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Abstract—Passive-dynamic ankle-foot orthoses (PD-AFOs)
constitute a class of ank le braces that rely on material properties
and physical features to  establish functional characteristics such
as bending or rotational stiffness. We have developed a novel
framework that  combines a fu lly parameterized PD-AFO
computer-aided design (CAD) model and free-form fabrication
to rapidly manufacture cu stomized PD- AFOs. The three-
dimensional locations of sel ect anatomic landmark s serve to fi t
customize the PD- AFO CAD model. A vi rtual orth opedic
alignment process and sel ection of discrete design parameter
values further customize the orthosis, which is fabricated via
selective laser sintering. CAD models were customized and full-
scale orthoses were manufactured for two nond isabled subjects.
The surface of one half-scale CAD model was marked with 3 mm
hemispherical dimples, and four ortho ses were manufactured in
different build orientations and positions. Dimensional accuracy
was determined by calculating discrepancies between corre-
sponding CAD and fabricated orthoses interdimple distances.
Subjective evaluations of the full -scale PD-AFOs following use
in gait were positive. Dimension discrepancies were well under
a 2 mm tolerance for the four half-scale orthoses. Mean foot
plate, strut, and  cuf f component di screpancies were 0.31 +/–
0.28, 0.34 +/– 0.08, 0.52 +/– 0.39 mm, respectively, and 0.29 +/–
0.23 mm  for the overall ortho sis. Dimensional accuracy of the
rapid custo mization and man ufacturing framew ork was well
within tolerances suggested in the literature.

Key words: ankle, computer-aided design, customization, gai t,
orthosis, orthotics, parameterization, rehabilitation, selective laser
sintering, three-dimensional printing.

INTRODUCTION

According to the American s with Disabilities report,
in 2005 approximately 27 million people over the age of
15 had a walkin g-related disability [1]. Ankle joint mus-
culature is extremely impo rtant du ring walking and  is
thought to be the primary muscle group that supports
upright stance  and produces forw ard propulsion [ 2–3].
Individuals with muscular weakness about the ankle, an
impairment o ften ca used by upper m otor n euron d isor-
ders and lower -limb injuries, are frequentl y pres cribed
ankle-foot orthoses (AFOs), which brace the a nkle dur-
ing gait and aim to improve gait function [4].

Passive-dynamic AFOs (PD-AFOs) constitute a class of
ankle braces that rely on ma terial properties and physical
features to establish functional characteristics such as bend-
ing or  rot ational s tiffness a nd the storage and return of
mechanical energy [5]. PD -AFOs are tradit ionally com-
posed of foot p late, strut, and cuf f components, which may
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be fabricated usin g continuous material [5–7] or connected
as components in various manne rs [8–9]. Despite the great
potential for biomechanical assessment and treatment using
this clas sification of orthose s, cu rrently pres cribed PD -
AFOs are often generic, having standardized size and shape
(fit) and ben ding or ro tational stiffness (functional) charac-
teristics [10–11]. When customization of functional charac-
teristics is sought, PD-AFOs are typically manually
fabricated by orthotists—which may introduce undesired
manufacturing variability in PD-AFO quality or ef fec-
tiveness, depending on an orthotists’ skill and experience
[12]—and require substant ial time and expertise to ulti-
mately manufacture orthoses having functional charac-
teristics that match the unique g ait dy namics of each
patient [6– 7,13]. Furthermore, the ann ual cos t of th ese
devices is substantial. In 2007, the prescription of orthotics
accounted for US$458,000,000 of Medicare expenditures
alone [14]. Therefore, the capability to rapidly design and
manufacture customized orthoses with precisely controlled
characteristics would help transform the PD-AFO customi-
zation and fabrication process from a craft-based industry
into a modern clinical specialty [15].

Fit customization is an im portant design factor for
obtaining optimal function from a PD-AFO. The size and
shape characteristics , whic h de scribe the fit of a PD-
AFO, can be customized through a variety of meth ods.
Traditionally, an orthotist casts a patient’s shank and foot
to create a negative mold. A positive mold is generated
from the negative mold, and then the PD-AFO is manu-
ally fabricated around this positive mold similar to meth-
ods for fab ricating a fo ot orthosis [1 6]. While manu al
manufacturing methods can su fficiently generate a P D-
AFO with customize d size, augmented shape, and func -
tional characteristics, manual manufacturing methods can
contribute to undesirable vari ability in quality of manu-
factured components.

