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Manufacture of Passive Dynamic Ankle—Foot
Orthoses Using Selective Laser Sintering

Mario C. Faustini, Richard R. Neptune*, Richard H. Crawford, and Steven J. Stanhope

Abstract—Ankle—foot orthosis (AFO) designs vary in size,
shape, and functional characteristics depending on the desired
clinical application. Passive Dynamic (PD) Response ankle—foot
orthoses (PD-AFOQOs) constitute a design that seeks to improve
walking ability for persons with various neuromuscular disorders
by passively (like a spring) providing variable levels of support
during the stance phase of gait. Current PD-AFO manufacturing
technology is either labor intensive or not well suited for the
detailed refinement of PD-AFO bending stiffness characteristics.
The primary objective of this study was to explore the feasibility
of using a rapid freeform prototyping technique, selective laser
sintering (SLS), as a PD-AFO manufacturing process. Feasibility
was determined by replicating the shape and functional charac-
teristics of a carbon fiber AFO (CF-AFQO). The study showed that
a SLS-based framework is ideally suited for this application. A
second objective was to determine the optimal SLS material for
PD-AFOs to store and release elastic energy; considering mini-
mizing energy dissipation through internal friction is a desired
material characteristic. This study compared the mechanical
damping of the CF-AFO to PD-AFOs manufactured by SLS using
three different materials. Mechanical damping evaluation ranked
the materials as Rilsan™ D80 (best), followed by DuraForm™ PA
and DuraForm™ GF. In addition, Rilsan™ D80 was the only SLS
material able to withstand large deformations.

Index Terms—Design automation, freeform fabrication, or-
thotics.

1. INTRODUCTION

NKLE-FOOT orthoses (AFOs) are devices often pre-

scribed to improve gait performance for persons with
impaired lower limb function as assistive or therapeutic de-
vices. For the purpose of this study, the classification active
dynamic orthosis contains those devices that use motors [1],
pumps [2], and actuators [3] to actively control the magnitude
of joint assistance and level of mechanical energy transferred.

Manuscript received February 28, 2007. The opinions presented in this paper
reflect the views of the authors and not those of the National Institutes of Health
or the U.S. Public Health Service. The research activities conducted at The Uni-
versity of Texas at Austin were supported in part by a contract from the Phys-
ical Disabilities Branch, National Institutes of Health. Asterisk indicates corre-
sponding author.

M. C. Faustini and R. H. Crawford are with the Department of Mechanical
Engineering, The University of Texas at Austin, Austin, TX 78712-0292 USA
(e-mail: faustini @alumni.utexas.net; rhc @mail.utexas.edu).

*R. R. Neptune is with the Department of Mechanical Engineering, The
University of Texas at Austin, Austin, TX 78712-0292 USA (e-mail: rnep-
tune @mail.utexas.edu).

S. J. Stanhope is with the Physical Disabilities Branch, National Institutes of
Health, Bethesda, MD 20892-1604 USA (e-mail: steven_stanhope @nih.gov).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBME.2007.912638

Tibial component
(struts)

§ ¢— Foot component

Fig. 1. Carbon fiber AFO design (Dynamic Brace, Advanced Prosthetics and
Orthotics Inc., Jacksonville, FL).

The classification passive dynamic (PD) orthosis contains AFO
designs that rely on characteristics such as material properties,
component thickness [4], AFO shape [5]-[7], springs [8],
and fluid pressure dynamics [9], [10], to establish bending or
rotational stiffness characteristics and to regulate the storage
and return of mechanical energy. While many clinical reasons
exist for the prescription of rigid AFOs, one functional goal of
contemporary PD-AFOs is to achieve smooth efficient walking
by providing a variable level of support and mechanical energy
return to the ankle during stance in gait [11], [12].

