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Robotic Ankle—Foot Orthosis With a Variable
Viscosity Link Using MR Fluid

Takahiro Oba, Hideki Kadone “, Modar Hassan

Abstract—This paper proposes a novel semiactive ankle—
foot orthosis (AFO) called SmartAFO equipped with an elas-
tic link mechanism. The design of the device is based
on the understanding of gait biomechanics for gait assis-
tance against paralysis and other gait abnormalities affect-
ing the ankle joint function. The elastic link at the core of
the developed AFO is a 1-degree-of-freedom linear-motion
system, capable of regulating its viscosity via a magne-
torheological fluid and an electromagnetic coil. The link is
also integrated with a compression spring that allows it to
store and release energy based on its coil current. This de-
sign enabled a semiactive AFO that can mitigate foot slap
and toe drag without adversely affecting push-off or other
gait phases. We present the development of SmartAFO and
the results of experiments conducted on healthy people to
verify its support functions compared to a commercial AFO.
The results showed that SmartAFO can provide controllable
braking torque at the heel contact, avoid ankle motion ob-
struction during the push-off phase, and support toe lift
during the swing phase.

Index Terms—Ankle—foot orthosis (AFO), ankle motion
assistance, gait support, gait training, magnetomechanical
effects, mechanical energy storage, MR fluid, semiactive
mechanism, wearable device.

[. INTRODUCTION
A. Background

HE ankle joint plays a critical role in gait function. The
major functional tasks of gait, such as weight acceptance,
single limb support, and limb advancement, depend on the
proper functioning of the ankle joint. The ankle joint complex
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serves all these functional tasks, providing shock absorption
and momentum control during weight acceptance, body
weight support and balance control during single limb support,
and propulsion and clearance from the ground during limb
advancement [1].

Neurological and muscular pathologies, such as stroke, spinal
cord injury, muscle atrophy, and cerebral palsy, affect the vol-
untary muscle control ability and muscle strength of the ankle
joint complex; thus, severely impairing the gait function [1], [2].

Foot-drop is one of the common gait abnormalities [3], [4].
Foot-drop is characterized by the weakness or inability to control
the dorsiflexor muscles, causing two major gait deficits: foot slap
and toe drag. During weight acceptance (initial contact phase),
the inability to control the deceleration of the foot causes the foot
to “slap” on the ground instead of transitioning smoothly. This
issue affects proper shock absorption, dynamic progression of
gait, and body balance. During limb advancement (swing phase),
the inability to dorsiflex the ankle joint results in insufficient
clearance between the toes and the ground, causing abnormal
compensative gait styles to maintain adequate clearance, or the
toes being dragged on the ground if adequate clearance cannot
be maintained. The foot slap and toe drag deficiencies severely
affect gait function and are both causes of falling in people with
foot-drop.

Among stroke patients in the acute phase, 70% fall in the first
year and up to 47% fall in general. Among people with incom-
plete spinal cord injury, 75% fall at least once a year and 18%
undergo a fracture because of a fall injury. Among postpolio pa-
tients, the numbers are 64% and 35%, respectively. Moreover,
65% of adults with peripheral neuropathy fall at least once dur-
ing a year [5]. Although falls are multifactorial by nature, the
biomechanical deficits of foot-drop are obvious contributors to
the risk of falling. The most common treatment for such gait de-
ficiencies is the use of an ankle—foot orthosis (AFO). An AFO is
worn around the shank—ankle—foot complex to provide assistive
forces, resist the unwanted motions and support the useful ones,
and correct the foot posture.

The purpose of this paper is to develop the mechanism and
prototype of a semiactive AFO for the ambulatory support of
people with gait deficiencies. The target support functions are
dynamic braking during weight acceptance to mitigate foot slap
and assisted dorsiflexion during swing phase to mitigate toe
drag. Another design objective is to avoid ankle motion ob-
struction during the push-off phase, i.e., not to hinder forward
propulsion with the AFO prior to weight acceptance on the
contralateral side leg (see Table I). This paper introduces the
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TABLE |
COMPARISON OF THE FUNCTIONS OF A POSTERIOR PLASTIC AFO, GAITSOLUTION, AND SMARTAFO

Initial contact phase

Push-off phase Swing phase

Posterior plastic AFO
GaitSolution
SmartAFO

Fixed plantarflexion

Braking plantarflexion (manually adjustable force)
Braking plantarflexion (adjustable force)

Fixed plantarflexion
Braking plantarflexion
Free plantarflexion

Prevent plantarflexion
Assist dorsiflexion
Assist dorsiflexion

prototype of the developed AFO, its mechanical design, char-
acterization, and evaluation with healthy people.

