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Abstract

Carbon fiber (CF) ankle-foot orthoses (AFOs) can improve gait by increasing ankle plantar-flexor
power and improving plantar-flexor ankle joint moment and energy efficiency compared with
posterior leaf spring AFOs made of thermoplastic. However, fabricating a CF AFO to optimize the
performance of the individual user may require multiple AFOs and expensive fabrication costs.
Finite element analysis (FEA) models were developed to predict the mechanical behavior of AFOs
in this study. Three AFOs, two made of CF composite material and one made of thermoplastic
material, were fabricated and then mechanically tested to produce force-displacement data. The
FEA models were validated by comparing model predictions with mechanical testing data
performed under the same loading and boundary conditions. The actual mechanical testing
demonstrated that CF performs better than thermoplastic. The simulation results showed that FEA
models produced accurate predictions for both types of orthoses. The relative error of the energy
return ratio predicted by the CF AFO FEA model developed in this study is less than 3%. We
conclude that highly accurate FEA models will allow orthotists to improve CF AFO fabrication
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without wasting resources (time and money) on trial and error fabrications that are expensive and
do not consistently improve AFO and user performance.
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ankle-foot orthosis; boundary condition; carbon fiber; computed tomography; energy return; finite
element analysis; fracture; mechanical property; posterior leaf spring; thermoplastic

INTRODUCTION

In the United States, approximately 866,000 people use a lower-limb orthosis to assist them
in daily activities [1]. Ankle-foot orthoses (AFOs) mechanically assist patients with gait
impairments by improving limb control and joint positioning. Posterior leaf spring (PLS)
AFOs have been made of thermoplastics due to easy molding and rapid fabrication, but these
orthoses have very low energy storage and energy return capabilities and thus are unable to
assist with propulsion during walking. Composite materials, such as carbon fiber (CF), have
been suggested as an alternative to thermoplastics. Studies have shown that CF AFOs
improve ankle plantar-flexor power, plantar-flexor ankle joint moment, walking speed, and
stride length and decrease energy cost compared with AFOs [2-4]. However, CF AFOs are
difficult and expensive to fabricate. Multiple design modifications are often required to
produce an AFO that is comfortable and results in improved gait performance. Unlike
thermoplastic AFOs, CF AFOs cannot be remolded if modifications are required. Often, lack
of knowledge about the interaction between CF AFO material properties, orthosis design,
and patient-specific characteristics prevent some patients from experiencing the full benefits
of the power restoration potential without design modifications requiring refabrication. In
order to reduce the CF AFO refabrication rate and optimize user performance, both
computational modeling and validation with experimental testing are needed to allow
orthotists and researchers to design and optimally fabricate proper CF AFOs for their
patients.

Recently, researchers have used finite element analysis (FEA) modeling to simulate and
optimize novel AFO designs [5-8]. A fully parameterized computer-aided design (CAD)
model uses a discrete set of parameters to fully describe and control a model’s design [9].
FEA of CAD models enables prediction of in situ stresses and strains through the
application of boundary conditions that mimic real-world conditions. In the field of
prosthetics and orthotics, FEA has been used to evaluate and design a variety of devices [10—
13]. FEA can also predict stress distribution and material deformation patterns [5-6,8,14]
and can determine the orthosis dimensions needed to mimic design characteristics of
commercial orthoses [15]. FEA of fully parameterized CAD models may hold great
potential for rapidly identifying optimal PLS AFO functional characteristics, such as
bending stiffness.

CF technology and design features used in prosthetic feet have recently been incorporated
into AFOs. The limited evidence available has found that the CF AFO, compared with the
traditional AFO, improves ankle plantar-flexor power by 15 to 97 percent [16]; increases
plantar-flexor ankle moment by 7 to 27 percent [2], walking speed by 6 to 30 percent [4],
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and stride length by 4 to 9 percent [3]; and decreases energy cost by 12 percent [17]. These
findings are exciting and speak to the promise of improved function when CF is
incorporated into AFO design. However, the variability in the improvement of plantar-flexor
power and walking speed across studies mirror the mixed individual patient reports of CF
AFO performance.