Recent efforts have worked to u tilize computer-aided
design (CAD) models an d asso ciated parameterizati on
tools to customize orthoses. Darling and Sun designed
a parameterized orthosis model that consisted of two rigid
components, one for each the foot and shank, which were
attached by a single-degree-of-freedom hinge [17]. Parame-
terization of this model was based on two anatomically rele-
vant coordinate systems, one for each of the compo nents.
Patient-specific imaging data were fit to the parameterized
model to scale the orthosis . While t his CAD model was
parameterized for size and ankle angle, the orthosis design
lacked the organic shape characteristics and parameteriza-
tion of orthosis functional characteristics.

In this article, we define  parameterization as  the
process of identifying the parameters necessary for the
complete specification as well as manipulation of the PD-
AFO CAD  model. Us ing pa rameters to specify and
manipulate a PD-AFO CAD model has profound implica-
tions for the objective and precise customization of bio-
mechanically designed orthoses that match patient needs
with orthosis function [15]. For example, the overall  size
of a CAD model can be readily and objectively increased
by a discrete percentage when the general scale parameter
value is ch anged. By forming inte rparameter hierarchal
dependencies, single  pa rameter values can control more
complex PD-AFO characteristics (e.g., the radial expan-
sion of a cu ff’s in ner su rface to  accommod ate paddin g
thickness). Tuned functional characteristics of a PD-AFO
such as  ro tational or bending stif fness may be readily
achieved when a hiera rchy of shape-related parameters is
optimized to generate a CAD model having optimal com-
ponent size, shape, and thickness. While the full parame-
terization of a CAD model provides a powerful means for
designing PD-AFOs with unique and highly personalized
characteristics, manufac turing these PD-AFOs requires
techniques beyond the traditional PD-AFO manufacturing
practices.

Rapid free-form manufactur ing tec hniques, s uch a s
selective laser sinteri ng (SLS), allow for the rapid fabri-
cation of unique parts. SLS  is an additive process by
which a carbon dioxide  laser beam selectively heats and
fuses (sinters) the powder material into a solid part. Layer
by layer , the powder is evenly rolled out over th e
machine bed, and the laser draws a cross section of the
part into each subsequent powder layer. The surrounding
unsintered material provides the support structure for the
part. An advantage of the SLS proce ss is tha t cost of
manufacturing is primarily a function of part volume and
not part intricacy, thus this method is ideal for fabricating
objects with unique, complex geometry. Recently, the use
of SL S for fabrication of lower-limb prosthetic sockets
[18–19], dynamic prosthetic feet [20], and the mass cus-
tomization of foot orthoses [21] ha s been inves tigated.
Faustini et al. demonstrated the feasibility of using SLS
and manual CAD procedures to duplicate t he functional
characteristics of c arbon composite PD-A FOs [5], while
South et a l. demonstrated this process  using prosthetic
feet [20].

While these recent studies have demonstrated the feasi-
bility of using SLS manufactu ring techniques for dynamic
prosthetic and orthotic applications, previous reports ind i-
cate that dimensional accuracy of SLS-fabricated parts can
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vary because of sev eral factor s, includ ing part sh rinkage
and SLS build parameters [22–2 5]. This drawback is a
concern when parts are ma nufactured that require specific
dimensions, such as the size and shape of the force-bearing
surface of the cuff and foot outline of a PD-AFO. Building
a scale part to determine the necessary scale factors for a
particular material ty pe and set of build parameters is a
standard technique used to improve dimensional accuracy
of SLS fabricated parts. Howeve r, the scale part does not
account for part-sp ecific factors suc h a s b uild orienta tion
and position and geometry-dependent shrinkage [24]. Thus,
the dimensional accuracy must be assessed on a part-by-
part basis.

We have developed a PD-AFO automated customiza-
tion and manufacturing framew ork that supports the auto-
mated fit and functional customization, SLS manufacturing,
and subsequent assessment of  PD-AFOs. A submeth od of
the framework, which rel ates to fit customization, contains
novel subject fit characterizat ion and orthopedic alignment
techniques. The framework harnesses the strengths of a fully
parameterized PD-AFO CAD model and SLS manu-
facturing to rapidly customize and fabricate PD-AFOs. The
purpose of this study  was to objectively assess the overall

dimensional accuracy while subjectively assessing fit of
PD-AFOs resul ting fr om the fit customization and manu-
facturing framework.