In recent studies, PD-AFOs containing carbon fiber (CF)
composite have been shown to increase walking speed and
overall gait performance in patients with post-polio syndrome
[11], stroke [13] and cerebral palsy [4]. Of the various CF-AFO
designs, the Dynamic Brace (Dynamic Bracing Solutions, Inc.,
San Diego, CA) is a passive dynamic response AFO well-suited
as a test case for this project since it is made entirely of
continuous carbon composite, is readily scalable, and uses
material properties and alterations in component dimensions to
establish rotational stiffness (Fig. 1). In addition, its design is
well-suited for determining a value for rotational stiffness that
is appropriate for gait [14].

Manufacture of CF-AFOs is a multi-step process requiring
a substantial level of highly skilled labor [15]. While methods
to automate AFO shape customization using parameterization
have been proposed [16], such methods have been limited by
the lack of automated manufacturing methods. A promising en-
gineering solution for producing customized PD-AFOs is the
application of selective laser sintering (SLS) technology [17],
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which is a versatile manufacturing technique that provides sev-
eral advantages over traditional methods and has been success-
fully used to fabricate prosthetic sockets for lower limb am-
putees [18]-[22]. SLS is a manufacturing technique that fabri-
cates any closed solid model in sequential cross-sectional layers.
A planar layer of a powdery material is placed in the part bed
and melted or sintered in the desired cross-section of the model,
which is then allowed to solidify. The bed is then lowered by
one layer thickness and covered again with another layer of
the powdery material and the process is repeated. When all the
cross-sections of the model are processed, the final part pos-
sesses the same shape and dimensions as the computer model.
Thus, SLS allows the manufacture of PD-AFOs directly from
digital shape information of the patient’s limb, which eliminates
the necessity for preliminary molds, hand lamination and fin-
ishing procedures. Also, SLS can create complex geometric fea-
tures with no cost penalty in manufacturing, which significantly
expands the options for developing and exploring new PD-AFO
designs and optimizing their characteristics (e.g., weight and
stiffness). In addition, SLS uses a computer-modeling environ-
ment compatible with finite element method (FEM) tools for
pre-manufacturing analyses to assess structural integrity and
mechanical performance. Hence, the primary objective of this
study was to explore the feasibility of using a SLS-based de-
sign, analysis and manufacturing framework to rapidly produce
patient-specific PD-AFOs.

A second objective was to identify the most appropriate SLS
material for manufacturing PD-AFOs. Patients with various
neuromuscular disorders often lose control and strength in their
lower limbs, which impairs their mobility. The storage and
release of elastic energy within the structure of a PD-AFO is an
important design characteristic that helps compensate for var-
ious neuromuscular disorders. For example, during the second
rocker phase of stance in gait the PD-AFO deforms under the
influence of the body weight, thus storing elastic energy. Fol-
lowing heel off in stance the AFO becomes unloaded. During
this third rocker phase of stance in gait, the AFO releases the
stored energy to help satisfy the energetic demands of walking.
Thus, a fundamental criterion for selecting the most appropriate
SLS material for AFO fabrication is minimizing energy dissi-
pation through internal friction during AFO deformation. The
present study evaluated the energy dissipation characteristics in
three nylon-based SLS materials: DuraForm™ PA (Nylon 12),
DuraForm™ GF (glass-filled Nylon 12) and Rilsan™ D80
(Nylon 11). These material characteristics were then compared
to those of the Dynamic Brace CF-AFO.

II. METHODS

A. PD-AFO Design and Manufacturing Framework

To facilitate a direct comparison of the damping properties
between the SLS fabricated AFOs and the Dynamic Brace
CF-AFO, a SLS design and manufacturing framework was
developed to replicate the geometry and design characteristics
of the CF-AFO. The framework included the following steps
(Fig. 2): 1) determining the bending stiffness of the CF-AFO;
2) developing a surface model of the CF-AFO; 3) developing a
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Fig. 2. Framework for the AFO design and SLS fabrication to duplicate the
CF-AFO design characteristics.

computer-aided design (CAD) model of the CF-AFO from the
surface model; 4) performing a FEM analysis of the CAD model
using anticipated load conditions; 5) iteratively modifying the
digital AFO strut dimensions to reproduce the stiffness and
structural characteristics of the CF-AFO; and 6) using SLS
to fabricate three working prototypes, each manufactured
using one of three materials (DuraForm™ PA (PA-AFO),
DuraForm™ GF (GF-AFO), and Rilsan™ D80 (D80-AFO)
using SLS. The SLS fabrication system used in this study was
a 3D Systems (Valencia, CA) Vanguard HS Sinterstation. Each
of these steps is described in detail below.

