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Proper selection of prosthetic foot-ankle components with appro-
priate design characteristics is critical for successful amputee re-
habilitation. Elastic energy storage and return (ESAR) feet have
been developed in an effort to improve amputee gait. However, the
clinical efficacy of ESAR feet has been inconsistent, which could
be due to inappropriate stiffness levels prescribed for a given
amputee. Although a number of studies have analyzed the effect of
ESAR feet on gait performance, the relationships between the
stiffness characteristics and gait performance are not well under-
stood. A challenge to understanding these relationships is the in-
ability of current manufacturing techniques to easily generate feet
with varying stiffness levels. The objective of this study was to
develop a rapid prototyping framework using selective laser sin-
tering (SLS) for the creation of prosthetic feet that can be used as
a means to quantify the influence of varying foot stiffness on tran-
stibial amputee walking. The framework successfully duplicated
the stiffness characteristics of a commercial carbon fiber ESAR
foot. The feet were mechanically tested and an experimental case
study was performed to verify that the locomotor characteristics
of the amputee’s gait were the same when walking with the carbon
fiber ESAR and SLS designs. Three-dimensional ground reaction
force, kinematic, and kinetic quantities were measured while the
subject walked at 1.2 m/s. The SLS foot was able to replicate the
mechanical loading response and locomotor patterns of the ESAR
foot within £2 standard deviations. This validated the current
framework as a means to fabricate SLS-based ESAR prosthetic
feet. Future work will be directed at creating feet with a range of
stiffness levels to investigate appropriate prescription criteria.
[DOLI: 10.1115/1.4000166]
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1 Introduction

Recent estimates indicate that approximately 40% (623,000) of
the amputees living in the United States are major lower-limb
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amputees, and that there will be over 1.4 million by the year 2050
[1]. Relative to nonamputees, lower-limb amputees have signifi-
cant differences in a number of biomechanical quantities includ-
ing reduced self-selected walking speed [2-4] and increased vari-
ability in muscle excitation patterns [5,6]. Amputees have also
shown increases in gait asymmetry [5-9], intact leg loading [9],
and metabolic cost [3], compared with nonamputees walking at
the same speed. Thus, appropriate prosthetic component selection
for amputees is critical to mitigate these detrimental effects during
locomotion, and improve amputee care. Currently, patient feed-
back and clinical experience of the physician or prosthetist are
often the primary means of component selection rather than ob-
jective biomechanical data [6,10-13]. Thus, research is needed to
develop objective, quantitative selection methods for prosthetic
components to improve the rehabilitation and quality of life for
the growing amputee population.

An important element of prosthetic component selection is an
appropriate prosthetic foot. Historically, the solid ankle cushioned
heel (SACH) type design was prescribed, which aids in reducing
impact loading at heel strike, but stores and releases very little
elastic energy that has the potential to help improve gait. Cur-
rently, many prosthetic feet are designed and manufactured using
carbon fiber (CF), a high-strength and lightweight composite,
which has allowed for the successful development of energy stor-
age and return (ESAR) feet. These feet store elastic energy during
the stance phase, and release a portion of it near toe-off to aid in
propulsion and leg-swing initiation [14]. A number of studies have
investigated changes in gait while walking with ESAR feet (for
review, see Ref. [12]), however, the relationships between foot
stiffness and gait performance are not well understood [6]. Inap-
propriate stiffness levels could have a detrimental effect on gait
performance, which may explain the inconsistent results across
studies [12]. To date, no study has systematically varied prosthetic
foot stiffness across a wide range of values to identify these rela-
tionships, primarily due to the high cost and difficulty in fabricat-
ing custom ESAR feet. Thus, the development of a framework
utilizing rapid prototyping technology that allows for quick, cost-
effective fabrication of prosthetic feet with a desired stiffness is
greatly needed to facilitate such studies.

One suitable technology is selective laser sintering (SLS), a
versatile and cost-effective method for rapid prototyping with re-
duced fabrication times, little need for human intervention, and no
cost penalties for increasing design complexity [15]. In addition,
SLS technology has been successfully applied to the fabrication of
ankle-foot orthoses and transtibial prosthetic sockets [16-21], and
is well-suited for the fabrication of prosthetic feet. The SLS pro-
cess involves transforming a 3D model of a design into a series of
thin, planar, cross-sectional geometries. A thin layer of powder is
distributed over a part bed, and melted (sintered) together in the
desired cross-sectional shape using a high-powered laser. After
lowering the build space and adding another layer of powder, the
next cross section is sintered to the previous layer. This sequence
of adding successive sintered layers is repeated until the 3D vol-
ume is fabricated. Utilizing SLS technology would allow for rapid
creation of custom prosthetic feet with precise stiffness levels that
can be readily tested on amputees to investigate the relationships
between foot stiffness and gait performance.