B. Related Work

Active and semiactive AFOs have received adequate atten-
tion but only a few solutions have made their way to practical
implementation as daily support products. AFO technology can
be broadly divided into passive, semiactive, and active technolo-
gies. Common designs of passive AFOs include nonarticulate
thermoplastic types, such as a posterior plastic AFO, and articu-
late metal AFOs constructed from lateral metal uprights, hinges,
foot holder, and straps [6], [7]. These AFOs limit the foot posture
and motion; thus, preventing detrimental conditions such as ex-
cessive foot rotation and toe drag. As maintaining adequate toe
clearance during the swing phase dramatically improves the gait
function and owing to their low weight, reliability, robustness,
and economic viability, passive AFOs remain most widely used.

The nonarticulate AFOs encompass portions of the leg ankle—
foot complex, thus constraining its movement. The material
properties and geometry of the AFO govern its mechanical de-
formation properties and, thus, the amount of motion resistance
(stiffness) it exerts on the ankle joint [8]. However, because of
the fixed construction of such AFOs, they resist useful motions
such as foot plantarflexion during the push-off phase. Restrict-
ing the ankle joint motion might compromise important balance
and postural control mechanisms during gait [9].

This has led to the development of more sophisticated types of
passive AFOs with additional passive motion control elements.
These are referred to by some researchers as “hybrid” AFOs
[10]. The passive motion control elements used are hydraulic
(or pneumatic) dampers or springs [11]. The most relevant ex-
ample to our study is the GaitSolution AFO developed over
several years by Yamamoto et al. at the International Univer-
sity of Health & Welfare, Japan [12] (see Table I). GaitSolution
implements a novel solution to prevent foot slap and toe drag
by utilizing an oil damper and a compression spring acting on
the ankle joint in an articulate-structure AFO. The AFO has two
joints in the lateral and medial sides. The oil damper and the
spring act on the lateral side joint in the plantarflexion direction.
In earlier studies, Yamamoto et al. [11], [13] revealed some of
the desired characteristics of AFOs. They focused on character-
istics needed for hemiplegic patients and conducted experiments
using a custom-made experimental AFO with exchangeable dor-
siflexion and plantarflexion assist springs. Their findings showed
that some of the important characteristics paramount to AFOs
include the possibility of adjusting the initial ankle angle and
the resistive moment against plantarflexion (5 to 20 N-m of
plantarflexion-resist moment per 10° of plantarflexion). They
also argued that an AFO should not generate resistive mo-
ment against dorsiflexion. In the second part of their investiga-

tion, they developed an AFO with such characteristics, namely
dorsiflexion assist controlled by spring AFO, using an oil
damper with a spring installed posterior to the ankle joint. They
compared the developed AFO with a posterior leaf AFO for five
hemiplegic patients and demonstrated an improvement in the
walking velocity for all the participants. The design was then
modified into the current version of the AFO, named “Gait-
Solution,” with the oil damper installed laterally to the ankle
joint (2 to 20 N-m of plantarflexion-resist moment per 10° of
plantarflexion) [14].

Active AFOs, on the other hand, use powered actuators to
directly assist the ankle joint. Therefore, they have much more
potential in terms of the assisting function they can offer, partic-
ularly the ability to provide plantarflexion assistance in the push-
off phase to propel the body forward. Examples of such active
AFOs include the MIT Active AFO [15] and the Arizona State
Robotic Tendon AFO [16], both of which utilize a series elastic
actuator (SEA) consisting of a dc motor with a ball screw mech-
anism in series with a compression spring. Using the SEA, these
systems can adjust the impedance around the ankle joint in dif-
ferent gait phases to realize the assist function. The AFOs have
shown promising results in healthy and locomotion impaired
people; however, they require further modification to serve as
wearable and portable solutions for daily support. Moreover, al-
though these systems use powered actuators, they have not been
used for push-off assistance and were only shown to prevent
foot slap and toe drag. To the best of our knowledge, there are
currently no practical and untethered (battery-powered) active
AFOs available as a commercial product for daily support [10].

C. Concept

Yamamoto er al. investigated the role of adjustability as an
essential characteristic for future AFOs [13]. Appropriate setting
of the initial angle and braking moment in loading response do
not only mitigate foot slap, but also affect the alignment of the
thigh and shank during stance and the magnitude and direction
of the ground reaction force vector.

However, there are inherent limitations with the use of only
passive technology in terms of adjustability. Passive elements,
such as springs and valves, function in an open-loop manner;
thus, limiting their adaptability to changing walking conditions
or functional tasks. Moreover, passive devices hinder useful por-
tions of the gait cycle, such as the push-off phase. Therefore, the
switch to semiactive technology could improve the AFO robust-
ness and adjustability via a sensor-based closed-loop control.