B. Surface Model Development

The CF-AFO used in this study [Fig. 3(a)] was obtained with
the consent of a 66-year-old male subject (height 1.85 m, weight
81.8 kg) with Post-Polio Syndrome who was prescribed and rou-
tinely wore bilateral CF-AFOs for enhanced gait performance.
The subject provided his written consent to participate in this
Institutional Review Board approved study.

Computed tomography (CT) images of the CF-AFO alone
were acquired using a CT scanner (LightSpeed QX/i, GE Med-
ical Systems). The CF-AFO was placed on a slight angle to max-
imize surface area in the imaging plane. Images were acquired
in helical mode using a 1.25 mm slice thickness and 0.98 mm
in-plane pixel resolution yielding an array of 512 x 512 x 431
pixels. A cloud of points delineating the surface of the AFO was
extracted using the custom-written National Institutes of Health
(NIH) software, Medical Image Processing Analysis and Visu-
alization (MIPAV). A custom-written program was then used to
convert the pixel coordinates into real coordinates (millimeters)
and save them in VRML97 format. This format was then trian-
gularized [Fig. 3(b)] and decimated by Raindrop Geomagic™
(Raindrop Geomagic, Inc, Research Triangle Park, NC) soft-
ware [Fig. 3(c)].
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Fig. 3. Steps for modeling and fabrication of SLS AFOs to be tested from orig-
inal carbon fiber AFO. (a) Original carbon fiber AFO design (Dynamic Brace,
Advanced Prosthetics and Orthotics Inc., Jacksonville, FL) to be replicated with
SLS. (b) Corresponding point cloud file from the digitized AFO. (c) Recon-
structed point cloud. (d) Surface model. (e) Solid model. (f) SLS manufactured
AFO prototypes.
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Fig. 4. Rotational stiffness of the AFO in the sagittal (viewing) plane, defined
as the ratio between the applied normal force and the resulting deformation angle
Boanr-

C. AFO Computer-Aided Design (CAD) Model Development

The resulting CF-AFO model was then converted to a
CAD model and subsequent designs were finalized using
Rhinoceros™ 3D (Seattle, WA) software [Fig. 3(d)]. Three
models were created from this file, one for each of the SLS
materials to be tested. Each solid model [Fig. 3(e)] preserved
the overall geometric characteristics of the CF-AFO. However,
the cuff width and strut length were decreased such that the
standing height of the AFO was decreased 15% in order to fit
within the build volume of the SLS workstation. In addition,
the thickness of the struts in each model was modified to
assure the AFO’s rotational stiffness (an important functional
characteristic) in the sagittal plane (Fig. 4) matched that of
the CF-AFO, which was verified through FEM analyses and
physical testing (both described below).

TABLE 1
MATERIAL PROPERTIES FOR THE SLS MATERIALS

Property Rilsan D80 DuraForm PA DuraForm GF
Tensile strength 45 MPa 44 MPa 38.1 MPa
Tensile modulus 1400 MPa 1600 MPa 5910 MPa
Flexural modulus 869 MPa 1285 MPa 3300 MPa
Tensile elongation 25% 9% 2%

at break

D. FEM Analysis

FEM software (EDS I-deas™, Plano, TX) was used for iter-
ative analysis to determine the cross-sectional strut dimensions
of the SLS manufactured AFOs. The CF-AFO CAD model
was imported into I-deas™ using the IGES file format. A
Delaunay-based [23] mesh generator was used to create the ini-
tial model mesh using 10-node parabolic tetrahedral elements.
The initial element size was chosen in the mesh generator to
be smaller than the overall AFO thickness for both the cuff and
footplate. The automated mesh generator was set to create a
model based on sections, allowing specific areas and geometric
features to be further refined. The resulting mesh was then
interactively inspected to identify highly distorted or stretched
elements that might lead to errors in the analysis. When such
areas were identified, individual elements were locally refined.
The complete FEM mesh for the AFO had a total of 13345
elements and 24 235 nodes. The material properties used in the
FEM analysis are provided in Table L.