The objective of this study was to develop such a framework,
based on SLS manufacturing technology to rapidly create pros-
thetic feet with varying stiffness characteristics that can be used in
future studies as a means to quantify the influence of prosthetic
foot stiffness on gait performance. To test the effectiveness of the
framework, we duplicated the geometry and stiffness characteris-
tics of a commercial ESAR foot with SLS, and used finite element
analysis, mechanical testing, and experimental gait analysis to
verify the SLS foot performance. The experimental gait analysis
consisted of a case study with a transtibial amputee to verify that
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Fig. 1

Mechanical testing of the Highlander™ CF foot during
the (a) toe-only, (b) heel-only, and (c) foot-flat conditions

the temporal, kinetic, and kinematic characteristics of the ampu-
tee’s gait were the same with both the carbon fiber and SLS de-
signs during steady-state walking.

2 Methods

The primary elements of the SLS framework included: (1) me-
chanically testing the commercial CF foot to obtain target stiffness
data, (2) using computer-aided design (CAD) software to create a
three-dimensional surface model derived from the CF foot geom-
etry, which could be easily modified to match the desired stiffness
value, (3) performing an engineering analysis using finite element
methods (FEM) to assess the structural integrity of the SLS foot
during normal loading conditions, (4) fabricating the SLS proto-
type, and (5) mechanically testing the SLS foot to verify the stiff-
ness characteristics. The performance of the foot was validated
with a case study of a single traumatic transtibial amputee. Each
component of the SLS framework is described below in detail.

2.1 Testing the Carbon Fiber Foot. The ESAR foot repli-
cated in this study was the HighlanderTM foot (Freedom Innova-
tions, Inc., Irvine, CA) made of carbon fiber with continuous
sweep geometry and easily scalable geometric dimensions. The
HighlanderTM CF foot was mechanically tested using an Applied
Test Systems (Butler, PA) universal testing machine (Model 1620)
equipped with a uniaxial load cell (Fig. 1). The foot was attached
to the base of the machine with a three degree-of-freedom vice,
and loaded axially from the top using a flat aluminum plate at-
tached below the load cell. Similar to Saunders et al. [22], the
amount of deflection was measured as the foot was loaded in three
configurations: toe-only contact (TO) up to 68 kg, heel-only con-
tact (HO) up to 41 kg, and foot-flat (FF) up to 114 kg (Fig. 1).
These loads were chosen as typical values observed over the gait
cycle, and provided enough data points to obtain load-deflection
curves. A preliminary study showed loading speeds ranging from
0.13 cm/min to 5.08 cm/min produced identical load-deflection
curves. Therefore, a crosshead speed of 0.64 cm/min was chosen
to ensure a quasistatic, yet timely test. The orientation for the FF
condition was determined by ensuring both the toe and heel made
contact with the loading plate simultaneously. TO and HO tests
were performed individually [12] and were oriented as close as
possible to FF while preventing any undesired portions of the foot
from interfering with the section of interest (keel or heel). The
orientation of the vice under each loading condition (2 deg plan-
tarflexed and 9 deg dorsiflexed from FF for the TO and HO con-
ditions, respectively) was recorded to ensure identical mechanical
testing conditions for the SLS foot. All data were collected at 60
Hz.

2.2 Creation of SLS Foot CAD Model. The geometﬁf of the
HighlanderTM CF foot was imported into SOLIDWORKS ™ (Con-
cord, MA) cAD software by reproducing the two-dimensional pro-
jection of the sagittal plane geometry as a centerline spline curve
on a sketch plane. While maintaining the critical features of the
CF foot (length, height, socket-pylon attachment locations, and
ground points of contact), model thickness was altered at various
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Fig. 2 Steps in deriving the cap model for SLS fabrication
from CF foot geometry: (a) Highlander™ (FS 3000) CF foot
(Freedom Innovations, Inc.), (b) centerline spline curve of sag-
ittal plane CF geometry with keel and heel thicknesses used to
modify foot stiffness, (c¢) extruded geometry, (d) cut and
trimmed cap model ready for SLS fabrication, and (e) resulting
prototype

points surrounding the spline to allow for the fabrication of a foot
with the desired stiffness value. The closed sketch loop was then
extruded to the proper width, and trimmed appropriately to match
the overall shape of the CF foot. All dimensions other than keel
and heel thickness were similar to the CF foot (Fig. 2). The split
toe feature of the CF foot, primarily for turning stability, was
omitted because of the sagittal plane walking conditions in the
present case study [23,24].

