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Abstract—Humans can be considered inefficient at
walking because they are unable to achieve the theoretically
ideal “zero energy cost” of steady-state locomotion that is
possible for bipeds who have elastic tissues. This inefficiency
is mainly due to part of the energy that is generated by the
body to complete a single step being dissipated instead of
being stored for use in the proceeding step. This suggests that
we can improve locomotion efficiency and reduce the
metabolic energy cost of walking by manipulating the
elasticity of the lower limbs using exoskeletal devices [1].
However, most traditional designs use springs made from
regular material that have a constant stiffness. These devices
exert a linear force pattern that is not biocompatible because
they do not mimic the forces of the muscles or the tendons of
the human body. This paper presents an interdisciplinary
study of the design of a passive—dynamic ankle foot orthosis
mechanism that reduces the biological muscle force
requirements during locomotion, thus reducing the metabolic
energy cost of walking while maintaining biocompatibility.
Shape memory alloy is used as a smart material for an
actuator owing to its super-elasticity. This super-elasticity
provides a nonlinear stiffness pattern that generates forces
comparable to those of healthy muscles.
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1. INTRODUCTION

A. Background

Humans spend more energy in walking than in any other
daily activity [2]. It is evident that energy is wasted in
walking because the muscles require chemical energy to
perform both flexion and extension of the limbs [3].
Humans are considered one of the most energy-efficient
animals when it comes to walking, but they do not achieve
the theoretically ideal energy efficiency in steady-state
walking on a level surface that is possible for bipeds who
have elastic tissues [2][4].

B. Motivation

Reducing the metabolic energy used by humans in
walking can lead to improved mobility and a longer duration
of activity prior to fatigue. Several aspects govern the
metabolic energy cost but muscles are considered the central
locality for energy disbursement during active motion [5].
Reducing muscle forces would greatly reduce the amount of
energy spent by the body in performing locomotion.
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C. Related Studies

Prosthetics and orthoses, especially those that aid
locomotion, have been around for centuries. They have been
used to replace missing leg parts and to correct abnormality
in the gait pattern, respectively [6]. However, passive
articulated devices for the ankle joint, which provide
dynamic support according to the gait phase while not
requiring external energy sources to aid locomotion, are
relatively new. To implement an energy storing and
releasing mechanism for the ankle, the device should store
energy in the stance phase and release the energy when it is
most needed: the push-off phase. One important example of
such orthoses is a device created by Collin et al. [2]. This
device uses a spring to reduce the metabolic energy cost of
the locomotion by 4.6%-9.8% for healthy individuals, and
the device thus competes with active orthoses. They showed
that the effectiveness of the device varies with respect to the
stiffness of the used spring and concluded that there is an
inverted bell curve relationship between the net metabolic
energy rate and the exoskeleton spring stiffness. This gives
a specific optimal range of 150 and 250 Nm/rad in which
the stiffness of the spring aids the ankle in walking without
affecting other aspects of the gait. However, we cannot
consider the stiffness range as a goal because the stiffness
of a device should be adjusted according to the user’s
preferences and each person tolerates a different stiffness
level, meaning that a universal optimal stiffness should not
dictate the design [7][8].

The studies [4], [9] and [10] suggested that the majority
of mechanical work is performed by the ankle joint whereas
the knee and hip make limited contributions in thrusting the
body forward and commencing the gait, which is the reason
for focusing on the ankle joint for devices. One study [11]
suggested that the amount of required energy is highest in
the toe-off phase when the foot leaves the ground while the
amount of dissipated energy is highest in the heel-strike
phase when the foot comes into contact with the ground.

D. Problems

Traditionally, orthoses have elastic components of
constant stiffnesses and thus provide a linear force pattern
that varies directly with respect to the foot angle. In some
cases, this leads to a gait that feels unnatural to the user.
While walking, humans exert forces that depend on the
angle of the joint but are not multiplicatively connected to a
constant, meaning that the ratio of the force to the angle is
usually a variable. The tendons store and release energy to
protect the muscle by lengthening the muscle’s rate of
activity, giving the muscle more time to dissipate energy
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[12]. This means that the biological stiffness varies and, to
maintain biocompatibility, the stiffnesses of the orthosis
should vary accordingly.

