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Abstract—Selective laser sintering (SLS) is a powerful manu-
facturing technology that does not require part-specific tooling
or significant human intervention and provides the ability to
easily generate parts with complex geometric designs. The present
work focuses on developing a manufacturing framework using
this technology to produce subject-specific transtibial amputee
prosthetic sockets made of Duraform PA, which is a nylon-based
material. The framework includes establishing an overall socket
design (using the patellar-tendon bearing approach), performing
a structural analysis using the finite element method (FEM) to
ensure structural reliability during patient use, and validating the
results by comparing the model output with experimental data.
The validation included quantifying the failure conditions for the
socket through a series of bending moment and compression tests.
In the case study performed, the FEM results were within 3% of
the experimental failure loads for the socket and were considered
satisfactory.

Index Terms—Finite element methods (FEM),
sockets, software prototyping, transtibial amputees.

prosthetic

I. INTRODUCTION

OR lower extremity amputees, a well-fitting socket is an
F important element for a successful rehabilitation [1]. The
socket provides the interface between the prosthesis and residual
limb, which is designed to provide comfort, appropriate load
transmission, and efficient movement control. Attaining these
objectives is extremely challenging, with up to 55% of lower
limb amputees reporting dissatisfaction with socket comfort,
residual limb pain, and/or skin breakdown [1], [2]. In addition,
current techniques used to produce sockets with suitable char-
acteristics are labor and cost intensive, and depend on the work
of skilled prothetists that are relatively scarce compared to the
number of lower limb amputees. Currently, there are more than
500 000 lower limb amputees in the U.S. alone, with 60 000 new
ones every year [1]. Thus, an objective and systematic frame-
work for fabricating prosthetic sockets would help improve ef-
ficiency in prosthetic care, reduce time and cost to improve am-
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putee rehabilitation, and potentially enhance comfort and fit.
Previous systematic approaches have been limited in the scien-
tific literature, and either have not focused on the engineering
design and structural analysis of the socket or included an ex-
perimental validation of the structural analysis (e.g., [3], [4]).

An effective technology that would allow for a systematic
approach is selective laser sintering (SLS), which is a ver-
satile manufacturing technique with several advantages over
traditional methods [5]-[8]. First, SLS can directly create
sockets from digital subject-specific shape information, which
eliminates the need for molds, hand lamination and finishing
procedures. Second, SLS has the ability to create complex
geometries with minimal cost penalty in manufacturing. From
a design perspective, this significantly expands the options for
developing and exploring alternate socket designs, including
geometric variants of traditional socket shapes, and for in-
corporating compliant features in selected locations to relieve
high contact pressure at the limb—socket interface. Third, the
integration of additional prosthetic components and features
directly into the socket is straightforward (e.g., an integrated
pylon mounting system).

The overall goal of this research was to develop a framework
consisting of a systematic manufacturing technique to produce
subject-specific sockets made of Duraform PA material using
SLS. The elements of the framework include obtaining a dig-
ital image of the patient’s limb and defining the overall socket
design using the patellar-tendon bearing approach, performing a
structural analysis using the finite element method (FEM) to en-
sure structural reliability during patient use, and validating the
FEM results with experimental data. To assess the effectiveness
of the framework, a case study was performed.

II. METHODS

The socket design and fabrication framework includes the fol-
lowing steps (Fig. 1): 1) surface model development using the
geometry of the residual limb acquired through laser scanning,
2) computer-aided design model development using appropriate
design constraints, 3) FEM analysis of the socket using related
boundary conditions, 4) SLS fabrication, and 5) an experimental
validation of the FEM analysis results. These steps are described
in detail below.