2.3 FEM Analysis of SLS Foot CAD Model. The stiffness
and structural integrity of the SLS foot was verified using FEM
analyses in COSMOSWORKS' ™ (Concord, MA) using similar
boundary and loading conditions of the CF foot. Virtual TO, HO,
and FF loading conditions were created by constraining the ap-
propriate portions of the foot model, and applying external loads.
The mesh elements used were 3D parabolic tetrahedral solid ele-
ments with four corner nodes and six midside nodes per element.
The mesh generator automatically adjusted the size of the ele-
ments if the local mesh was too large for a smooth transition
between geometric features. The complete FEM mesh contained
14,602 elements and 23,446 nodes. The material properties for
Rilsan™ D80 (Table 1) were used for the CAD models. To achieve
the desired stiffness, an iterative design process was used. The

Table 1 Material properties for Rilsan™ D80
Yield Ultimate Tensile Poisson’s
Density strength tensile strength modulus ratio
1.04 g/cm? 35 MPa 50 MPa 868 MPa 0.39
80 1 SLS - Nominal (foot-flat)
Carbon Fiber (foot-flat)
60 - = = S|S - Nominal (toe-only)
§ ——-— Carbon Fiber (toe-only)
g e SLS - Nominal (heel-only)
S 40 .. Carbon Fiber (heel-only)
S -
20 A
0

0 0.2 0.4 0.6
Displacement (cm)

Fig. 3 Stiffness data for SLS versus CF feet in the toe-only,
foot-flat, and heel-only conditions. Measurement data (light
gray) was fit with a linear regression line. All data were trun-
cated at 0.6 cm displacement for ease of comparison.
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Table 2 Average (+ standard deviation) spatiotemporal gait parameters for the CF. Also
shown are the percent differences between the SLS and CF feet. All SLS values were within the
variability of the CF foot and all differences were less than 3%.

Residual leg

Intact leg

Deviation from CF

Deviation from CF

Exp. value (%) Exp. value (%)
Step length (m) CF 0.76 £0.021 - 0.71£0.018 -
SLS 0.760.018 0.39 0.70x=0.017 —1.13
Step time (s) CF 0.62£0.020 - 0.63£0.020 -
SLS 0.63 £0.020 1.61 0.62+0.020 —1.59
Stance time (s) CF 0.79£0.020 - 0.80£0.020 -
SLS 0.77 £0.020 —2.53 0.79£0.020 —1.25
Cycle time (s) CF 1.26 = 0.020 - 1.26 +=0.020 -
SLS 1.25£0.030 —0.79 1.25+0.030 —0.79
Steps/min CF 96.2+2.29 - 94.7+2.46 -
SLS 95.7%£3.25 —0.57 96.3£2.74 1.69

thicknesses of the keel and heel sections were adjusted indepen-
dently until the required deformation of the model (heel and keel)
during the loading conditions was reached. Locations of stress
concentration were noted, and material was added to ensure the
maximum stress did not exceed the yield strength of the material.

2.4 Fabrication and Testing of SLS Feet. Once the desired
stiffness was achieved, the CAD model was exported in stere-
olithography _SSTL) file format, and used to fabricate the SLS foot
out of Rilsan™ D80 using a Vanguard HiQ Sinterstation (3DSys-
tems, Valencia, CA). Rilsan™ D80 (Nylon 11, Arkema, France,)
was used to make the SLS feet, due to its desirable material prop-
erties for making prosthetic components [20]. The foot was ori-
ented in the build volume, such that each successive layer of
powder was parallel to the sagittal plane of the foot to avoid any

potential weaknesses resulting from layer delamination. The auto-
mated SLS build process required 3 h of warm up, 8 h of build
time, and 4 h of cool down time, resulting in a total build time of
15 h.

Mechanical testing of the SLS foot included identical orienta-
tions and loading conditions of the CF foot. In addition, high load
tests were performed on the SLS foot to ensure that the foot would
not undergo permanent deformation or fracture under normal
walking conditions. The SLS foot was placed under a high load of
272 kg (i.e., greater than three times the expected bodyweight) in
the foot flat condition. Permanent deformation was assessed
through visual observation and external dimension measurement.