METHODS

Overview of Fit Customization and Manufacturing 
Framework

The automated customization and manufacturing
framework consist s of five primary stages ( Figure 1 ).
While the overall framework contains both fit and function
customization, the focus of this article relates to the steps
that primarily influence size and sh ape of th e m anufac-
tured device. During stage 1, the size and shape character-
istics needed for the orthosis are digitall y captured from
the subject as discrete three-dimensional (3-D) digitized
landmarks. These digitized la ndmarks consist of segment
defining as well as shape characte rization landmarks .
Next, the segment landmarks are used to form joint centers
for the knee and ankle and anatomically relevant segment
coordinate systems for the shan k and foo t. Shape charac-
terization la ndmarks are  then re gistered to the s egment

Figure 1.
Schematic ou tlining f ive se quential stages o f orth osis customization and manufacturing framework. Grayed-o ut boxes indicate ste ps no t
associated with fit customization and manufacturing subframework and therefore not addressed in this article. CAD = computer-aided design.
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coordinate sy stems. All land marks then under go virtual
orthopedic alignment by rotation of the shank coordinate
system and related landmarks relative to the foot segment
about a shared virtual ankle joint center. The virtual ortho-
pedic alignment process produces landmark location data
that serve as the custom fit parameters for the fully parame-
terized CAD model. Select design parameters may then be
employed to further customize the CAD model. The cus-
tomized CAD model is then rapidly fabricated via SLS and
assessed for dimensional accuracy.

CAD Model
The fully parameterized PD-AFO CAD model was con-

structed in Inventor Profe ssional v11 (Autodesk, Inc; San
Rafael, California). The CAD model contains three primary
components (foot plate, strut, and cuf f) joined by upper
and lower spans (Figure 2). The foot plate two-dimensional
(2-D) pr ofile i s characterized by the planar locations of

10 foot shape characterization landmarks ( Figure 3 ) con-
nected by a series of splines.

The stru t compon ent is sized  as a function of shank
length and shaped by a series o f 11 parallel, 2-D profiles
that are offset in the posterior direction from the shank seg-
ment longitudinal axis by  an operator-specified distance.
The 11 profiles are lofted together to form a 3-D strut com-
ponent. The top  and bottom strut segments are beveled to
enable attachment of the upper and lower spans.

The cuff component is automatically sized, shaped, and
positioned with four ro ws of lofted 3-D sp lines, each con-
necting a ro w of sh ank s hape cha racterization la ndmarks
(Figure 4(a)). The CAD model lofts together the splines to
create an initial i nterior cuff surface ( Figure 4(b) ). The
CAD model uses single parameter values to radially offset
the cuff surface from the shank segment longitudinal axis to
accommodate a  des ired padding thickness ( Figure 4(c) )
and to uniformly thicken the radially expanded cuff surface
to create a custom 3-D cuff component (Figure 4(d)).

Once co nstructed, the foot plate, stru t, and cu ff are
automatically connected by a set of lofted upper and lower
spans, which are fit-controlled by the foot plat e, strut, and
cuff l ocations, as well as the digitized landmarks. The

Figure 2.
Passive-dynamic ankle-foot orthosis fit customization and manufacture
framework: righ t-side ortho sis during computer-aided d esign model
customization stage. Cuff, posterior  strut, foot plate components, and
upper and lower spans are labeled . Location of one of the 3 mm
dimples used for dimensional accuracy measures is indicated.

Foot Shape Characterization Landmarks (n = 10)
Distal end of first toe
Distal end of second toe
Distal end of fifth toe
Medial aspect of first metatarsal head
Lateral aspect of fifth metatarsal head
Medial aspect of navicular tubercle
Lateral aspect of fifth metatarsal base
Medial aspect of calcaneal surface
Center of posterior calcaneal surface (tuber calcanei)
Lateral aspect of calcaneal surface
Shank Shape Characterization Landmarks (n = 24)
Refer to cuff template landmarks on Figures 3 and 4 of main text
Foot and Shank Segment Landmarks (n = 8)
Ground plane landmarks (n = 3)
Superior aspect of second metatarsal head
Medial aspect of medial malleolus
Lateral aspect of lateral malleolus
Medial femoral epicondyle
Lateral femoral epicondyle

Figure 3.
Digitized th ree-dimensional landmarks acquir ed du ring subject fit
characterization stage.
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inherent set of assembly rules assures a smooth connection
between co mponents, a s well as  cle arance o f the s pans
from the subject’s bony prominences.

Lastly, additional design parameters were imple-
mented to further contr ol the fit  of the PD-AFO CAD
model. These design parameters included foot plate thick-
ness, foot plate padding offset, cuff thickness, cuff padding
offset, strut offset, and several additional foot plate shape
parameters. The foot plate an d cuff thickness parameters
control the foot plate profile extrusion distance and interior
cuff surface thickening distance, respectively. Because all
design parameter values may be s et by the  operator and
standardized before the su bject-specific land mark data
are loaded, the entire PD-AFO CAD model is constructed
without operator i nvolvement. For the purpose of this
study, we added 3 mm hemispherical dimples to the CAD
model foot plate, strut, and cuf f ( Figure 2)  to enable
subsequent dimensional accuracy assessment of each
component (intracomponent)  and the overall orthosis
(intercomponent).