A. Surface Model Development

The first step is to acquire the patient’s residual limb shape
information through laser scanning of the residual limb or a pos-
itive mold cast directly from the patient’s limb. For the case

1534-4320/$20.00 © 2006 IEEE
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Fig. 1. Framework for subject-specific socket design, analysis and manufac-
turing.

study, a positive mold of an active 54-year-old male (height,
1.68 m; mass 65 kg) who was free from any musculoskeletal
disorders and had been a transtibial traumatic amputee for 23
years was scanned. A Seattle Limb Systems ShapeMaker 3000
(Poulsbo, WA) laser scanner was used to provide the point cloud
data that described the limb shape with an angular resolution
of 3° and a linear resolution of 3 mm. The point cloud was
converted to a surface model [Fig. 2(a)] that was then used by
the prosthetist to define the appropriate trim line at the top of
the socket and rectifications for a patella-tendon bearing socket
design (PTB) [9], [10]. GordoScan software (UTHSCSA, San
Antonio, TX) was used to perform the rectifications. The sur-
face model was also used by the prosthetist to indicate areas of
needed compliance to help reduce socket-limb interface pres-
sure [Fig. 2(b)]. At this stage, the surface model described pre-
cisely the desired socket inner shape (based on the prosthetist’s
feedback) and was ready for the subsequent engineering design
and analysis.

B. Design Constraints

The primary design constraint was to preserve the subject-
specific inner shape of the surface model. Additional design
considerations included minimizing the weight of the socket,
adding area-specific compliance to relieve socket-limb inter-
face pressure and maintaining appropriate strength to withstand
the normal loads experienced during human gait. In addition,
aesthetic considerations to produce a socket shape that mimics
the profile of the leg anatomy were also important. The overall
topology of a traditional thin-walled shell socket satisfied this
set of design constraints.

C. Socket CAD Model Development

The next step was to create a solid model of the socket by
adding thickness to the surface model (Fig. 1: computer-aided
design (CAD) model development). The initial calculation for
the socket wall thickness was estimated using a thin-walled

a)

Needed
compliance

Fig. 2. a) Laser scanned surface model of residual limb. b) Rectified and
trimmed inner surface for the socket with points marking areas identified by
the prosthetist where compliance is desired.

Fig. 3. Load diagram used for initial estimation of wall thickness based on a
thin-walled cylinder approximation for the socket shape. Wall thickness was
evaluated using contact pressure (g) and shear stress (p) data taken from the
literature.

cylinder as an approximation (Fig. 3). The radius of the cylinder
was estimated using the mean radius of the inner surface, and
the contact pressure and shear stress were estimated using the
peak values found in the literature [11]-[13].

The equation used to define the overall thickness of the socket
wall is given by [14], [15]

 qR®+BuRL

L= T EARm
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where ¢ is the normal pressure load, p is the transferred shear
stress, v is Poisson’s ratio, R is the radius of the cylinder, L is
the cylinder length, F is Young’s modulus, and AR, is the
maximum desired radial expansion. An overall cylinder radius
expansion of 1% or less under load was considered an accept-
able strain for the goal of maintaining socket fit.

To ensure the structural integrity of the socket, the resulting
wall thickness ¢ was designed such that the stresses do not ex-
ceed the material strength

R
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where S, is the value for tensile strength of SLS Duraform PA
material, g is the contact pressure, p is the shear stress, and R
is the socket radius. Once the appropriate initial value for wall
thickness was identified using (1), the inner surface profile was
modified using CAD software (Rhinoceros 3D, Robert McNeel
& Associates, Seattle, WA) to produce the final socket shape
using a multistep process. First, an “outwards” offset operation
was applied to the inner surface of the socket. Then, a “blend”
operation was performed at the top free edges of the inner sur-
face and offset surface to transform the model into a closed solid
model.

At this point, additional design features were added to finalize
the design, including the geometry to facilitate the pylon at-
tachment to the bottom of the model using our previously de-
scribed approach [16]. In addition, we were also interested in
adding compliant features to relieve contact pressure [Fig. 2(b)],
which were implemented using reduced wall thickness at des-
ignated sites. This was performed using “offset” operations on
the outer surface sections surrounding the sites identified by the
study prosthetist. Once these sections were defined, they were
rejoined to the overall outer surface using “blend” operations,
which preserved the model as a closed volume. The structural
integrity of the wall thickness was refined through iterative FEM
analyses of these compliant sections using the desired deforma-
tion defined by the prosthetist as the design objective.

