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Abstract: The ankle joint of a powered ankle—foot orthosis (PAFO) is a prominent component, as
it must withstand the dynamic loading conditions during its service time, while delivering all the
functional requirements such as reducing the metabolic effort during walking, minimizing the stress
on the user’s joint, and improving the gait stability of the impaired subjects. More often, the life of an
AFO is limited by the performance of its joint; hence, a careful design consideration and material
selection are required to increase the AFO'’s service life. In the present work, a compact AFO joint
was designed based on a worm gear mechanism with steel and brass counterparts due to the fact of
its large torque transfer capability in a single stage, enabling a compact joint. Further, it provided an
added advantage of self-locking due to the large friction that prevents backdrive, which is beneficial
for drop-foot recovery. The design was verified using nonlinear finite element analysis for maximum
torque situations at the ankle joint during normal walking. The results indicate stress levels within
its design performance; however, it is recommended to select high-grade structural steel for the ankle
shaft as the highest stresses in AFO were located on it.

Keywords: ankle-foot orthosis (AFO); ankle joint torque; finite element analysis (FEA); mechanical
design; worm gear

1. Introduction

A great deal of work is in progress on wearable orthotics, yet lightweight, portable,
and efficiently designed products are not available on the commercial market. Hence,
lightweight wearable orthotics for assistive motor functions have gained considerable
popularity and research interest in recent years, which is quite evident from the numerous
literature [1-3]. Ankle—foot orthosis is one of the highly sought areas of human augmenta-
tion and/or assistive flexion. Flexion of the foot about the ankle joint during walking is
primarily used to define the biomechanics of walking; wherein the upward and downward
movements of the foot about the ankle joint are termed dorsiflexion (DF) and plantarflexion
(PF), respectively. Apart from flexion, the ankle joint also allows inward /outward turning
of the sole, as well as internal /external rotation of the foot which are required for enhanced
stability. The motion of the ankle occurs primarily in the sagittal plane, with both PF and
DF occurring predominantly at the tibiotalar joint. Although the range of these angles
varies from person to person, it must be precisely measured during an individual’s gait, as
the same values will be controlled by an externally powered flexion mechanism during
assisted walking [4]. Ankle flexion assist is usually sought for (a) extending the active
years of motor functionality in the elderly population [5], (b) reducing the metabolic cost
of walking by providing assisted walking in the case of a healthy individual [6], and
(c) improving the motor functions of persons suffering from impaired gait capabilities [7-9].
All of the above functionalities are expected but with a compact setup, featuring a portable
design and an energy-efficient powering mechanism.

Numerous types of powering mechanism have been employed for the plantar flexion
such as electric actuators in a series with a spring element (SEA: series elastic actuator)
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that uses the motors for powering flexion [10,11]; pneumatic actuators (PAM: pneumatic
artificial muscle) that use compressed air for actuation [7,12]; hydraulic actuators that use
hydraulic pressure generated through pumps for actuation [13]. Most of these orthoses are
developed with an auxiliary powering unit and are limited to research or rehabilitation
PAFO applications [8]. Thus, the major drawback of the existing PAFOs is their excessive
weight; although intended to enhance walking efficiency, they instead end up causing
discomfort or fatigue for individuals when worn for a long duration due to the excessive
weight. In addition, a high torque requirement for efficient flexion powering in a compact
setup makes it difficult to achieve the same in a portable design [1]. Mass added at the
lower limbs increases the moment of inertia of the legs, which increments the metabolic
cost of walking. It is estimated that an added weight of 2 kg to a human foot can increase
the oxygen consumption rate by up to 30%, which would result in increased metabolic cost;
thus, it is recommended to limit the weight at the ankle to under 1.2 kg [14].

