
dimensions: to minimize computational errors, one
generally wants clement aspect tatios less than 3
for linear elements and less than 10 for quadratic
elements.

Axisymmetric Model. Structure to be modeled is a
body of revolution; the model geometry, material
properties, and boundary conditions can be mod-
eled in cylindrical coordinates (1.0,7), and are such
that all are indepcndent of ©. Such criteria enable
3-D structures/problems te be analyzed in 2-ID.
thereby reducing the complexity of the model.

Degrees of Freedom. Number of nodal displacemenis
and rotations allowed in a particular problem. For
example, tor 2-D problems, each node can move in
the x- and y-dircctions: thus, there are two degreces
ol freedom per node.

Dilatation. Volume change; for constant dilatation
problems. no volume change is allowed (ie.,
structures are incompressible). The constant dilata-
tion constraint is enforced on an clement basis via
an additional node.

Elastomer. “ Rubberlike™ polymeric material that can
sustain very large elastic deformations; the behav-
1or 18 usually approximated by various formula
tions of the strain energy equation.

Flement. There are many types of element formula-
tions, inchading linear clements in which the
clement sides remain straight and  higher  order
clements 1 which the clement sides may be
curved. The order of the element affects the
element shape and the corresponding  element
strain and  stress, Examples of linear elemonts
include 3-node triangles and 4-node quadrilaterals
(2-D} and 4-node tetrahedrons and 8-node bricks
(3-D. Quadratic elements include 6-node triangles
and B-node quadrilaterals (2-13) and [0-node tetra-
hedrons and 20-node bricks (3-12).
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Homogeneous., Material which is uniform in structure
Or composition,

Incompressible.  Material whose
reduced due to loading.

Isotropic. Material whose elastic properties arc identi-
cal in all directions.

Large Displacement. For a large displacement formu-
lation. the dependence of the stress-strain relation-
ship upon the current state ol strain (or displace-
ment) is explicitly modeled. This formulation is
synonymous with nonlinear geometric modeling.

Linear FE Model. In lincar FE models. the clement
material propertics and model geometry are linear.
In contrast, nonlinear FE analysis may include
nonlinear material propertics, geometry (buckling
and/or large displacement) and/or boundary condi-
tions.

Poisson’s Ratio (v}). Ratio of the transverse to longi-
tudinal strain vnder unjaxial tension,

Skewness. Variation of clement vertex angles trom
90° for quadrilaterals or from 60° for triangular
clements. To minimize computational errors. one
wants to minimize excess skewness or element
distortion.

Viscoelasticity. The behavior of a viscoelastic mate-
rial is a function of the load rate. Viscoelustic

volume cannot be

materials  exhibit  hysteresis,  stress  relaxation,
and/or creep.
Warpage. Rclevant to 3-D analysis when u node on a

single face of a solid (or plae or shell element)
deviates from a single plane. To minimize compu-
tational errors, excess warpage or element distor-
tion should be minimized.

Young's Modulus (E). Mecasure of material property
stiffness. Young's modulus is the slope of the
linear portion of the swress-strain curve for elastic
materials.
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