E. Load Conditions

The FEM analysis for the AFO models was performed under
typical able-bodied gait loading and boundary conditions in
order to evaluate the flexural response of the AFO, which would
assure the SLS manufactured AFO rotational stiffness matched
the CF-AFO. If the resulting value was found to be too high
or too low, the cross sectional areas (thicknesses) of the two
struts were adjusted accordingly and a new simulation was
performed. The iterative process continued until the desired
rotational stiffness was achieved. The loading model consisted
of an inbound surface force applied to the faces of the elements
that shared the frontal inner surface of the cuff, replicating the
force applied by the shank of the leg on the AFO cuff during
walking. The bottom of the footplate was spatially restrained.

FE. SLS Fabrication of AFOs

The files were then converted to STL format and AFOs
were fabricated in a 3DSystems Vanguard HS Sinterstation
using DuraForm™ PA, DuraForm™ GF and Rilsan™ D80
material. Since the modeled AFOs were 17.7 inches tall, each
AFO occupied the entire 18-inch build volume (due to the
build height space lost to extra warm up and cool down powder
layers) and had to be positioned diagonally to fit within the
build boundaries of the SLS workstation. This orientation was,
however, consistent across all AFO builds. Each build took ap-
proximately 26 hours, including warming-up and cooling-down
stages. An additional 6 hours were necessary, after finishing
the build, for the part bed temperature to drop below 50 °C and
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A

Fig. 5. The experimental testing of the rotational stiffness was performed by
clamping the footplate and applying an increasing force F’ at the cuff, then mea-
suring the resulting angle 6 created by the deformation of the AFO in relation
to its resting position.

allow safe removal of the AFOs. The part bed was broken out,
and the AFO was then cleaned with a sandblaster in preparation
for testing [Fig. 3(f)]. Thus the construction of each AFO took
approximately 32 hours from start to finish. Note that SLS
workstation runs automatically without human intervention
during the build cycle. Although up to two AFOs could be built
simultaneously in the SLS system using the same material feed,
each AFO was built independently in this study.

G. Experimental Tests and FEM Validation

Experimental analyses were performed on the AFO proto-
types to compare the structural response of the AFOs with the
FEM predictions and identify the mechanical limits of the SLS
AFOs. Using similar boundary conditions, nondestructive tests
were set up to evaluate bending stiffness. The experimental test
procedure (Fig. 5) consisted of clamping the footplate of the
AFO against a vertical base and applying an increasing vertical
force to the cuff through a system of cables and masses. For each
increase of 45 N in applied force, the angle between the loca-
tion of the uppermost point at the front of the cuff in this de-
formed state and its original location in the AFO’s resting state
was recorded. The force was increased to 490 N, and then de-
creased to zero while the same angle was measured. With this
moment versus angular displacement data, the rotational stiff-
ness could be readily determined and used to validate the FEM
results.

H. Measuring Energy Dissipation

The energy dissipation measurement for all four AFOs (i.e.,
the original CF-AFO and the three SLS prototypes) consisted
of securely attaching to the cuff of each AFO a long iron rod,
which had a lumped mass at the distal end [Fig. 6(a)] to pro-
duce a rigid AFO-rod system. The iron rod was 800 mm tall and
weighed 9 kg (including the distal lumped mass). Each AFO was
then fixed on a table and a calibrated accelerometer (Crossbow
CXL04P3) was attached to the side of the cuff and connected
to a data acquisition system [Fig. 6(b)]. The AFO was rotated
20 degrees in the sagittal plane and released. Accelerometer data
were collected during the following 30 seconds. Five measure-
ment trials were performed for each AFO.