In the present work, a compact worm gear mechanism-based ankle flexion powering
design is proposed. The worm gear was used due to the fact of its ability for large torque
multiplication in a single stage [15] along with its self-locking ability. The self-locking
depends on the coefficient of friction between the mating gears as well as the lead angle of
the worm screw. The movement between the worm screw and the wheel gear faces can
be expected to occur by entirely sliding without any rolling and, hence, the resulting high
friction will not allow backdrive [16]. Large frictions usually tend to reduce the service life
of the gears at relatively high speeds; however, since the ankle flexion speed is considerably
low, it is not of concern. Further, if the self-locking feature is not the intended functionality,
then multi-start worm screws can be used for faster actuation at the expense of torque; the
multi-start threads have a steeper helix angle, thus offering less friction and are less likely
to be self-locking.

The contents of the article are structured in the following order: (a) the design of
the orthosis, (b) the methodology implemented for design verification, and (c) the test
results. The Section 2 describes the design of the AFO, whereas Section 3 enumerates
the methodology implemented for evaluating the design. The design feature includes a
compact flexion powering mechanism and a lightweight wearable orthosis structure along
with the design considerations. Further, specific design features and material selection were
considered to minimize the effect of stresses on the structure while maintaining the overall
weight of the structure to a minimum prescribed for an efficient ankle assist. Although
suitable for achieving the required compact setup, the proposed mechanism needed to be
analyzed for its functional performance and design sustainability. Hence, based on the
maximum stress conditions encountered due to the kinetic forces about the ankle joint
during normal walking, the mechanism was subjected to nonlinear numerical analysis to
evaluate the effect of stresses on the AFO structural components. A short look at future
design considerations and modifications based on the findings from the present research
are also highlighted in the results and conclusions.

2. Design of a Joint for Powered Ankle-Foot Orthosis

The design of the AFO structure including the flexion mechanism was performed
using SOLIDWORKS 3D modeling software package. The overall system weight of the
orthosis, including the motor, was measured at approximately 1.1 kg, which is less than
the prescribed weight limit for an effective assistive PAFO.

The important factors to consider for the design of an ankle orthosis joint are:

1.  Compact ankle flexion powering mechanism;
2. Structural design to minimize and/or withstand the ankle torque;
3. Material selection for optimum strength to the overall orthosis weight.

2.1. Flexion Powering Mechanism

An ankle joint complex with a worm gear mechanism in a speed reducing configu-
ration, as shown in Figure 1, was used for powering the ankle flexion; wherein the gear
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mechanism is driven by a compact motor. The mechanism offer the two-fold advantages
of (i) a large torque transmission, which implies that a small-capacity motor can drive
the mechanism, and (ii) self-locking ability, which can be beneficial as a solution to the
drop-foot condition [10,17]. Self-locking is when the worm wheel cannot drive the worm
screw, which is also referred to as backdrive. The gear reduction ratio, the size of gears,
and the motor were selected based on the ankle kinematic parameters as show in Table 1.

Figure 1. Ankle flexion mechanism.

Table 1. Worm gear and joint kinematic parameters.

Parameters Values
Reduction ratio 1:15
Worm rotation per unit degree ankle tilt 0.042
Ankle angular velocity 1 rad/s 1.25
Average motor speed 2 for normal walking at 0.7 m/s, rps 3

! Calculated as the product of total gait angle (degrees) and gait time with a multiplication factor of 7t/180 for
converting degrees to radians. The experimentally measured average ankle movement angle during one gait
cycle was approximately 123 degrees for a gait time of 1.7 s. 2 Calculated as the product of ankle angular velocity
(rad/s) and the reduction ratio with a multiplication factor of 60/2m for converting rad/s to rpm.

2.2. Orthosis Structure and Joint Design

The AFO structure, comprising an upright frame and a foot frame, was fabricated
using a sufficiently thick sheet metal design. Being positioned parallel to the sagittal plane,
the orthosis frame provides the stiffness needed for powering ankle flexion while retaining
the flexibility about the joint for moderate out-of-plane movements. In addition, the flexible
upright frame design, which allows a certain degree of elastic deflection, helps to minimize
the stress on the ankle joint of both the user and the orthosis, in particular, and the overall
AFO structure, in general.