One way of achieving the desired variable stiffness is to
use active devices that control the stiffness of the
exoskeleton to provide a more natural gait. However, such
devices fall short in terms of their weight and size and are
uncomfortable after a few hours of use. Therefore, the focus
of recent studies has shifted to passively controlling the
stiffness of ankle foot orthoses (AFOs).

E. Objective

The super-elasticity of shape memory alloys (SMAs)
presents a mechanical stiffness variation that is comparable
to the stiffness variation of healthy muscle [13] and provides
a compatible force pattern. This suggests that the use of
SMA will make the gait feel more natural and will allow for
higher biocompatibility. Furthermore, these alloys are
known to have higher energy densities than other materials,
meaning that they are smaller, lighter, and more compact
alternatives for conventional actuators.

The present paper thus proposes a design for a passive
dynamic AFO, which is shown in Fig. 1, that utilizes the
super-elastic property of SMA springs to store and release
energy with respect to the foot angle and thus provide a
nonlinear force pattern similar to that of healthy muscles. It
is thus possible to maintain biocompatibility and a healthy
gait. This AFO has the potential to reduce the locomotion
force requirements by complementing the Achilles tendon
in performing plantarflexion in the push-off phase. The
objective of this study was to create a step-by-step
procedure for the design of an AFO that maintains
biocompatibility while reducing the forces required by the
biological muscles during locomotion and to present an
example of a study participant using the AFO. This study
had two parts. First, the biomechanics of the human ankle
were studied to calculate the ankle torque that should be
presented to walk with a natural and healthy gait. Second,
spring properties and dimensions that enable the orthosis to
mimic the aforementioned gait were selected.
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Fig. 1. Concept of the SMA AFO
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II. BIOMECHANICS OF THE HUMAN GAIT

A. Objective

Before designing an AFO, the forces that are exerted by
the user’s muscles should be determined. These forces
dictate the efficacy of the AFO and the material that should
be used for each part of the device. Therefore, the objective
of this section was to calculate the forces of the calf muscles
during habitual walking that will be the target forces
required of the AFO. These forces were determined from
the torque that acts at the ankle joint of the participant,
which is in turn determined from graphs of the motion (of
the position, speed, and acceleration) of the lower limb
segments.

B. Methodology

The device is designed to be used for community
ambulation mostly on a flat and level surface. The
calculations in this study thus focus on the sagittal plane. In
this two-dimensional study, the forward—backward motion
was set along the x-axis whereas the upward—downward
motion was set along the y-axis and, by convention, the z-
axes were set normal to the x—y plane.

The accelerations in the x and y directions in addition to
the angular velocities about the z-axes were measured for
the trunk, thigh, shank, and foot using inertial measurement
units (IMUs). The IMUs were placed in accordance with the
IMU-to-body alignment method presented by Vargas-
Valencia [14]. The angular accelerations and angular
positions were respectively differentiated and integrated
with respect to time from the angular velocity. For the trunk,
the IMU sensor was placed on the sacrum (S2 spinous) just
below the belt of the participant. The thigh IMU was placed
on the iliotibial tract 5 cm from the patella. The shank IMU
was located 5 cm from the
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Fig. 2. Bipedal model

Authorized licensed use limited to: University of Liege (ULg). Downloaded on December 16,2022 at 14:51:31 UTC from IEEE Xplore. Restrictions apply.



2021 World Automation Congress (WAC), Online, August 1-5

~N

Determine
body segment

motion using
IMU sensors

Filter the

readings
using a low pass
filter, averaging
and curve fitting

when needed  J

Derive and
integrate for
acceleration

and angle
O Calculate the
ankle torque

LA d ! using the

s t readings

Use the moving
average method
for the torque

\ \ curve j

Fig. 3. Process of the biomechanical study

lateral malleolus of the fibula. Finally, the foot IMU was
placed above the third and fourth metatarsal bones. It is
noted that calibration using the quaternions of the IMU
sensors was not conducted because the body segments did
not move in three dimensions.