Fig. 6. Energy dissipation measurement set up. (a) Detail of attachment be-
tween testing rod and cuff of AFO. (b) Diagram of experiment, testing rod was
brought from resting point R to initial point A and then released, and then al-
lowed to oscillate freely between points A and B as mechanical damping dissi-
pated energy and the system returned to resting point R.

Fig. 7. Destructive test where a compressive load was applied to a SLS AFO,
forcing it to bend to its maximum limits.

From the resulting acceleration-time trajectory, energy dissi-
pation was quantified by the decay factor d of the best-fit en-
velope curve Ae~ % where t is time. The initial 5 seconds of
acquired data were discarded to allow small out-of-plane vibra-
tions to subside and the oscillations to reach steady-state. For
each AFO, d was averaged over the five measurement trials.

1. Destructive Tests

Destructive tests were performed to evaluate the AFOs’
ultimate flexural strength using a hydraulic axial load cell
(MTS Systems Corp., Eden Prairie, MN). In these tests, the
SLS AFOs were loaded through the full range of motion while
positioned between the crosshead and the base of the load cell.
This forced the struts to fold while the cuff was pushed by the
base of the testing machine towards the footplate, which was
clamped against the crosshead (Fig. 7).

III. RESULTS

The proposed framework proved to be a feasible process to
generate AFOs directly from the scanned image data, with the
design characteristics being nearly identical to the CF-AFO.
Table II lists physical characteristics of the SLS and CF- AFOs.

A. Energy Dissipation in AFOs

The energy dissipation data (Fig. 8) for the CF-AFO showed
a decay factor of d = 0.0488, which was the lowest amount of
energy dissipation of the four AFOs tested. DuraForm™ GF had
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Fig. 8. For each tested AFO, values of acceleration (times gravity acceleration)
the decay factor d was calculated.

TABLE II
PHYSICAL CHARACTERISTICS OF THE AFOs
Property\AFO . DuraForm DuraForm Carbon

Material Rilsan D80 PA GF Fiber
Weight (g) 575 349 478 598
Cross sectional
area of each 581 485 352 *179
strut (mm?®)
Standing height 444 444 444 525
(mm)
Distal toe plate
to inferior cuff 385 385 385 443
edge (mm)
Heel to distal
toe on footplate 238 238 238 293

(mm)
* Average cross sectional area of the two carbon fiber struts

the largest energy dissipation, with d = 0.3115. DuraForm™
PA had a decay factor d = 0.08716, while Rilsan™ D80 had
a d = 0.06655, which was the lowest amount of dissipation
among the SLS fabricated AFOs. In all four cases, deviations in
the averaged d values were similar and less than 5%.

B. Mechanical Properties of AFOs

The mechanical characteristics of the SLS AFOs were con-
sidered satisfactory with a rotational stiffness within 5% of the
FEM designed target stiffness values (Table III), thus success-
fully validating the framework’s FEM predictions. However,
the destructive tests showed that only Rilsan™ D80 was able
to withstand large deformations without failing, although some
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versus time (in seconds) were plotted and the best-fit envelope curve for which

TABLE III
AFO ROTATIONAL STIFFNESS

Property\AFO . DuraForm DuraForm Carbon
Material Rilsan D80 PA GF Fiber

Rotational

stiffness 10.18 10.47 11.03 10.69

(N-m/degree)

permanent plastic deformation was observed. Both DuraForm™
PA and DuraForm™ GF fractured during the destructive test.

IV. DISCUSSION

The primary objective of this study was to explore the feasi-
bility of using an SLS-based manufacturing framework to pro-
duce patient-specific PD-AFOs. A second objective was to iden-
tify the most appropriate SLS material to be used for manu-
facturing the AFOs. Using the proposed framework, three SLS
AFOs were fabricated with different materials and evaluated rel-
ative to the functional characteristics of a commercially avail-
able CF-AFO. Rilsan™ D80 proved to be the SLS material that
exhibited the least amount of energy dissipation through me-
chanical damping and was the only material to withstand the
destructive testing.