The AFO joint was constructed about a stainless-steel shaft that was firmly locked
onto the square hole of the foot frame and fastened to it firmly on the medial end; while
the shaft running through a flanged bearing mounted on the upright frame, it held the
worm wheel on the posterior end. The upright frame was a fixed member of the AFO being
strapped to the leg, whereas the foot frame moved about the ankle joint and was firmly
strapped to the foot. The motor drove the worm wheel through a worm screw, powering
the ankle flexion during walking. An exploded view detailing the internal components of
the ankle joint and the structure of the orthosis is shown in Figure 2.
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Figure 2. Ankle joint complex for the right foot (exploded view).

2.3. Material Selection

Proper material selection to meet the specific functional requirement is very crucial
for an optimum design performance. As the frame constitutes most of the AFO’s gross
weight, a structural-grade aluminum alloy was selected to a deliver high strength-to-
weight ratio; whereas the components at the ankle joint, such as the joint shaft and linkages,
being subjected to considerably higher stress levels, were made of ASTM A36 structural
steel. Regarding the worm gears, it is customary to select a hard material, mostly surface-
hardened steel, for the worm screw and a softer material, such as brass/bronze, for its
mating counterpart to minimize the friction and wear on the worm tooth. The materials
selected for the orthosis and their properties considered for the analysis are listed in Table 2.

Table 2. Ankle joint complex materials and their mechanical properties [18].

Structure Worm Wheel Worm Screw
Material Properties Unit
(A6061) (Brass) (A36 Steel)
Yield Strength MPa 280 88 250
Tensile Strength MPa 310 278 420
Young’s Modulus GPa 71 96 200
Poisson’s Ratio - 0.33 0.345 0.3

3. Analysis of the Ankle-Foot Orthosis Joint Stress

A mechanical structure must always be thoroughly tested for its design feasibility
and worthiness and, hence, the developed 3D model was exported to the ANSYS software
package to perform an FE analysis. The AFO joint in the present analysis was tested for its
durability against the torque exerted by a user about the ankle joint during normal walking.
First, the applied torque was theoretically estimated with added reference to the literature,
and then the stress analysis of the AFO ankle joint was performed for the calculated torque
values to evaluate its design stability and performance characteristics.

3.1. Ankle Joint Torque Estimation

The AFO experiences the ground reaction force (GRF) during walking, which is the
force exerted by the ground on the foot as it makes contact with it due to the gravitational
attraction. While walking, the GRF provides a measure of the impact that a body expe-
riences when the foot makes contacts with the ground. For a static condition, the GRF
corresponds to the person’s weight, but while in motion, the GRF increases due to the
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acceleration of the body. For normal walking, the GRF is the sum of the person’s weight
and the acceleration of the center of mass (CM) as shown in Equation (1) [19].

GRF = M(g+a), 1)

where M is a person’s mass, g is the acceleration due to the fact of gravity, and a is the
vertical acceleration of the CM. The GRF for a person weighing 80 kg while considering
an average walking acceleration of 0.7 m/s? will be 80 (9.81 + 0.7) = 840 N. However, the
entire force may not be applied on the foot due to the weight being distributed among both
legs and considering the inertia depending on the speed of walking. Thus, considering 80%
of the total force applied on the foot, we obtain a force of 672 N, for which the horizontal
and vertical components of the forces can be calculated with respect to the foot reference
planes. By knowing the force components acting about the sagittal plane at the center of
pressure (CoP) during a specific phase of walking and the distance of the CoP from the
ankle joint, as shown in Figure 3, we can calculate the torque generated about the ankle
joint [20]. The resulting torque can be measured by Equation (2).

Torque (Nm), T = Fydz + F.dx, ()

where F, and F, are components of the force along the x- and z-directions, respectively.
Whereas dx and dz are the distance of the CoPs from the ankle joint measured along x- and
z-axes, respectively.

—>X *—> X Fz

(a) (b)

Figure 3. Force components and CoP during: (a) heel-strike; (b) toe-off.

The applied load or torque about the ankle joint has a variable nature that can be
attributed to the variance in the type of foot contact with the ground at ankle angles
corresponding to the different phases of the walking gait. Accordingly, heel-strike and toe-
off, as indicated in Table 3, are the two prominent phases that generate maximum torque
about the ankle joint. Hence, these two phases will be considered to evaluate the effect of
torque on the structural integrity of the AFO joint. For these two conditions, the applied
torque can be calculated for an average user based on his weight and anthropometric data
as shown in Table 4. In addition, similar findings are observed in the literature [4,21] for the
applied torque about the ankle joint during heel-strike and toe-off phases of a gait during
normal walking conditions.
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Table 3. Ankle torque measurement [22].