Subject Fit Characterization
Following the receipt of informed written consent, 3-D

digitized landmark data were obtained from the right lower
limbs of two subjects: one nondisabled male subject (age
48 years, height 1.77 m, mass 71.8 kg) and one nondisabled
female subject (age 21 years, height 1.65 m, mass 59.9  kg).
We used the se data to customize a fully parameteriz ed
PD-AFO CAD model an d sub sequently manufacture
an orthosis for each subject. The subjects were positioned
standing symmetrically on a pelvic stabilization stand wear-
ing a white knee-high stocking (Figure 5). The pelvic stabi-
lization stand helped the subject remain motionless during

Figure 4.
Passive-dynamic ankle-foot orthosis computer-aided design model cuff
construction process: (a) Four three-dimensional (3-D) splines connect
four rows of shank shape character ization landmarks residing on cuff
template. (b) Cuff surface is created via vert ical lofting of four init ial
splines. (c) Cuff inner surface is radially offset from shank longitudinal
axis to accommodate padding thi ckness. (d) Cuff surface is thickened
outward by specified amount to form final 3-D cuff component.

Figure 5.
Passive-dynamic ankle-foot orthosis fit customization and manufacture
framework: medial side of  sub ject’s r ight leg during subject fit
characterization stage, in which locations of ma rked la ndmarks are
acquired using three-dimensional coordinate digitizer. Cuff template is
sized, printed, position ed, and adhered to subject’s l eg by clinician.
Note that size of marked landmark locations were enhanced for display
purposes only.
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the digitization of anatomical landmarks. The stand con-
sisted of a  raised, ba ckwardly incline d platform with
attached backrest, on whic h subjects stood motionless by
resting the posterior aspect of their pelvis against the back-
rest. Landmarks for characterizing foot shape as well as foot
and shank segments, described in the Figure 3, were identi-
fied by palpation and marked. A customized outline of foot
shape was obtained from a series of splines fit to the 10 foot
shape characterization landmar ks. The three ground plane
landmarks define d the s tanding sup port su rface. The
remaining foot and shank segment landmarks were used to
locate joint ce nters and anatom ically relevant and biome-
chanically aligned segment coordinate systems for the
shank and foot segments. A cuff template was used to indi-
cate the locations of 24 s hank shape characterization land-
marks. The cuff template w as created in Inventor
Professional v11 and printed on standard office paper. While
the fully parameterized PD -AFO model accepts a range of
cuff parameters, we scaled the height of the cuff template to
25 percent of the subject’s shank length and width to 60 per-
cent of the  shank circumfere nce to mimic customary PD-
AFO designs [6]. The template was positioned and secured
to the subjects’ leg by a clini cian using adhesive tape
(Figure 5). The subjects were instructed to remain st ill on
the pelvic stabil ization stand for approximately 1 minute
while the 3-D location of each landmark was in dividually
acquired with a calibrated 3-D Fusion FaroArm (±0.036 mm
accuracy; FARO Technologies, Inc.; Lake Mary, Florida)
and recorded in Geomagic Studio 9 (Geomagic, Inc;
Research Triangle Park, North Carolina).

Virtual Orthopedic Alignment
The firs t step in the virtual orthopedic alignment

process was establishing segment coordinate systems for
the shank and foot. This process began with computing the
locations of three virtual landmarks: the ankle joint center ,
knee joint center, and ankle joint center projection onto the
ground plane. The ankle joint center and knee joint center
locations were calculated as the midpoint of the line con -
necting the digitized medial and lateral malleoli and femo-
ral epicondyle landmarks, respectively. We determined
the location of the ankle joint center projection by translat-
ing the ankle joint cen ter lan dmark to the g round plane
along a displacemen t vector perpendicular to the gro und
plane. A vector conn ecting the ankle and  knee jo ints
formed the shank coordin ate system lo ngitudinal ax is.
The s hank medial/lateral axis passed through the ankle
joint center and resided in the segment’ s frontal plane,

which passed through the ank le joint cent er and the digi-
tized medial and  lateral femoral epico ndyle land marks.
The third axis of the shank coordinate system was orthogo-
nal to the longit udinal and medial/lateral axes. The foot
longitudinal axis was parallel to the g round plane and
passed through the ankle joint center and the vertical pro-
jection of the digitized second metatarsal head landmark.
The foot coordinate system medial/lateral axis was parallel
to the ground plane and perpendicular to the foot longitudi-
nal axis. The vector from the ankle joint center t o ankle
joint center project ion served  as the third axis of the
orthogonal foot coordinate system. The ankle joint center
served as the origin of both segment coordinate systems.