By creating a tool to predict energy storage and release based on a patient’s physical
characteristics and gait parameters, AFO prescription could be more standardized and the
function of AFOs increased for many individuals. Although it would be possible to create
this tool through the gathering of empirical data, utilizing software capable of modeling the
complex stress and stains occurring within the AFO is more efficient. After validating the
model, computer simulations can determine optimal configurations for AFOs. Moreover,
instead of costly experimental testing, FEA modeling allows for a cost-efficient alternative
to investigate design parameters (fiber orientation, thickness, number of plies, type of CF
plies) to improve AFO performance and reduce manufacturing costs. The main purpose of
this study is to begin model validation by comparing stress concentrations measured in
bench-top testing with what is predicted by FEA modeling. These FEA models will help
predict orthosis performance under different loading conditions, such as walking or running,
and possible failure and fatigue life before the fabrication process.

METHODS

Background of Mechanical Properties

Materials are commonly classified based on their force-displacement (F-D) curves. The F-D
curve is created by experimental testing. The relationship between force and displacement
can then be used to calculate elastic energy (£) using Equation 1:

E=05Fxd, (1)

where F= force and &= perpendicular distance.

Ankle-Foot Orthosis Design

High-temperature thermoplastic (e.g., polypropylene) AFOs are often prescribed to improve
patient safety and stability. AFOs are most often used in individuals with ankle dorsiflexor
muscle weakness to prevent foot drop during the swing phase of gait and to hold the foot in
an optimal position for contacting the ground. The polypropylene homopolymer material
used in fabrication has poor energy storage and return capabilities. The AFO provides
minimal restoration of the ankle power needed to propel the body forward at the end of the
stance phase of walking, thereby limiting walking speed and higher levels of activities [18—
20]. CF technology and rear-support design features have recently been incorporated into
AFOs. The CF composite is a lightweight material that is flexible, strong, and able to be
easily manipulated to change its loading capacity and stiffness. CF AFOs are fabricated by
layering sheets of CF cloth over a mold with epoxy preimpregnated into the CF. The
thermoplastic and CF AFOs were fabricated by Orthotic & Prosthetic Design (St. Louis,
Missouri).
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Properties and Structure of Ankle-Foot Orthoses

Carbon Fiber Ankle-Foot Orthosis Properties—CF composites are constructed by
laying fibers out in sheets, or plies, then impregnating them with a resin that is later cured at
high temperatures. These plies are stacked in order to get the desired material properties for
the application. Because of the CF’s material properties, a single ply layer of a composite
material will respond differently and have a different stiffness when loaded in the fiber
direction, transverse direction, or angled between these two. The AFO’s geometric
complexity and stacking sequence made it impractical to define the anisotropic properties of
the material at this early stage of the project; instead, the material was treated as a
homogeneous isotropic material. The CF used to construct the test AFOs used DA 4090/DA
4092 (APCM LLC; Plainfield, Connecticut). Table 1 defines the density and Poisson ratio
[21]. A Poisson ratio of 0.5 was used to treat the AFO as an incompressible material. The
true Poisson ratio would depend on the construction of the laminate, but the assumption to
treat it as incompressible was made because the stresses experienced were less than yield
stress, an assumption confirmed because reaching yield stress would cause delamination of
plies and failure of the material.

In this study, the CF AFO was assumed to be a single section (shell, composite) composed
of different layers with alternating orientations. Figure 1(a) shows the orientation angles of
layers. The outermost layer is the CF Standard (Std) 2 x 2 Twill (Figure 1(b)), and the
underlying layers are composed of CF Std Unidirectional (Figure 1(b)) and CF Std 2 x 2
Twill with various orientation angles; the minimum repeat section is given by the red
rectangle in Figure 1(a). Each layer has a thickness of 0.2 mm, and the 0.2 mm fibers are
arranged in a symmetrical weave pattern and have an equal number of identical yarns per
centimeter. The long fibers (warp) are oriented symmetrically. Each ply’s warp is +45° from
the long axis of the warp of the ply below. This symmetry helps avoid thermal twisting
during cooldown after the cure cycle. The layup is also balanced with the same number of
fibers in each direction. This arrangement helps avoid twisting under an applied load. Table
2 lists the mechanical properties of CF used to fabricate the sample AFOs [21].