Parameters Heel-Strike Mid-Stance Toe-Off
GRF behind ankle through ankle in front of ankle
Torque causes PF ! torque no torque causes DF ? torque

! Plantarflexion (PF) and ? dorsiflexion (DF) refer to the downward and upward movements of the foot about the
ankle joint, respectively.

Table 4. Ankle torque calculation.

Parameters Heel-Strike Toe-Off
Force angle 70° 65°
Fx =F cosf =230 N Fx =Fcosf =284 N
Force components ! Fz =Fsinf =632 N F7z =Fsinf = 609 N
CoP distance with respect to dx =0.02m dx=0.12m
the ankle joint dz=0.12m dz=0.16 m
Torque about ankle, Nm (=Fx-dz) + (—Fz-dx) = —40 (Fx-dz) + (Fz-dx) =120
Orientation Clockwise (CW) Counterclockwise (CCW)

! The force components were calculated based on the applied force of 672 N, previously calculated using
Equation (1).

3.2. Stress Analysis of the AFO Joint

Nonlinear analysis was considered for the AFO ankle joint using the Newton—Raphson
method, and the mesh model was created using pure penalty contact formulation while
considering the coefficient of friction between the mating gears.

3.2.1. Material Model

For both cases, the material model, as shown in Figure 4, with a multizone modeling
strategy was applied because of the complexity of the model. Altogether, the model
contains hexahedral as well as tetrahedral elements; some thin parts were meshed with
SHELL181 mesh including part thickness. The SOLID187 element type was selected for
tetrahedral meshing, which is a higher-order 3D, 10-node element; whereas for hexahedral
meshing, SOLID186 element, which is a higher-order 3D, 20-node element, was selected;
both SOLID187 and SOLID186 have quadratic displacement behavior and are well suited
to modeling irregular meshes. The mesh was completed with 4,845,801 nodes and 3,186,059
elements. CONTA174 and TARGE170 were used as contact elements, where TARGE 170
was used to represent various 3D “target” surfaces for the CONTA 174, and CONTA172
was used to define contact and sliding between 3D target surfaces and a deformable surface.
The contact elements themselves overlayed the solid and shell elements and, thus, defined
the boundary of a deformable body and were potentially in contact with the target surface,
defined by TARGE170 [23].

3.2.2. Contact Formulation

To ensure contact compatibility so that the contacting bodies, such as gears at the ankle
joint, did not interpenetrate, a pure penalty contact formulation, as shown in Equation (3),
was used [24].

Fy =kn - xp, 3)

where F), is the contact force, k; is the contact stiffness, and x,, is the penetration depth.
To ensure accurate results, the penetration depth should be as small as possible, which
depends on the magnitude of the contact stiffness.
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Figure 4. Mesh model of the AFO ankle joint.

Moreover, a frictional contact formulation was defined with 0.2 as the coefficient
of friction, p for the mating worm and worm wheel set. The value was selected for a
maximum friction case; however, the coefficient of friction of a material is difficult to
evaluate and depends on various factors such as sliding speed, gear specifications (lead
angle, module, etc.), and the lubrication conditions. Normally, between a steel worm screw
and a brass/bronze worm wheel, the value of p is approximately 0.15 [25]. Further, given
the very slow ankle flexion speeds during walking, the stress due to the friction between
the worm gears may be expected to be considerably low or negligible.

3.2.3. Formulation of Solution for Nonlinear FEA Equation

The analysis was conducted based on the Newton-Raphson (N-R) method as a
solution to the nonlinear finite element equation. The N-R iteration is commonly used for
nonlinear static structural analysis of a multiple degrees of freedom system.