D. FEM Analysis

In order to evaluate the structural behavior of the socket under
expected applied loads, a FEM model was created from the
socket CAD model (Fig. 1, FEM analysis) using I-deas (EDS,
Plano, TX). The socket CAD model was imported into I-deas
using the IGES file format. A Delaunay-based [17] mesh gen-
erator was used to create the initial model mesh. The elements
used were ten-node parabolic tetrahedra, and the initial element
size was chosen to be less than the overall socket wall thick-
ness. The automated mesh generator was set to create a model
based on sections, which allowed specific areas and geometric
features to be further refined. The resulting mesh was inter-
actively inspected to identify highly distorted or stretched ele-
ments that might lead to errors in the analysis. When such areas
were identified, individual elements were locally refined. The
complete FEM mesh for the socket had a total of 7582 elements
and 22 570 nodes.

The SLS material used in this study was Duraform PA [18],
which is a type of nylon that has material properties suitable for
prosthetic sockets (Table I).

E. Load Conditions

The socket FEM analysis was performed under different
loading and boundary conditions in order to evaluate the struc-
tural integrity of the socket during normal walking conditions.
First, a simulation was run to analyze the behavior of the socket
under the peak limb-socket pressure profile and shear stresses
found in the literature for individuals with a similar body
weight as our case study [19]-[22]. These measured values
were then applied to the socket as boundary conditions on
the inner socket surface where the contact occurs. Values for
contact pressure and shear stress were defined at ten areas: the

TABLE 1
MATERIAL PROPERTIES FOR DURAFORM PA
Property Value
Tensile strength 44 MPa
Tensile modulus 1600 MPa
Flexural modulus 1285 MPa
Melting Point 184°C
Tensile Elongation at Break 9%
Impact Strength (Notched 1zod) 214 J/m
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Fig. 4. a) Anterior and b) posterior views of the inner socket profile displaying
the points used in the definition of the pressure distribution boundary condition.

medial and lateral tibial supracondyles, medial and lateral tibia,
medial and lateral gastrocnemius, patellar tendon, popliteal
depression, distal tibia and fibula head (Fig. 4). Also, a zero
load condition was applied to the top edge of the inner surface.
In order to produce a smooth continuous pressure distribution at
the contact surfaces, a refined inverse distancing interpolation
algorithm was used (see the Appendix).

Once the load values were constructed and applied to the el-
ements of the socket inner surface, the pylon attachment fitting
features at the socket bottom were spatially restrained. The re-
sulting stresses obtained from the FEM analysis were then used
to assess the socket structural integrity by comparing the stresses
with the ultimate tensile strength of the SLS material.

F. SLS Fabrication

To validate the FEM analysis results, prototypes of the
socket were manufactured using SLS (Fig. 5). The socket CAD
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b)

Fig. 5. a) Final CAD model of the socket. b) Ready-to-wear prosthesis with
the SLS produced Duraform PA Socket.

model was exported using the STL format, which is a standard
format for SLS systems (Fig. 1: socket fabrication). SLS is a
manufacturing technique that fabricates any closed solid model
in sequential cross-sectional layers. A planar layer of material
powder is placed in the part bed and sintered or melted in the
desired cross section of the model by a high-powered laser
beam and is then allowed to solidify. The bed is then lowered by
one layer thickness and covered with another layer of material
powder and the process is repeated. When all the cross sections
of the model are processed, the final socket possesses the same
shape and dimensions as the computer model.

The sockets in the present case study were produced using a
Sinterstation 3500 (3D Systems, Valencia, CA). Two identical
sockets were fabricated for the experimental validation in a ver-
tical position for optimal sintering and thermal conditions. The
total fabrication time and Duraform PA material costs for both
sockets, when fabricated simultaneously, including the warm
up and cool down phases, was 15 h and $527, respectively,
during which the machine operated completely unassisted. The
sinterstation could manufacture up to four sockets of the size
in the present study simultaneously with no increase in time

a)

machine

Fig. 6. a) Top view of the socket filled with plaster and a rod located in the
middle to apply the loads. b) Experimental setup for the simulated heel strike
test.

or material cost. The tolerance of the fabricated socket pro-
files followed the typical accuracy of SLS fabricated parts using
Duraform, which is +0.25 mm. Once the fabrication was fin-
ished, the sockets were ready to be assembled with a pylon and
foot—ankle components.