Polypropylene Ankle-Foot Orthosis Properties—The orthosis used for testing is a
PLS. This orthosis stabilizes ankle and subtalar motion and also minimizes knee flexion. It
is made of polypropylene that was 1/4 in. before being molded to fit the patient’s limb. The
trim lines at the ankle are anterior to the ankle. This orthosis’s greater stability is due to the
thickness of the plastic and the fact that the plastic wraps around the foot as much as is
possible while still allowing the wearer to get his or her foot into the orthosis. The amount of
plastic used to achieve this stability requires a larger shoe size. A ductile polymer such as
polypropylene exhibits hyperelastic and viscoelastic properties. The material is nonlinear
both in the loading and unloading directions and as the maximum strain is increased. The
density of the material used for the thermoplastic brace in this study is 0.9 g/m3, and the
Young modulus, Poission ratio, and tensile strength are 2,400 MPa, 0.43, and 30 MPa,
respectively.

Structure of Ankle-Foot Orthoses—Three AFOs, two CF and one polypropylene, were
fabricated and mechanically tested in this study (Figure 2). AFO1 is a CF AFO (Figure
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2(a)): the shank is 18 layers, the mid-foot is 9 layers, and the toe is 4 layers; AFO?2 is
another CF AFO (Figure 2(b)): the shank is 24 layers, the mid-foot is 9 layers, and the toe is
4 layers; and AFO3 is a polypropylene AFO (Figure 2(c)). Model simulations were then
created using FEA software (SIMULIA Abaqus version 6.12, Dassault Systemes Americas
Corp; Waltham, Massachusetts).

Mechanical Testing and Finite Element Analysis Modeling

The thermoplastic and CF AFOs were tested using an Instron 5866 electromechanical
materials testing system (Instron; Norwood, Massachusetts). Figure 3(a) shows the testing
setup of a CF AFO. All bench-top tests were run in triplicate to ensure accuracy and
repeatability. One reflective marker was placed on the Instron system to provide a recordable
reference point. The reflective marker was tracked in three-dimensional (3D) space and
recorded by a motion capture system (Qualisys AB; Gothenburg, Sweden) at 60 Hz. Due to
the different material properties, the CF AFO was loaded to 1,000 N while the thermoplastic
AFO was loaded to 150 N during testing. Multiple trials were run on each AFO with loading
rates of 8 mm/s. The Instron and Qualysis systems were used to collect both load and
displacement data, and the energy return of the orthosis was determined by calculating the
area under the unloading curve of the F-D data.

Computed tomography (CT) scans were performed to acquire the geometry data for two CF
AFOs and one thermoplastic AFO using a research-dedicated 64-slice CT scanner
(SOMATOM Sensation 64 eco; Siemens Medical Solutions USA; Malvern, Pennsylvania).
Conversion of AFO CT image data to triangulated surface models was performed using
Mimics version 13.1 (Materialize; Leuven, Belgium). The data were filtered using a median
filter with a radius of 1 to reduce nonstructured image noise, then were output in
stereolithography (STL) standard format. These CT scans, in STL file format, were imported
into SIMULIA Abaqus version 6.12 FEA software for creating the volumetric model,
meshing, and applying boundary conditions. Figure 3(b) shows the 3D FEA model. The CF
AFO was divided into three parts (shank, mid-foot, and toe) according to the number of CF
plies. To model the mesh necessary to run the simulation, the CF plies were assumed to act
uniformly at any given cross section. This was acceptable because a significant variance
between plies would result in delamination and failure of the material. A tet (tetrahedral)
element shape was used to best fit the shape. The element type used a quadratic geometric
order with the improved surface stress formulation setting on looking for 3D stress. The 276
faces of the geometry were seeded by 74,568 elements during the meshing process before
simulations were run.

For the CF AFOs, the FEA model was assumed to be a shell composite composed of CF and
resin with material properties affected by lamina-type and fiber orientation. When a CF-
composite AFO is loaded, all loads are distributed between the fibers and resin. This means
that the stress in the composite is equal to the sum of all stresses in the fibers and resin
(Equation 2):

0= (U= Yoo+ 2oy @
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where o= total stress in the composite material; o-and o= resin and fiber stress tensors,
respectively; p = volume fraction; 7= fiber; r= resin; 7= ith direction; and n = total number
of fibers. The thermoplastic AFO model was assumed to be a homogeneous solid of elastic,
isotropic, and plastic material properties.