Mechanical damping characteristics ranked the SLS ma-
terials as Rilsan™ D80 (best), followed by DuraForm™ PA
and DuraForm™ GF (worst). However, mechanical damping
in the Rilsan™ D80 AFO was still significantly higher (36%)
than the CF-AFO, which may influence patient fatigue during
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long-term AFO use. Since minimizing damping in a PD-AFO
is an important characteristic, future work should be directed
at optimizing the SLS-based PD-AFO design itself (e.g., using
topology optimization) to minimize energy losses. However,
although different PD-AFO designs could lead to a decrease
in energy losses, the ranking of mechanical damping charac-
teristics should remain similar among the materials analyzed.
Another aspect that could alter the mechanical damping is
the part orientation during the SLS fabrication. Since the SLS
process is a layer based process, and even within the layer plane
the material is not expected to be perfectly uniform due to the
prevalent laser scan direction, a change in the part orientation
alone could be enough to modify internal friction in the SLS
PD-AFOs. Thus, future work should also be directed towards
identifying the influence of build orientation on the mechanical
damping characteristics of SLS PD-AFOs.

A potential limitation of the current SLS framework is the
maximum build envelop, which is intrinsic to commercially
available SLS fabrication systems and limits the height of
AFOs. Future work should focus on developing alternative
AFO designs that are not constrained by the build envelop,
such as two-part designs that can be readily assembled after
fabrication.

Another important area of future work is to assess the effect of
dynamic and impulsive loading conditions on the structural in-
tegrity and durability of the SLS PD-AFOs. While such loading
conditions are not primary considerations for clinical reasons,
active patients using these AFOs are likely to encounter situa-
tions that will require resistance to dynamic loads. Assessment
of these load cases will require additional destructive and non-
destructive experimentation and the determination of the fatigue
properties of the SLS materials. Impact resistance of the SLS
PD-AFOs was preliminarily tested with mixed results. The pro-
totypes were dropped from a height of 1.0 meter and none failed,
but some fractured when dropped from 2.3 meters. A more con-
trolled investigation of impact resistance is warranted.

The present study used an existing CF-AFO design to allow
direct comparison of the damping characteristics of SLS fab-
ricated AFOs with the commercially available yet extensively
customized CF-AFO. However, one of the primary advantages
of the present framework is that it allows for systematic and
controlled design modifications in the AFO shape or volume,
which permits the exploration of the relative advantages of var-
ious PD-AFO designs (e.g., alternative strut designs to achieve
different rotational stiffness values, as illustrated in Fig. 9) and
the ability to make subject-specific PD-AFOs. To produce a sub-
ject-specific PD-AFO, existing designs can be simply scaled to
a scanned image of the patient’s limb and the framework applied
to optimize the PD-AFO design characteristics to satisfy a clin-
ician’s prescription to suit a patient’s specific needs [Fig. 9(a)].
For example, in the present study the rotational stiffness was
fine-tuned to match the CF-AFO with the FEM tools by simply
scaling the cross-sectional areas of the struts (Table II). Such
customization could be extended to assist clinicians in meeting
each patient’s specific needs. A second advantage is that ad-
ditional features such as holes for strapping around the cuff
and attachment features for motion capture systems for clinical
analyses [Fig. 9(b)] can be easily integrated into an AFO design.

Fig. 9. (a) Alternative design with single strut AFO designed using topology
optimization tools [24] and (b) additional features added for straps and motion
capture markers.

With the present framework, modifying the design to optimize
and improve a clinician’s ability to enhance patient performance
can be achieved and structurally analyzed before the PD-AFO is
manufactured to ensure a structurally sound design and provide
long-term reliability. Thus, the presented SLS design, analysis
and manufacture framework exhibits considerable promise for
fabricating AFOs customized for specific patients.
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