Next, the digitized and vi rtual landmarks were com-
putationally registered (located) in their respective shank
and foot coordinate  sys tems. Re gistering the digitized
and virtual landmarks enabled the final step of the virtual
orthopedic alignment process,  alignment of the virtual
ankle joint. Custom-written MATLAB (The MathWorks,
Inc; Natick, Massachusetts) scripts were used for calcu-
lating the 3-D orientation of the shank coordinate system
relative to the foot coordina te system. The digitized and
virtual shank s egment and shape charac terization la nd-
marks were then computationa lly rotated with the shank
coordinate system a bout three orthogonal axes such that
the PD-AFO cuff and foot plate components conformed
to a neutral orthosis orientation in which the shank coor-
dinate systems was orthogonal to the foot coordinate sys-
tem. The fully parameteri zed PD-AFO CAD model was
then customized with the re sulting 3-D landmark loca-
tions and a series of preselected design parameter values.

Fabrication
Four hal f-scale PD-AFOs were fabricated with SLS.

Each PD-AFO was built i n a different combination of ori -
entation (strut horizontal [C, D] or vertical [A, B]) relative
to the SLS laser beam and posit ion (ri ght, left, front, or
back [A, B, C, D]) relative to SLS build volume (Figure 6).
Half-scale PD-AFOs were built so PD-AFOs could be fab-
ricated in various orientation s and po sitions in a single
build, because the size of the build volume restricted multi-
ple full-scale PD-AFOs from being fabricated in the same
build. The PD-AFOs were marked with the orientation and
position in which they were built. All four PD-AFOs were
fabricated in a single build in a Vanguard HS SLS machine
(3D Systems Corporation; Rock Hill, South Carolina)
with stable temperature control using DuraForm EX Nat-
ural Plastic (3D Systems). Manufacturer-indicated build
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settings were used, and scale factors were determined with
the use of industry  standard techniques to account for part
shrinkage. In  a separate bu ild, two full -scale PD-AFOs
were fabricated and stiffness tuned to 50 percent of the sub-
jects’ natural pseudo ankle stif fness so they could subjec-
tively assess the fit customization during PD-AFO use [26].

PD-AFO Assessment
We measured 3-D interdimple distances (centroid to

centroid) on the manufa ctured PD-AFOs using the
FaroArm, fit with a 3 mm spherical tip. Each dimple was
digitized three times for assessing repeatability. Three foot
plate, one strut, and three cuf f dimensions (3-D interdim-
ple distance) were measured for assessing the intracompo-
nent dimensional acc uracy of each of the three
components. Additionally, we measured th ree in tercom-
ponent dim ensions, two between  the foot plate and cuf f
and one between the foot plate and strut, to assess the
dimensional accuracy of the overa ll orthosis. Discrepan-
cies in experimental dimensions were comp uted relative
to the corresponding CAD model dimension. The absolute
maximum d iscrepancy, mean discrepancy, an d the stan-

dard deviation were determined for each dimension meas-
urement. A dimension discrepancy tolerance of 2 mm was
selected [27]. A two-way analysis of variance with
repeated measures was performed to asses s differences in
the magn itude of discrep ancies between constructed
orthoses and corresponding CAD dimensions.

The full-sc ale PD-AFOs we re pa dded with a thin,
off-the-shelf, foam arch support secured on the foot plate
surface and a 1 cm-thick layer of foam padd ing adhered
to the interior cuff surface. Straps were attached to the
foot plate to help se cure th e subje ct’s foot in the PD-
AFO. The subjects donned the padded PD-AFOs, a nd fit
customization was visually assessed by a physical thera-
pist. After the subjects walked i n the PD-AFO for
approximately 1 hour, the ir skin was examined for red-
ness or signs of abrasion.

RESULTS

The 3-D  distan ces for th e intra- and  intercomponent
dimensions obtained from the PD-AFO CAD model ranged
from 26.01 to 176.8 mm (Table). Prior to building, the SLS
build volume was scaled with the use of industry standards
by 1.0464, 1.0469, and 1.0350 percent in the SLS x-, y-,
and z-build directions, respectively. The four half-scale PD-
AFOs were fabricated in less than  24 hours and extracted
from the build volume following th e customary cooldown
period. Visual inspection of  the fabricated PD-AFOs
revealed no obvious manufacturing flaws (Figure 7).