Boundary conditions were imposed to simulate the dynamic loads that occurred during
bench-top testing and from experimental sessions of subjects during gait (Figure 3(a)). The
simulation was designed to replicate the bench-top testing performed on the sample AFOs.
This test was intended to replicate the stress and strains experienced by the AFO when being
worn by a patient; however, limitations with testing equipment inhibit a perfect match.
Stationary boundary conditions were placed on a posterior face of the AFO approximately
centered behind where the calf straps are located (Figure 3(a)). This replicated both where
the AFO’s mation is inhibited by being strapped to the patient and where the bench-top tests
held the sample AFOs. For the simulation to accurately match the bench-top testing, a load
~1.3x the patient weight was chosen. The force was concentrated on the loading device
(shown in Figure 3(a), set as rigid during simulation), and the contact friction coefficient
between the force cylinder and the AFO sole was set as 0.1 [22]. The initial simulation step
had the AFO constrained with the boundary conditions but experiencing no load, which was
seen by its undeformed shape. The initial contact location was approximately where the
force was applied in the laboratory tests. The loading device only had y-direction
displacement during simulation. Adding the displacement of the loading device through the
contact force between the device and AFO sole, the reaction forces could be determined
during compression. During the AFO Instron system bench-top testing, the load transferred
to the sole of the foot (approximately below the middle of the third metatarsal) through a
cylindrical load cell. Therefore, we added a rigid cylinder to the FEA model at that location
and applied force superiorly through the sole to replicate the reaction forces during
compression that were experienced during the Instron system bench-top testing. The loading
rates were 8 mm/s to replicate those applied in the bench-top test. The contact loading force
and displacement of the AFO were outputted and compared with bench-top testing results.

PREDICTION AND RESULTS

The FEA models were analyzed by an Intel core i5-3210M processor at 2.5 GHz computer
with 4 GB of RAM (Intel; Santa Clara, California). The material properties of the AFOs are
set by the CF and polypropylene given previously. The FEA simulation replicated the bench-
top testing of the three AFOs used in this study. Stationary boundary conditions were placed
on the posterior face of an AFO approximately centered behind where the calf straps were
located. This was done to replicate both where the AFO’s motion is inhibited by being
strapped to the patient and to match where the bench-top tests held the sample AFOs.
Experimental mechanical testing was performed to determine the force versus displacement
relationship of each brace to validate FEA results.

Bench-Top Test and Finite Element Analysis Comparison

To validate the FE model, we conducted a comparative study between the F-D relationship
obtained by bench-top testing and from the FEA of AFO1 (Figure 4). The initial step of the
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simulation has the AFO constrained with the boundary conditions but experiencing no load,
which is seen by its undeformed shape, shown in the initial step of Figure 5. The final step
of this FEA has the same constraint and boundary conditions. However, the load applied to
the loading device is 1,000 N. Figure 4 shows that the predicted results of AFO1 match well
(nominal root mean square is 3.1%) with the experimental results. Due to deformation in the
AFO, the contact point between the orthosis and the applied load changed during the test
(Figure 5). The FEA predicted that this displacement in applied load would be 3 cm. This
was very close to the experimental results that showed 3.2 cm displacement.

Energy Return Analysis

The F-D curves of the FEA model matched well with experimental testing. It is therefore
possible to accurately calculate the energy return ratio of the orthosis using FEA by
calculating the area under the loading and unloading curves. Figure 6 shows the loading and
unloading curves of different AFOs given by bench-top testing and FEA. The F-D behavior
for the CF and thermoplastic AFOs were very different. The CF AFO had a relatively linear
F-D loading curve with high stiffness, while the thermoplastic AFO shows viscoelastic
behavior with low stiffness. Besides nonlinearity, the thermoplastic AFO only reached
approximately 150 N during the bench-top testing before undergoing significant
deformation. The CF AFO was able to reach a much higher loading, 1,000 N, with little
deformation. Figure 4 shows the predicted energy return ratios of different braces. The FEA
models accurately predicted the energy return ratio of CF AFOs measured during testing
(relative error was 2.68% for AFO1 and 0.02% for AFO2); however, the thermoplastic
prediction was inaccurate (relative error reached 19.87%) due to the complexity of plasticity
and the rough approximation used to predict the huge displacements in the orthosis at higher
loads. The thermoplastic FEA model was able to predict the elastic and early plastic regions
of AFO3 with better accuracy (relative error was 5.31%).