2.5 Experimental Data Collection. To assess the biome-
chanical response of the foot, a case study was performed with a

Intact A/P GRF Intact M/L GRF Intact Vertical GRF
30 150
20
100
< 10
o
& 0
= Nominal 50
-10
——- Carbon Fiber
-20 15 0 |
0 50 100 0 50 100 0 50 100
Residual A/P GRF Residual M/L GRF Residual Vertical GRF
30 15 150
20 . 10
= 10 100 A
mé cd
& 0
y 50
-10 NAf
-20 0 .
0 50 100 0 50 100 0 50 100
% Gait Cycle % Gait Cycle % Gait Cycle

Fig. 4 Comparison of the intact and residual leg ground reaction forces between the SLS and CF (+2 standard deviations,
shaded area) feet. The mean of the SLS foot was nearly always within two standard deviations, shaded area of the CF foot

mean.
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Fig. 5 Comparison of the intact leg joint angles, moments, and powers between the SLS and CF (+2 standard deviations,
shaded area) feet. The mean of the SLS foot was nearly always within two standard deviations of the CF foot mean.

45-year-old traumatic, transtibial, unilateral amputee (1.87 m,
78.5 kg) who was a proficient walker. The subject was in good
physical condition with no musculoskeletal disorders or pain, and
had been an amputee for over 16 years. A licensed prosthetist with
30 years of experience was present during data collection, and
ensured proper alignment of the CF and SLS feet. Mass (80 g)
was added to the CF foot near the center of mass to ensure both
feet had similar inertial properties. The subject provided informed
consent approved by The University of Texas and the South Texas
VA Medical Center.

Both the CF and SLS feet were tested during repeated walking
trials. For each trial, the subject walked along a 10-m walkway
containing four embedded and concealed force plates (46.4
X 50.8 cm?; Advanced Mechanical Technology Inc., Watertown,
MA). Infrared timing gates were used to ensure the subject met
the desired walking speed of 1.2£0.06 m/s, which was a speed
near the subject’s preferred walking speed. A verbal cue was given
to begin walking, and verbal feedback on walking speed was pro-
vided after each trial indicating whether the speed requirement
was met. The trials were repeated until ten force plate hits were
recorded for each leg.

Kinematic data were collected at 120 Hz, and ground reaction
force (GRF) data were collected at 1200 Hz using Vicon Work-
station (Version 5.1, Oxford Metrics, Oxford, UK). Reflective
markers (14 mm in diameter) were placed on the C-7 vertebrae
and bilaterally on the acromion, iliac crest, posterior superior iliac
spine, anterior superior iliac spine, greater trochanter, lateral and
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medial femoral condyles, lateral and medial malleoli, heel, dorsal
foot, and the first, second, and fifth metatarsal head. Marker clus-
ters were also placed bilaterally on the shank and thigh. Marker
locations on the foot of the residual leg were placed such that the
markers were symmetric with the intact leg.

2.6 Experimental Data Analysis. Kinetic and kinematic data
were analyzed using VISUAL3D (C-Motion, Inc., Germantown,
MD). A low-pass fourth order Butterworth filter with a cutoff
frequency of 6 Hz was applied to the kinematic data, while GRF
data were low-pass filtered at 20 Hz. Joint angles, moments, and
powers were determined using standard inverse-dynamics tech-
niques in VISUAL3D. Residual leg inertial properties were based on
that of Mattes et al. [25]. GRF and kinetic data were normalized to
the subject’s bodyweight and body mass, respectively, and all data
were normalized to the gait cycle.

Bilateral spatiotemporal gait characteristics were compared be-
tween the CF and SLS feet for the intact and residual legs, includ-
ing step length, steps per minute, and step, stance, and cycle
times. Both the intact and residual legs were examined to assess
whether the SLS foot induced compensatory changes in the intact
leg. Joint angles, moments, and powers were evaluated at the hip,
knee, and ankle for both legs by computing the average absolute
difference between quantities after normalization to the gait cycle.
GRFs were also compared for both legs across feet conditions. All
GREF, kinetic, kinematic, and spatiotemporal parameters were av-
eraged across trials for each foot.

Transactions of the ASME
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Fig. 6 Comparison of the residual leg joint angles, moments and powers between the SLS and CF (+2 standard deviations,
shaded area) feet. The mean of the SLS foot was nearly always within two standard deviations of the CF foot mean.