The dimens ional accuracy data were all within
acceptable intra- and intercomponent dimensional accu-
racy tolerances —all dimens ion discrepancies were
within the 2 mm limit. No dimensi on discrepancy was
greater than 1.5 mm, with the majority of the discrepan-
cies below 0.5 mm (Figure 8). Across all PD-AFOs and
all measured dimensions, the maximum absolute dimen-
sion d iscrepancies were 1 .02, 0. 42, 1.4 4, an d 0. 88 mm
for the foot plate, strut, cuff, and overall orthosis, respec-
tively ( Table). Overall mean discrepancies for the foot
plate, strut, and cuff components were 0.31 ± 0.28, 0.34 ±
0.08, 0.52 ± 0.39 mm, respectively, and 0.29 ± 0.23 mm
for the overall orthosis. As can be seen from the data in
the Table, good repeatability oc curred in experimental
measures across the three digitizing trials, as indicated by
the low standard deviations (SDs) (maximum SD = 0. 39
mm). No significant ef fects of the SLS build orientation
and position on dimensional accuracy were found, yet a

Figure 6.
Schematic indicating build orientat ions and positions of half- scale
passive-dynamic ankle-f oot orthoses wi thin selective la ser sin tering
build volume. Position A = right, B = left, C = front, and D = back.
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significant effect was found of the dimension location on
dimensional acc uracy ( F3,9 = 41.41, p < 0 .001). A
significant interaction effect between the location of the
dimension and the S LS build  o rientation and  positi on
was also found (F3,9 = 4.94, p < 0.001).

Following a period of walking in the full-scale ortho-
sis for approximately 1 hour, the subjects demonstrated a
fully accommodated, smooth , and rhythmic gait pattern
and reported no discomfort. Upon visual inspection by a
clinician, the skin under the cuff a nd ab out the  fo ot
showed no signs of uneven pressure distribution, redness,
or abrasions for either subject.

DISCUSSION

This study aimed to evaluate the dimensional accuracy
of PD -AFOs fa bricated via  ou r fit c ustomization an d
manufacturing framework. W ith our method,  the dimen-
sional accuracy of the fabr icated PD-AFOs was generally

Table.
Absolute means (n = 3) ± standard deviations of seven intracomponent (foot plate, strut, cuff) and three intercomponent (foot plate cuff, foot plate
strut) dimension discrepancies for each of  four f abricated orthoses (A, B, C, D). A verage means for each dimensio n discrepancy (n = 12) and
orthosis (n = 30) are indicated in last row and last column, respectively. Grayed boxes contain dimensions obtained from CAD model.

PD-AFO

Dimension (mm)

AverageFoot Plate Strut Cuff Foot Plate Cuff Foot Plate 
Strut

1 2 3 4 5 6 7 8 9 10
CAD Model 26.01 42.83 118.23 66.58 44.76 55.95 42.42 176.80 134.37 83.06
A 0.13 ± 0.10 0.66 ± 0.17 0.41 ± 0.07 0.41 ± 0.01 0.09 ± 0.08 0.86 ± 0.11 0.61 ± 0.22 0.44 ± 0.11 0.28 ± 0.25 0.03 ± 0.01 0.39 ± 0.28
B 0.11 ± 0.07 0.36 ± 0.25 0.34 ± 0.18 0.41 ± 0.01 0.14 ± 0.12 0.87 ± 0.06 0.56 ± 0.12 0.68 ± 0.04 0.57 ± 0.31 0.15 ± 0.02 0.42 ± 0.27
C 0.11 ± 0.05 0.80 ± 0.22 0.02 ± 0.02 0.30 ± 0.04 0.48 ± 0.07 1.26 ± 0.16 0.09 ± 0.05 0.15 ± 0.03 0.18 ± 0.10 0.14 ± 0.09 0.35 ± 0.39
D 0.10 ± 0.06 0.51 ± 0.39 0.18 ± 0.07 0.23 ± 0.02 0.27 ± 0.16 0.92 ± 0.10 0.14 ± 0.05 0.42 ± 0.01 0.38 ± 0.18 0.13 ± 0.02 0.33 ± 0.27
Average 0.11 ± 0.06 0.58 ± 0.29 0.24 ± 0.18 0.34 ± 0.08 0.24 ± 0.19 0.97 ± 0.20 0.35 ± 0.27 0.42 ± 0.21 0.35 ± 0.24 0.11 ± 0.06 —
CAD = computer-aided design, PD-AFO = passive-dynamic ankle-foot orthosis.