Fracture Analysis

After completion of the mechanical testing, CF AFO2 was loaded until structural failure
occurred. This fracture analysis was performed to determine the maximum load the AFO
can bear and to validate the FEA model in this study. Figure 7(a) shows the F-D curve.
Fracture occurred at a load of 1,970 N, and the fracture area was located at the mid-shank
(Figure 7(b)). Based on this mechanical testing result, the load was increased to 1,970 N
during the FEA model simulation. Figure 7(b) shows the Mises stress distribution of mid-
shank determined from the FEA result. The stress in the mid-shank area exceeded 437 MPa,
which is the yield stress of the CF. The maximum stress reached 490.7 MPa, and the
predicted fracture distance from the soles of the CF AFOs was 14.2 cm, very close to the
14.5 cm given by the experimental result.

DISCUSSION

The bench-top mechanical testing demonstrated that thermoplastic and CF AFOs behave
very differently. The CF AFO was able to support loading in excess of 1,000 N, which is the
approximate amount of force on the AFO during walking for a 225 Ib man. The
thermoplastic AFO behaved very nonlinearly, due to the viscoelastic and plastic properties
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of thermoplastics, and was unable to support loads above 150 N without undergoing major
deformations. Syngellakis et al. stated that material nonlinearity exists in polypropylene
when it is loaded beyond a certain range [23]. This phenomenon was shown clearly in this
study (Figure 6).

A passive dynamic and energy storage orthosis are of interest to further improve gait [8].
These devices use their material properties (component thickness, AFO shape, springs, and
fluid pressure dynamics) to provide support and mechanical energy return during gait [24].
Hafner et al. reviewed the literature on energy storage prosthetic devices (feet), highlighting
nomenclature confusion and variations in measuring energy storage and energy return
features [17]. A prosthetic foot consists of a compressible heel and a flexible keel spring that
acts as an elastic spring and returns energy to the patient. Considered to be more advanced,
CF shank prosthetic feet with a heel spring were introduced in 1987. Both of these prosthetic
feet designs are considered passive devices. Like these prosthetics, energy storage orthotics
store energy during weight-bearing in the stance phase and release it as the foot unloads for
swing initiation [25]. The peak power produced by the prosthetic foot can be 15 to 20
percent of normal push-off, reducing the energy (as measured by oxygen consumption)
expended by the patient [24]. The CF AFOs used in this study were able to return more than
88 percent of energy from a 1,000 N load. The thermoplastic AFO returned 77.4 percent of a
150 N load, deformed more than CF AFOs, and increased energy cost 19.4 percent (AFO1 —
AFO3 = 96.8% — 77.4%) and 10.8 percent (AFO2 — AFO3 = 88.2% — 77.4%) (Figure 4).
The CF AFO is an energy storage device that may be well suited to assist in the push-off
phase of walking as well as preventing foot drop during the swing phase. It was not possible
to calculate the unloading curve using static linear analysis because time cannot be used as a
factor. In this study, the nonlinear model was used and the time factor was also taken into
consideration. Compared with the FEA model developed by Hawkins [25], the model
developed in this study also considered the contact point moving between the loading device
and brace. This consideration helped to enhance accuracy of the FEA model, which was
verified by the comparison between testing and prediction (Figure 5). The FEA model
accurately predicted behavior of the CF AFO and has the potential to help optimize AFO
technology.