3 Results

The SLS framework produced a prosthetic foot with similar
stiffness characteristics as the CF foot (Fig. 3), and did not fail or
exhibit any permanent deformation during the high load testing.
The similar stiffness characteristics resulted in spatiotemporal, ki-
netic, and kinematic gait characteristics that were nearly identical
when the subject walked with the CF and SLS feet. All spatiotem-
poral gait parameters for the SLS foot were within ~2.5% of the
CF foot (Table 2) for both the residual and intact legs. Both the
intact and residual leg GRFs were nearly identical, with the SLS
foot nearly always within two standard deviations of the CF foot
(Fig. 4). The only exception was the intact leg medial/lateral GRF,
which showed a slight offset in magnitude, although the pattern
and temporal phasing were the same (Fig. 4). The intact and re-
sidual leg joint angles, moments, and powers, while wearing the
SLS foot, were all similar to the CF foot and almost always within
two standard deviations of the CF foot (Figs. 5 and 6). The aver-
age joint angle deviation between the CF and SLS feet for the
intact and residual legs was 3.14 deg and 3.53 deg, respectively.
The average deviations in the joint moments were 0.064 N m/kg
and 0.046 N m/kg, while the average deviations in the joint pow-
ers were 0.090 W/kg and 0.071 W/kg, respectively.

4 Discussion

The objective of this study was to develop a framework based
on SLS manufacturing technology to rapidly design and fabricate

Journal of Biomechanical Engineering

prosthetic feet with custom stiffness levels for detailed studies
designed to understand the relationships between foot stiffness
and gait performance in transtibial amputee walking. This frame-
work successfully reproduced the CF foot’s stiffness characteris-
tics. Mechanical testing of the foot verified that the proposed
framework produced a SLS foot that performed similarly to the
CF foot. In addition, the high load testing showed the SLS foot
does not fail under high loads nor show any permanent deforma-
tion. The spatiotemporal, kinematic, and kinetic gait characteris-
tics of the CF foot were nearly identical when the subject walked
with the SLS foot. Some minor differences were noted between
the SLS and CF feet in the residual leg ankle and knee moments
during midstance. However, additional modifications of the foot
design such as refinements of the keel stiffness could further re-
duce these differences between feet.

One of the more time consuming aspects of the framework was
recreating the geometry of the HighlanderTM CF foot by reproduc-
ing the two-dimensional projection of the sagittal plane geometry,
and extruding that geometry to the proper width. The geometry
was then trimmed to match the overall shape of the CF foot, and
additional design features were incorporated (e.g., socket-pylon
attachment locations). This step could be automated using various
imaging techniques. For example, we have previously used a laser
scan of the residual limb to generate custom prosthetic socket
shapes [17,18] and CT scans to import the geometry of a commer-
cial ankle-foot orthosis [20]. These techniques could be easily
adapted to automate the generation of the initial foot geometry.
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Fig. 7 The application of topology optimization techniques to
develop novel prosthetic foot designs for manufacture using
SLS technology. The example above sought to replicate the
stiffness characteristics of the CF foot while minimizing the
material used: (a) sagittal plane optimization solution, (b) cor-
responding 3D cAb model, and (c) resulting SLS prototype.

One potential limitation of the current framework is the lack of
information regarding the response of SLS feet to impact loading.
Although these types of loading responses are not of primary con-
cern for steady-state walking conditions, resistance to dynamic
loading could be of greater importance for active walkers. Simi-
larly, the long-term fatigue characteristics of the SLS material
were not assessed. Thus, future work should be directed towards
investigating the impact response and fatigue properties of the
SLS feet. In addition, we used a quasistatic method to measure the
stiffness using a uniaxial load cell. Since we tested both the CF
and SLS foot using an identical protocol, this approach was
deemed justified. However, a more complete characterization of
the stiffness properties may be possible using a dynamic gait
simulator (e.g., see Ref. [26]).

The versatility of the SLS manufacturing process allows for
easy scaling or the inclusion of additional features that would
otherwise be difficult or impossible to incorporate into the design.
Techniques such as topology optimization [27,28] were previously
used to create unique features in SLS fabricated sockets [28], and
could be used to optimize design features and produce novel foot
designs. For example, we used topology optimization techniques
to design a foot that maintained the overall foot stiffness charac-
teristics of the CF foot while minimizing the amount of SLS ma-
terial used (Fig. 7).

Overall, the SLS framework produced prosthetic feet with me-
chanical properties that were similar to the desired CF properties,
and we believe that this could be used to generate feet with a
carefully controlled array of stiffness levels and geometries. Ex-
perienced amputees often have an incredible ability to adapt and
maintain kinematic similarity despite significant changes to com-
ponents and alignment. Thus, SLS could be used to create feet
with a wide range of stiffness levels to identify neuromotor and
biomechanical adaptations that occur and understand the relation-
ships between foot stiffness and gait performance. Once these
relationships are understood, the presented SLS framework could
be used to fabricate customized, subject-specific prosthetic feet
with appropriate stiffness levels to improve the rehabilitation and
quality of life for the growing amputee population.
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