G. Experimental Validation

In order to validate the FEM socket model, we developed two
experiments to assess the structural responses of the socket and
compare them with FEM predictions generated with boundary
conditions similar to the experimental conditions. The first ex-
periment simulated the maximum bending moment observed
during a heel strike (Fig. 6) [23]. The socket was filled with
sand and plaster with a steel rod placed in the center. Once the
plaster cured, the pylon and attachment were mounted to the
bottom of the socket. The entire assembly was placed in a hor-
izontal position, with the end of the rod firmly gripped by a
vise attached to a fixed table. The end of the pylon was posi-
tioned in a hydraulic testing machine (MTS Systems Corpora-
tion, Eden Prairie, MN). The piston of the hydraulic machine ap-
plied a gradually increasing perpendicular force to the end of the
pylon while a load cell and data acquisition system recorded the
force magnitude and displacement. The bending moment was
increased until the socket failed.

A second validation test assessed the maximum compressive
force that could be applied to the inner surface of the socket and
the resulting deformation at one of the compliant features. An
initial pilot study was performed to demonstrate that the top of
the socket could be modified into a cylindrical shape without
significantly changing the stress and displacement distribution
in the remainder of the socket [24]. This allowed us to modify
the existing socket to have a cylindrical top so that the socket
could be filled with a load-transferring medium while a piston
applied a compressive force. With this verification, a top-mod-
ified socket was manufactured with all other dimensions pre-
served and filled with 1-mm-diameter zirconia-toughened alu-
mina (ZTA) beads. This medium was chosen because it was
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a)

socket

b)

Fig. 7. a) Setup for compression test: socket attached to a hydraulic test ma-
chine and filled with ZTA medium to be compressed by the piston. b) Travel
indicator to measure the deformation.

strong enough to withstand the high compressive force while
minimizing the effects of friction. This created a uniform pres-
sure distribution over the entire inner surface of the socket that
could be replicated using appropriate boundary conditions in the
FEM model. The hydraulic testing machine was then used to
gradually compress the medium with a piston until the socket
failed [Fig. 7(a)]. A travel indicator was used to measure the
deformation of the socket wall at the bottom compliant feature
[Fig. 7(b)] as the applied load increased.

III. RESULTS

The FEM analysis of the stresses within the socket under peak
pressure and shear stress loading conditions that would be ex-
perienced during walking (Fig. 8) revealed that the maximum
stress occurred at the bottom of the socket (42.5 MPa) and was
within the material tolerance of Duraform PA (44 MPa). For
the simulated heel-strike validation test, the FEM simulation
predicted that the socket would fail when the applied perpen-
dicular force exceeded 690 N and produced a stress value of
45.2 MPa, which was just above the failure stress of Duraform
PA (44 MPa). During the experimental simulated heel-strike
test, the socket failed with an applied force of 710 N, which was
within 3% of the FEM predicted value. In addition, the socket
failed in the region where the FEM analysis predicted the peak
stress would occur (Fig. 9).

The compression test revealed that the force at failure was
26.3 kN, which was nearly identical to the force (26.5 kN) pre-
dicted by the FEM analysis [Fig. 10(a)]. This peak force pro-
duced a maximum stress of 45.3 MPa, which was just above the
failure stress of Duraform PA (44 MPa). The measured orthog-
onal deformation at the bottom compliant feature was found to
be within 25% of the values predicted by the FEM for all loads
less than 78% of the failure force [Fig. 10(b)].
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Fig. 8. a) FEM model of the socket. b) FEM results for stresses under peak
loading conditions measured during normal walking (in Pascal).
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Fig. 9. a) FEM results for the stresses in the socket with bending moment
boundary conditions (in Pascal). b) Output from the MTS machine, showing
the load applied at the pylon versus the corresponding displacement during the
simulated heel strike test.