The governing equation for a finite element analysis may be written as:

[K{U} = {Fa}, )

where, [K] is the stiffness matrix, {U} is the displacement vector of unknown degrees of
freedom, and {F,} is the applied load. If the stiffness matrix itself is a function of the
displacement vector, then the Equation (4) is termed a nonlinear equation; then, N-R
iteration applied to obtain the root of the nonlinear equation may be written as:

[KT|{au} = (R} - (R}, )
{uiv1} = {ui} + {Du;}, (6)

where [K;T] is the tangent stiffness matrix, i represents the current iteration; {u;} is the
displacement vector; {F;"} is the restoring force vector calculated from element stresses.
In the iteration process, {Au;} is calculated from Equation (5) with the known element
stiffness matrix and element stresses; next, the calculated {Au;} is added to {u;} to get the
next approximation {u;,1}. This process is repeated till we obtain the convergence as shown
in Figure 5 [26].
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Displacement, u

Ui Uisg Uisp
Figure 5. Newton—-Raphson iteration [26].

4. Results and Discussion

The ANSYS software package was used for performing the FE analysis and simulation.
The complete analysis of the AFO joint model took approximately 5 h for each case. The
applied boundary conditions and the results of the static structural analysis for both the
heel-strike and toe-off phases are presented below.

4.1. Static Structural Analysis during Heel-Strike

A torque of approximately 40 Nm expected to be generated about a human ankle joint,
as calculated previously during the heel-strike phase, was taken as the applied torque input
for the AFO structure. The torque was acting in the clockwise direction due to the PF torque
about the ankle joint. By keeping the remaining structure fixed against rotation, as shown in
Figure 6a, the entire structure was evaluated for the equivalent Von-Mises stress generated
about the ankle joint. The specified fixed support condition arises due to the restricted
backdrive of the worm gear, wherein any torque applied by the human ankle prevents the
rotation of the worm wheel and, hence, the applied torque results in the structure being
subjected to the corresponding stress values. It is to be noted that, with the PF activated by
the motor, the stress experienced by the structure will be drastically reduced.

Upright Frame
(fixed)

JAl Moment: -40. N'-m

[B] Fixed Support

[ Fixed Support 2 CW torque applied

about the ankle shaft

Y
X
Worm wheel & Foot Plate
(fixed)
0.000 0.150 0.300 (m)
| |
0.075 0.225
(a)

Figure 6. Cont.
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Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

311.51 Max
. 276.89

24228

207.67

173.06
E 13845
103.84

| 69.223
I 34612
0 Min

®
z X

0.00 150.00
I
75.00 225.00

Upright Frame
(fixed)

A Moment: 120. N'-m

[B] Fixed Support

[@ Fixed Support 2 CCW torque applied

about the ankle shaft

Y
X
Worm wheel & Foot Plate
(fixed)
0.000 0.150 0.300 (m)
| |
0.075 0.225
(b)

Figure 6. AFO joint with load and boundary conditions: (a) heel-strike phase; (b) toe-off phase.

The results, as seen in Figure 7a, showed a maximum average stress of approximately
75 MPa, which is seen in its enlarged view about the ankle shaft connecting the worm
and, hence, is of interest for the design consideration. Overall, the stress level on all of
the parts was considerably low, indicating design feasibility. Additionally, a maximum
average stress of 17 MPa was observed at the gear contact despite the maximum frictional
condition between the mating gears. The stress at the gear contact can be seen in Figure 7b.

47.355 Max
42093

36831

3157

26308

21.046

15.785

10523

5.2616
5.5283e-10 Min

300.00 (mm)

(@) (b)

Figure 7. Equivalent Von-Mises stress for the heel-strike phase: (a) stress on the entire structure with an enlarged view;

(b) stress at the gear contact zone.