The experiment was performed for a male participant
weighing 60 kg and standing at a height of 1.63 m twice on
different days. Each experiment was preceded by two trials
to verify the precision of the sensors. The participant was
asked to stand still for 5 seconds, then walk 12 steps at a
comfortable self-selected speed on a flat level surface, and
then stand still for another 5 seconds.

The signals were refined using a series of methods. First,
the signals were filtered using a low-pass 5-Hz filter to
remove high-frequency noise. Second, the walking process
was divided into strides starting and ending at the mid-
stance phase of the right leg, and the data were averaged to
produce one full gait cycle with higher accuracy that best
represents the motion of body segments during walking.
Third, the signals of the preceding segments were subtracted
to acquire the accelerations and velocities that each joint is
responsible for, which is the acceleration and velocity of
each segment relative to that of its precursor. The angular
velocity signals were plotted and curve-fitted before being
derived to determine the angular acceleration for the
removal of small disturbances.

After obtaining the instantaneous values of the
accelerations and angular positions of the body segments, a

numerical simulation of human locomotion was conducted
to calculate the torque at the ankle, which was smoothened
using the moving average. This simulation used a bipedal
model, which is shown in Fig. 2, having a point mass that
represents the entire upper body (head, trunk, and upper
limbs) located at the center of the chest (30 cm above the
hips). The thigh and shank were modeled as cylinders while
the foot was modeled as a rectangle. The ankle torque
determines the amount of energy that should be stored and
released by the device for the participant to move at his self-
selected speed. Assumptions had to be made in calculating
this torque. The mass and length of each body segment in
addition to the radii of the thigh and shank were taken from
literature reviews [15][16][17][18]. Figure 3 summarizes
the overall process of the biomechanical study.

C. Results

The participant had an average step length of 0.65 cm
and walked at an average speed of 1 m/s.

Figure 4 shows the experimental results of the angular
position of the foot while walking. The foot accelerations
varied continuously for the participant with respect to the
three axes. The angular position decreased from 0° at the
beginning of the gait (in the stance phase) to —30° at
plantarflexion of the toe-off phase and then increased to 20°
at dorsiflexion of the heel-strike phase before returning to
0° to restart the cycle as shown in Fig. 4. The range of
motion of the foot was thus 50°. These data were input into
the previously mentioned bipedal model to calculate the
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required torques that should be presented at the ankle joint.
This torque was then adjusted according to the effect of the
elastic tissues.

Figure 5 shows the experimental results of the ankle
torque for walking. The maximum ankle torque was
calculated to be 67 Nm, which is 112% of the mass of the
participant and comparable to other findings that the
maximum ankle torque of an individual (in Nm) ranges
between 100% and 150% of the mass of the individual (in
kg) depending on the speed of walking [19].

The AFO is intended to be compact and should aid the
ankle by pulling the heel up toward the calf at push-off. The
line of action of the device was thus set directly behind the
heel at a distance 5.5 cm from the ankle. Therefore, the
maximum force that should be supplied by the device to
contribute for 100% of ankle torque is 1200 N.