IV. DiscussioN

The purpose of this study was to present an objective and
systematic framework for producing subject-specific prosthetic
sockets for transtibial amputees using SLS (Fig. 1). The frame-
work included the acquisition of the residual limb shape through
laser scanning, a methodology for socket design, structural anal-
ysis using FEM to ensure structural reliability under normal
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Fig. 10. a) FEM results for the stresses in the socket with a compressive force
boundary condition (in Pascal). b) Comparison between measured deformation
at bottom of compliant socket with FEM results.

loads observed during walking, and socket fabrication using
SLS. A case study was performed using experimental tests of
the SLS sockets manufactured via the framework to provide val-
idation of the FEM analysis. The results of the validation were
very promising, with the FEM predictions for failure loads in
both tests within 3% of measured values. For the compression
test deformation data, the predictions were within 25%, but only
for loads under 78% of the failure load. For values above this
threshold, discrepancies between the predicted and measured
results occurred due to the transition of the socket model into a
large deformation regime, which cannot be accurately captured
using the current FEM model. To improve the accuracy during
such situations, a more refined FEM mesh would be necessary,
in addition to a material characterization of the nonlinear be-
havior of Duraform PA during large deformations. Such mate-
rial characterization remains as an area of future work.

A limitation of the present FEM analysis was the determi-
nation of the pressure profile applied to the prosthesis, which
can greatly vary among patients (e.g., [10], [21], [22], [25]).
Ideally, the pressure profile should be measured in the actual
socket being analyzed to ensure the loading conditions are pre-
cise. However, obtaining actual pressure measurements from
each socket iteration is not feasible. Furthermore, previous anal-
ysis has shown that instrumenting a socket for contact pressure
measurement may considerably change the interface conditions
from their normal state [26]. However, a promising alternative
is to assess the load transfer directly from a FEM model of the
residual limb, including the bones, soft tissues and liner (e.g.,

[10], [17], [20]), where the dimensional data to generate the
corresponding meshes come from computed tomography (CT)
or magnetic resonance imaging (MRI) scans. Current work is
being directed at integrating such FEM models to obtain pres-
sure data for the design analysis.

Although the present framework provides a satisfactory means
for prosthetists to produce effective, subject-specific sockets, the
current framework involves many steps that require experience
using CAD and FEM analysis software. Future work should be
directed at providing an integrated user-friendly system that au-
tomates many of the CAD operations needed to produce the solid
model of the socket, including wall thickening and incorporating
compliant features and pylon attachment fittings.

One final area of future work is to assess the effect of dynamic
transient and impulsive loading conditions on the structural in-
tegrity and durability of the socket. This will require additional
experimentation and the determination of the fatigue properties
of Duraform PA and other SLS materials.

One main advantage of the present framework is that it al-
lows for systematic and controlled design modifications in the
socket shape or volume, which allows the exploration of the
relative advantages of various socket design philosophies (e.g.,
PTB versus total surface bearing, smooth versus abrupt con-
touring of socket features) [9], [27]. A second advantage is that
compliant features can be easily integrated into the socket de-
sign. The present design integrated one form of compliance (i.e.,
thin-walled sections) and future work will examine other forms
of compliant features. Finally, the FEM analysis indicated that
the largest stress concentration occurred at the bottom of the
socket near the pylon attachment site. Thus, with our frame-
work, we would modify the design to remove the stress con-
centration in that area and ensure an appropriate factor of safety
for the entire socket. This is one of the more powerful aspects
of such a framework, that design iterations can be performed
before a socket is manufactured to ensure a structurally sound
design and provide long-term reliability.

APPENDIX

The pressure distribution functions that define the data sur-
faces used as boundary conditions (Section II-E) were gener-
ated through refined inverse distancing, and the algorithm was
mathematically defined as follows.

Given a set of pressure values p1, ..., p, at n discreet points
Py,...,P, on a parametric surface S(u,v) of the socket
model, create for each discrete point P; a local interpolation
function

Q; Zpi+a1(u—ui)2+a2(u—ui)(v—vi)
+az (v — v,L-)2 +ag(u—w)+as(v—uv) (3)

where w; and wv; are the parametric coordinates of P; and
ai,...,as are the pressure values at the five points of the set
P, ..., P, that are closest to P;.

Also, for each discrete point P;, calculate a weighting factor

W, = —(” ‘dd)g @)
ri - d;
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where r; is the radius of influence in the parametric space (u,v)
around point P; (defined to be equal to 0.05) and d; is the para-
metric distance between (u,v) and (u;, v;).

Thus, the resulting continuous pressure distribution on the
surface S(u,v) is defined by

'21 W;Q;
p(u,v) = =——. 5)
W;
i=1
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