4.2. Static Structural Analysis during Toe-Off

For a toe-off phase, as shown in Figure 6b, an applied torque of 120 Nm, as measured
from Section 3.1 previously, was taken as the input at the AFO ankle joint, which created a
counterclockwise moment due to the DF torque. The fixed support condition similar to the
heel-strike phase was maintained here as well due to the restricted backdrive; however,
the input torque during a toe-off phase is comparatively larger. With powered flexion in
action during toe-off, the stress on the structure will be significantly less. The applied load
on the orthosis during both heel-strike and toe-off phases are only considered to simulate
the static condition.
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Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

. 606.04 Max
538.7
47136
404.03
336.69
269.35
| 20201
134.68
67.338
0 Min

: 4

Even during the toe-off phase, a similar scenario was observed with a maximum
average stress of approximately 130 MPa at the ankle joint shaft as shown in Figure 8a,
whereas the average stress at the gear contact was approximately 30 MPa from Figure 8b.
All the components of the orthosis were subjected to elastic deformation only for the
applied load, and the stress level was much lower in all the parts, with the ankle shaft
being the component of interest for design consideration. The ankle joint poses a high
degree of complexity due to the fact of its geometrical features; however, in reality, with
sufficient dimensional tolerance, consideration of fillets and chamfer for minimized stress
concentration, and adequate connections, fasteners and joining techniques, etc., the overall
stress on the parts can be considerably reduced.

150.00 300.00 (mm)

I
75.00 225.00

(a) (b)

Figure 8. Equivalent Von-Mises stress for the toe-off phase: (a) stress on the entire structure; (b) stress at the gear contact zone.

4.3. Design Outcome and Future Considerations

The analysis results obtained for the orthosis are useful for validating the preliminary
design of the ankle joint, understanding the suitability of material selection for the compo-
nents, reviewing the mechanism employed for ankle flexion, and identifying the crucial
components for a possible design modification.

For both cases, it was observed that the maximum stress region was confined within
the ankle joint shaft in an orthosis and, hence, due considerations will be made during the
prototype design to minimize the stress concentration about the ankle shaft and to consider
optimizing the shaft diameter based on the ankle joint kinetics. The current structure,
however, minimizes the stress on the joints due to the fact of its flexible design, allowing
for large elastic deformation, will include a serial spring element in the second prototype
design for enhanced ankle flexibility; this is expected to further reduce the stress on the
ankle shaft. The design and results from the present study will serve as a reference for
those considering the worm gear mechanism as a means for powering the ankle flexion.

Further studies based on fatigue analysis as a second phase verification on the orthosis
and the ankle shaft, in particular, will be considered, as the components are subjected to
cyclic stresses during walking. Although moderate stress levels are induced on the ankle
joint, the interaction of multiple components at the joint may diminish the fatigue life of
the ankle shaft; the minimum suitable diameter and the material selection and processing
considerations will be included for the study.

With satisfactory test results, a test model is being developed based on the current
design that uses a surface-hardened worm screw, ground and mated with a relatively soft
worm wheel made of phosphorous bronze; thus, much lower stress levels may be expected
for the actual test setup at the mating gear part. The ankle shaft will be made of high-grade
structural steel to withstand high stress and fatigue loading. The developed orthosis will
be tested for its assistive ability in enhancing/regaining the motor functions intended to
help the elderly or persons suffering from diminished ankle flexion performance.
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5. Conclusions

A simple, yet efficient flexion powering joint design was suggested in the present work
for an AFO. The proposed design for powering the plantar flexion was based on a worm
gear mechanism, which is advantageous due to the fact of its large torque transmission
capability with self-locking capability. Moreover, the design was subjected to a nonlinear
finite element analysis based on the maximum torque generated during the heel-strike and
toe-off phases of a gait during normal walking; the ankle torques generated during normal
walking were calculated to be 40 Nm CW and 120 Nm CCW during the heel-strike and
toe-off phases, respectively. The structures were subjected to safe stress levels indicating a
structurally feasible design, wherein the maximum stress values of 75 MPa and 130 MPa
were observed at the ankle joint shaft during nonlinear FEA analysis for the heel-strike
and toe-off phases, respectively. The orthosis design was structurally verified, and a test
prototype based on the current flexion powering design will be fabricated and tested,
a high-grade structural steel is recommended for the ankle joint shaft, with carburized
and ground steel worm screw, mating with a phosphorous bronze worm wheel for better
service life expectancy from an AFO. Structural design modifications of the orthosis are
considered for the future work by including a serial spring element to further minimize
the stress on the joint and improve the stability.
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