III. SPRING PROPERTIES AND DIMENSIONS

SMAs are a relatively new discovery first reported in the
1930s. There are two types of SMAs, namely one-way and
two-way SMAs, and each type has two phases, namely the
austenite (parent) and martensite (child) phases. In a one-
way SMA, the austenite phase is strong, stable, and unique
whereas the martensite phase is less stable and usually
considered the “deformed phase” and thus can attain
different shapes. In the two-way SMA, the martensite phase
also has a unique shape [20]. Each phase has its own lattice
structure at the atomic level, usually a face-centered cubic
crystal structure for the austenite phase and a body-centered
tetragonal crystal structure for the martensite phase, and the
alloy can alternate between these phases when stimulated.
The ability to transform between two phases gives the SMA
two distinct properties, namely a shape memory effect,
which is controlled by heat, and a super-elasticity (also
called pseudo-elasticity), which is controlled by stress.
SMAs have five distinct temperatures that are, in ascending
order, Mf< As < Ms < Af < Md. Here, Ms and Mf denote the
temperatures of the start (0%) and finish (100%) of the
martensite phase upon being cooled while 4s and Af denote
the temperatures of the start (0%) and finish (100%) of the
austenite phase upon being heated and Md is a high
temperature above which the alloy loses its distinct
properties that were mentioned earlier [21].

Upon plastic deformation in the martensite phase, SMAs
behave like any other metal except that they have a memory
of their unique austenite form and, upon being heated
beyond Af but below Md, they undergo a temperature-
induced phase transformation from martensite to austenite
and return to the unique initial form even if cooled again
afterward. This type of actuation requires active control,
where batteries are usually used to increase the temperatures
and induce this shape memory effect through ohmic heat.
Meanwhile, upon plastic deformations at temperatures
above Af but below Md, SMAs undergo a stress-induced
phase transformation from austenite to martensite. This
leads to elastic and super-elastic deformations that are both
reversible because the simple removal of the stress is
enough to return the alloy to the austenite phase and
therefore its initial shape [22].
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It is noted that using SMAs as coils instead of wires
increases the deformation attainability from 5% to between
200% and 1600% depending on multiple factors related to
the material properties and spring dimensions [23].

A. Objective

After obtaining the required torque at the ankle joint, the
material properties and the dimensions of the spring can be
selected so that they fit the profile of the recorded gait. On
the basis of several literature reviews, it is theorized that
increasing the stiffness continuously while walking is more
effective than using a spring with constant stiffness [7][8].
This theorization is based on biomimicry; i.e., biological
tissues around the ankle have stiffnesses that are not
constant but rather increase rapidly with respect to stretch
[24]. This demonstrates that a spring made from traditional
material would not function appropriately and a variable-
stiffness AFO would be more biologically accepted. The
stiffness during the gait is usually changed using an active
AFO by integrating motors or pneumatics into the system,
which raises the issues of bulkiness and heaviness. A new
and more favorable approach would be to utilize the super-
elastic property of SMAs that was introduced in the
previous section.

Although the equations of normal springs have been
adapted to SMA springs by varying the shear modulus, that
approach is inaccurate owing to the recoverability of SMA
even at a shear strain of 6%—-8% and not only in the elastic
phase. Furthermore, the detwinning effect on the spring
elongation is not considered, which limits the use of the
material. Therefore, the objective of this section is to
calculate the spring requirements needed to exert the
maximum AFO force that was previously calculated using
the static two-state model [23] and thus describe the relation
between the SMA spring dimensions and the mechanical
properties of the spring for the selection of the optimal
spring attributes. Lightness and compactness are desirable,
and the model was thus altered and implemented in an
optimization algorithm with the goal of finding the smallest
springs that realize this force.

B. Methodology

The austinite phase was considered for the calculations.
Furthermore, because the SMA has multiple grades, each
with its own material properties, the variables in the
optimization algorithm were the dimensions, material
properties, and number of SMA springs of the spring
mechanism. Meanwhile, the constraints were the maximum
force required, the ranges of available mechanical properties,
and the ranges of manufacturable spring dimensions needed
to have a logical and viable system. The algorithm is
illustrated as a flow chart in Fig. 6. The considered variables
and constraints are summarized in Table 1.