The thermoplastic FEA model was inaccurate in predicting the F-D relationship for several
reasons. There may be problems with the FEA material model because the brace acts like a
plastic being deformed (viscoelastic), and therefore the material model may need to include
more higher-order terms. Additionally, there might be problems associated with the testing
apparatus. During testing, the AFO is loaded by a vertical force but the loading location
changes during testing. This loading location movement may cause torsion of the AFO’s
sole. The accuracy of thermal treatment during the simulation in the FEA model could be
improved. Moreover, the FEA model’s inaccuracy was also due to the complexity of
plasticity and the rough approximation used to predict huge displacements in the AFO at
higher loads. However, the thermoplastic FEA model was able to predict the elastic and
early plastic regions with sufficient accuracy.

The greatest limitation of this study’s modeling is the inaccuracy in predicting mechanical
properties of the thermoplastic AFO at high loads. A second limitation is related to AFO
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mechanical testing. The loading method used in bench-top testing does not accurately
represent how the AFO is used during gait. Loading and unloading of the brace is drawn out
during testing. During actual walking, unloading occurs very rapidly. The different loading
levels will cause different outcomes during simulation. Moreover, the fracture analysis is
only used to estimate the maximum load the AFO can bear and validate the model in the
present study. Future work is needed to give a more detailed fracture and fatigue prediction
based on structure design and materials selection. The prediction results will guide designing
and optimizing AFOs for patients.

The CF AFO FEA model predicted the results of bench-top testing with high accuracy (the
relative error of energy return ratio is less than 3%). Future CF AFO research should
examine the use of FEA modeling to guide patient-specific CF AFO design with the goal of
maximizing power return and comfort. FEA provides an efficient way to change the AFO
variables and determine the effect on overall performance. It can be used to determine
whether the performance is a function of the material or the geometry. It also allowed
calculation of the AFQ’s energy return properties. Based on the predicted results of AFOs,
future work will focus on the structure optimization to improve the mechanical properties
further, such as adjusting the orientation fiber matrix or changing the number of layers
depending on patient-specific factors (i.e., weight, height, activity level). In addition, an
accurate FEA model for a polypropylene AFO is needed in the future.

CONCLUSIONS

Overall, the CF AFO was able to return more than 88 percent of energy from a 1,000 N load
compared with the thermoplastic AFO, which returned 77.4 percent of a 150 N load. The
FEA model accurately predicted the behavior of the CF AFO and has the potential to help
optimize AFO technology.
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FEA finite element analysis
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Figure 1.
Structure of carbon fiber (CF) ankle-foot orthosis (AFO) used for design. (a) Layers and

orientation of CF AFO. (b) Fiber structures of Std 2 x 2 Twill Weave and Std Unidirectional
layer. Std = standard.
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Figure 2.
Ankle-foot orthoses (AFOs) used in current study. (a) AFO1, (b) AFO2, and (c) AFO3.

J Rehabil Res Dev. Author manuscript; available in PMC 2018 May 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zou et al.

Page 14

(@)

Loading device

Displacement
constraint area

Figure 3.
(a) Bench-top testing setup and (b) finite element analysis modeling setting.
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Figure 4.
Energy return ratio comparison between testing and prediction (relative errors for ankle-foot

orthosis [AFQO] 1, AFO2, and AFO3 are 2.68%, 0.02%, and 19.09%, respectively).
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Figure 5.

Contact point moving comparison between testing and finite element analysis.
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Figure 6.

Loading and unloading curves of different ankle-foot orthoses (AFOs) given by bench-top
testing and finite element analysis.
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Fracture testing and simulation. (a) Force versus displacement curve of ankle-foot orthosis

(AFO) 2 during destructive testing. (b) Fracture area of AFO2. FEA = finite element

analysis, Max = maximum.
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Table 1

Finite element analysis (FEA) model material properties used based on DA 4090/DA 4092 (APCM LLC;
Plainfield, Connecticut).

Property FEA Model

Carbon Fiber Material DA 4090/4092 SI (mm)

Density (g/mm3) 1.44 (DA 409 U/G35 150)
Poisson Ratio 0.5
Tensile Strength (MPa) 437
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Table 2

Mechanical properties of carbon fiber (CF) composite materials.

Property CF Std Unidirectional CF Std 2 x 2 Twill
Longitudinal Modulus (GPa) E1 70 17
Transverse Modulus (GPa) E2 70 17
In-Plane Shear Modulus (GPa) G12 5 33
In-Plane Shear Strength (MPa) S 90 260

Std = standard.
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