Figure 7.
Passive-dynamic an kle-foot o rthosis (P D-AFO) f it cu stomization and
manufacture framework: medial aspect of subsequent PD-AFO fabricated
using selective laser sintering.

Figure 8.
Frequency distri bution of ab solute discr epancies ( mm) b etween
computer-aided design model and fabricated pass ive-dynamic ankl e-
foot or thosis (PD-AFO) dimensions (corresponding three-dimensional
interdimple distances). Individual data v alues (mm) from all  four PD-
AFOs, including all 10 measured dimensions and all 3 digitizing t rials,
are displayed.
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greater than that of other SLS- fabricated parts from previ-
ous stu dies, wh ich rep orted mean ab solute dimensional
discrepancies between 0.89 and 1.0 mm [22–23,25]. These
previous studies manufactu red craniofacial models as
opposed to PD-AFOs, and the difference in part geometry
may explain the variation in results. Ad ditionally, the
craniofacial models were made based on reco nstructed
imaging data, and fabricated model dimensions were com-
pared with the imaging scans. Therefore, the accuracy of
the fabricated parts was base d on th e precision o f recon-
structing and obtaining dimension measurements from the
imaging data as well as th e accuracy of the SLS manu-
facturing process. In contrast, to assess dimensional accu-
racy, we compared fabricated PD-AFO dimensions to the
CAD model dimensions, eliminating possible sources of
error from the subject fit characterization and virtual ortho-
pedic alignment stages. The fit customization assessment
was used to further evaluate the accuracy of the fabricated
PD-AFOs, because this step compared the fabricated PD-
AFO with the subjects, from whom the original digit ized
landmark data were collected.

Examination of the interaction ef fect between the
location of the dimension and  the SLS build orientation
and position showed that the PD-AFOs built with the strut
oriented horizontal to the SLS laser beam h ad lo wer
dimensional discrepancies in  strut height and cuf f height
(dimensions 4 and 7 in the Table) than P D-AFOs built
with the strut oriented vertical to the laser beam. However,
the cuff width (dimension 5 in the Table) was more accu-
rate in PD -AFOs bui lt with the strut vertical to the S LS
laser beam as opposed to in PD-AFOs built with th e strut
horizontal to the laser beam. These data may suggest th at
although no overall significant effect of PD-AFO orienta-
tion and position was found, dimensional accuracy may
improve when the longitudinal ax is of a part is o riented
horizontally, or perpendicular to the SLS laser beam. No
dimensional acc uracy interaction ef fect was found
between dimension location and SLS build position.

While the f abricated PD -AFOs de monstrated ac cept-
able dime nsional ac curacy a nd fit customization, several
possible sources of error exist that could affect the dimen-
sional accuracy of the PD-AFO. One source could be part
shrinkage due to features, such as geometry, that could n ot
be accounted for in th e scale part [24]. Furth ermore, the
FaroArm is reported to  have ±0.036 mm accuracy [28];
however, human error in using the FaroArm while meas-
uring the PD-AFO dimensions could alter the dimensional
accuracy result s. Additionally , po ssible sources of error
exist th roughout the subject fi t characterizatio n, virtual

orthopedic alignment, and CAD model customization
stages that could influence the PD-AFO fit  customization
results related t o the actual  s hape of  the s ubject’s limb.
These sources may include error in digitizing the landmarks
due to subject movement or inaccuracy by the researcher.

This study was limited in several ways. First, the effect
of oblique build orientations or positions on the PD-AFO’s
dimensional accuracy was not tested. Also , the d imen-
sional accuracy results are based on half-scale PD-AFOs,
which were built because of build volume size constraints,
yet the fit customi zation was assessed with the full-scale
PD-AFOs. Dimensional accuracy may differ in full-scale
PD-AFOs but, because of cost and complexity, measuring
all PD-AFO sizes for this study was not feasible. Addi-
tionally, while PD-AFO comfort was assessed for non-
disabled individuals, it was not evaluated for subjects with
pathologies. Future studies wil l investigate the comfort of
PD-AFOs customized and fab ricated via th is method  for
subjects with a range of impairments and functional limita-
tions. Finally, while DuraForm EX is considered a durable
material, the short- and long-term strength of PD-AFOs
fabricated via this method have not been examined.