The procedure starts by selecting the SMA material
properties according to the commercially available products
and then choosing the desired maximum shear stress; i.e.,
specifying the factor of safety. In this step, the desired and
critical maximum shear stresses were considered equal
because a factor of safety will be set in later steps. The
diameter of the spring wire d is calculated as
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Fig. 6. Flow chart of the SMA optimization algorithm

TABLE L VARIABLES AND CONSTRAINTS OF THE SMA
OPTIMIZATION ALGORITHM

Variables Constraints

Shear modulus of Austenite, G 25 to 40 GPa
141 0,
Crmcal. shec?r stress of 100% 60 to 460 MPa
Austenite, T,
Spring index, C 4to12
Initial length, Li 50 to 150 mm
d = sqrt(8CF/mzyT), €8

where C is the spring index, 74 is the desired maximum
shear stress, and F is the exerted force, which is the
maximum force that should be supplied by the device as
calculated in the previous section.

The spring diameter D can then be simply calculated
from the spring index and wire diameter as
D=Cd. 2)

These diameters were checked to verify the
manufacturability of the spring. After verification, the initial
length L; and initial pitch angle ¢; were selected and used
with the shear modulus of austenite G, to calculate the final
pitch angle ¢y and the number of turns » as

8FD*nGad*cos’a; = (1 + v)(sinay— sina)/
cos?ay(1 + vcos’ay), 3)
n = Li/(nDtane; + d). 4)
The final length of the spring Ly was calculated to check
if it was applicable:
Lr= n(nDcosoytanay/cos ey + d). )

Poisson’s ratio vwas set to a constant of 0.33 and
Young’s modulus E was calculated as

E=2(1 +v)G. (©6)

Identical SMA springs were placed in parallel so that the
force was divided equally among them; the number of
springs is denoted M.

For a more robust and accurate description of the SMA
spring behavior, one can also use the martensite force
equation after the beginning of the phase shift. This process
describes the force of the spring depending on the
volumetric ratio of martensite in the alloy. The details of the
calculation are given in the appendix.

C. Results

For the previously mentioned force F, the optimization
algorithm yielded six SMA springs. Each spring had an
initial length of 8 cm. The wire diameter was 2 mm and the
spring diameter was 8 mm. The initial pitch angle was
0.0175 rad (1°) and there were 36 turns. Each of the springs
would have to be elongated by 3.7 cm to reach a final length
of 11.7 cm and exert a force of 190 N to account for 100%
of the biological ankle torque. However, according to the
maximum foot angle in the stance, the elongation can only
reach a maximum of 2.3 cm. Therefore, reversing the
previous process and starting with a constant maximum
elongation of 2.3 cm, the six springs would have a final
length of 10.3 cm, a final pitch angle of 0.0454 rad (2.6°),
and a force of 115 N per spring. This would increase the
factor of safety of the spring from 1 to 1.6. According to
An, S. [23], this factor of safety should not be too close to
1 or else the system becomes susceptible to breaking down
and it should not be too far from 1 or else the system
becomes inefficient. We therefore consider a factor of
safety of 1.6 to be suitable.

This device is expected to lower the biological ankle
torque required for locomotion from 67 to 26 N for our
participant. Thus, reducing the forces exerted by the calf
muscles brings the effectiveness of the AFO to 61%.

IV. concLusioN

The lightweight design of the proposed AFO has the
potential of reducing the required muscle forces during
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walking by up to 61% and consequently reducing the
metabolic energy cost of locomotion. The SMA used for the
spring material gives the device higher biocompatibility
relative to similar designs. Finally, this device works
similarly to the Achilles tendon; therefore, from a
biomedical point of view, we expect such a concept to be
beneficial for rehabilitating patients suffering from Achilles
tendon rupture, which will be investigated in future work.

V. APPENDIX

In this paper, the authors used the force equation of the
austenite phase (3) to predict the behavior of the SMA
spring throughout the locomotion process. It is noted that
this method can be further enhanced using the martensite
equation (7) after the phase-shift begins, which depends on
the instantaneous detwinned martensite volume fraction st
and residual strain of the material. The martensite equation
is

8D*nGud*cos’ a; (F+ nd’Guy.esr)= (1 + v)(sinay— sina;)/
cos’ay(1 + veos’ay), (7

where Gy is the shear modulus of martensite and yi is the
maximum residual strain.
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