The fully parameterized na ture of the PD-AFO CAD
model lends itself extremely well to further customization.
By a series of parameterize d cardan rotations, the fully
parameterized CAD m odel can readily be alig ned i nto a
full range of clinically indicated positions with precisely
prescribed de grees of do rsiflexion/plantar flex ion, inver-
sion/eversion, and abduction/adduction of the shank rela-
tive to the foot. For instance, in the case of a plantar flexor
contracture, the limb can be digitized i n the contracted
position, but the PD-AFO CAD model can be customized
and subsequently fabricated with a presc ribed amount
of dorsiflexion to br ing the pati ent’s ankle into a more
functional position [7]. Furthermore, the foot plate size and
shape can be modified so the PD-AFO can b e customized
to a specific shoe or implemented without a shoe.

Cost analyses for rapid prototy ping technologies must
also be consi dered and are sensitive t o numerous factors.
Freeman and Wontorcik reported an hour -based cost range
of US$1,560 to US$3,480 ($60/h), which included prepara-
tion, material, and build time to fabricate a prosthetic test
socket using stereolithography [29]. New (virgin) DuraForm
EX Natural Pl astic material costs approximately US$4 p er
cubic inch. In this report, the PD-AFO customized for the
female subject required 37 in. 3 of material a t a c ost
of US$148 for ma terials alo ne. Ap proximately 1 ho ur
was needed for obtaining di gitized landmark data and
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customizing the fully parameterized PD-AFO CAD model.
An additional hour of technician time was required for exe-
cuting the SLS manufactu ring process, which can require
approximately 24 hours of machine time to complete. Once
built, the PD-AFO required a strap add ed on the cuff and
padding inserted on th e interior surface of the cuf f and
superior surface of the foot  plate—approximately 30 min-
utes of effort. In total, 2.5 person hours were required. This
is substanti ally less than  traditional PD-AFO manu-
facturing methods and delivery times [7]. While this project
was not subjected to business-related costs associated with
build time, machine depre ciation, material waste, and
annual maintenance costs, a quote of US$3,327.84 obtained
from a commercia l SLS manufacturing site to manufac-
ture one  full-sc ale PD-A FO indicated that a substantia l
level of ove rhead may acc ompany current commercial
manufacturing m odels. As a  com parison, o ne p atient
reported a 2007 cost for a manually fabricated PD-AFO of
US$8,000 per orthosis.

The fit customization and manufacturing framework
described is one component of the entire automated cus-
tomization and manufacturin g framework, which incor-
porates customization of PD-AFO functional characteristics,
including selec t foot plate cha racteristics a nd PD -AFO
bending stiffness. While tun ing the PD-AFOs used in
this study to 50 percent of the subjects’ natural pseudo
ankle stiffness was based on observations of commercial
carbon-fiber AFOs that patients found comfortable, the
stiffnesses of the PD-AFOs used in this study were higher
than many orthoses currently on the market [30]. The opti-
mal settings of the functional characteristics as well as their
influence on gait kinetics a nd kinematics have yet to be
determined. With the hel p of cl inical expertise and further
biomechanical investigation, the CAD model parameter set-
tings controlling the functional characteristics could be pre-
scribed to opti mally customize t he P D-AFO to meet  the
unique need s of every patient. Fu rthermore, the PD-AFO
customization and manuf acturing framework prescribes
use of CAD-compatible finite element analysis and optimi-
zation tools to analytically t une functional characteristics
such as strut and foot plate bending stiffnesses to automati-
cally obtain results similar to those manually achieved by
Faustini et al. [5]. The fully parameterized nature of the PD-
AFO CAD model supports the optimization of parameters
to ac hieve a  de sired PD-AFO functiona l characte ristic.
Thus, customized stiffness characteristics can be rapidly
obtained by automatically converging on PD-AFO parame-
ter settings related to bending stiffness. After fabrication and

dimensional accuracy assessment, the stiffness characteris-
tics ca n als o be assessed through experimental testing.
Lastly, as a supplement to the des ign process, the PD-AFO
function customization may be evaluated while the s ubject
walks with the PD-AFO thro ugh motion analysis and other
experimental techniques.

CONCLUSIONS

Dimensional accuracy of the rapid fit customization
and PD-AFO manufacturin g framework detailed in this
article is well within tolerances suggested in the literature.
While the material costs appear reasonable, the tim e sav-
ings over traditional PD-AFO  fabrication methods appear
substantial. The potential for objective and repeatable cus-
tomization of biomechanically designed orthoses supports
the field’s transformation from a craft-based industry to a
modern clinical specialty . Mass exploi tation of the auto-
mated customization and manufacturing framework would
require a centralized manufacturing system that leverages
the efficiencies and minimizes the overhead and business-
related expenses of an SLS manufacturing paradigm.
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