Based on the above brief review of the AFO technology, we
conclude that a semiactive technology is more appropriate for
the mitigation of foot slap and toe drag and for the correc-
tion of foot posture. In particular, the use of magnetorheological
(MR) fluid dampers has the potential to selectively modulate the
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impedance around the ankle joint in coordination with the force
and/or angle in a closed-loop manner. Kikuchi ez al. [17] devel-
oped an AFO with a disk-type rotary MR brake to mitigate foot
slap and toe drag. Svensson et al. [18] developed an AFO with
a linear MR damper and proposed control algorithms for the
AFO under level walking, inclination walking, and stair climb-
ing and descending. These works along with the investigations
on GaitSolution motivated this study to investigate and develop
a new semiactive AFO with the MR technology. In the studies
conducted by Kikuchi et al. [17] and Svensson et al. [18], MR
dampers were used without a spring to enable energy storage
and release function and without a mechanism to disengage the
damper from the ankle joint to allow free ankle joint extension
in the push-off phase. In this paper, we develop an AFO with
an MR damper including these functions and demonstrate their
mechanical effects on the ankle joint with healthy participants.

The aforementioned studies demonstrate the potential of MR
fluid in orthopedic devices. Alternative functional fluids, such as
electrorheological fluid, can help realize faster response time.
However, an MR fluid exhibits higher material performance
(field-dependent yield stress), making it more viable to realize
a compact wearable device. Variable damping and clutch func-
tions can also be achieved with a hydraulic piston and servo
valves, as in the case of some computer-controlled prosthetic
knees [19]. However, using servo valves considerably increase
the size and complexity of the system and drastically increases
the total cost. Moreover, the viscosity of oil changes with tem-
perature, making oil-based devices less reliable in hot or cold
weather.

Here, we propose a semiactive AFO, called SmartAFO, that
can mitigate foot slap and toe drag without adversely affecting
the push-off or other gait phases. SmartAFO uses an elastic link
mechanism, called MRLink, wherein an MR fluid is used along
with a compression spring. MR fluids have been implemented in
the AFO technology with successful results [18], [20]. MRLink
utilizes the characteristics of embedded MR fluid and compres-
sion spring to regulate its damping and the interaction force
with the ankle joint during gait and thereby provide physical
assistance to the wearer.

II. LINK SYSTEM WITH VARIABLE VISCOSITY: MRLINK
A. Basic Structure and Motion Principle

MRLink is a 1 degree-of-freedom linear-motion system, con-
sisting of an interaction rod, a cylinder, a piston with an elec-
trical coil, a spring, and MR fluid (see Fig. 1). While the rod is
nonmagnetic, the cylinder and piston are made from magnetic
materials. When the coil is excited, a magnetic field is gener-
ated, and the MR fluid in the gap between the cylinder and the
piston is magnetized [see Fig. 1(c)], yielding a proportionate
shear force between the piston and the cylinder. The generated
force depends on the magnetic field strength and works against
the interaction force and the restoring force from the embed-
ded spring. This shear force is a function of the shear velocity.
Therefore, it can be considered variable viscosity. Table II lists
the physical properties of MRLink.

A key factor is the combination of the MR fluid effect and the
compression spring inside MRLink. This combination presents

Rod
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Fig. 1. (a) Appearance and (b) internal structure of MRLink. The cylin-
der and the bobbin are made from a magnetic material with high perme-
ability. The interaction rod and the top and bottom caps are made from
nonmagnetic materials. A compression spring is embedded between
the bobbin and the bottom cap. The internal space is filled with an MR
fluid, and the gap between the bobbin and the cylinder represents the
active volume where the magnetic field passes through the MR fluid.
(c) Schematic representation of MRLink. The loops with directional ar-
rows represent the flow of the magnetic field through the bobbin, the gap
with MR fluid, and the body of the cylinder.

TABLE Il
PHYSICAL CHARACTERISTICS OF MRLINK
Total weight 162 g
Spring constant | 0.75 N/mm
Number of turns 450 turn
Magnetic gap 1.0 mm
Use of MR fluid 8.6 cm®
Maximum stroke 30 mm

aunique property from a force management viewpoint; MRLink
can retain the force acting on the internal spring via the yield
stress of the MR effect, and the retained force can be released
later by turning off the excitation of the MR fluid. Using this
force retention mechanism, MRLink can manage the interac-
tion force with physical systems and can achieve several tasks
without the need for an external actuator. This property is uti-
lized to achieve toe clearance in SmartAFO, as shown later in
Section III-C.

B. Modeling

The braking force developed by an MR fluid device depends
on the operation mode, construction, and morphology of the
device and the strength of the magnetic field. MR fluid devices
have mainly two modes of operation: shear mode and valve
mode [21]. MRLink operates in the shear mode, implying that
it utilizes the shear forces developed between a fixed surface
and a moving surface with MR fluid in between. The developed
braking force can be calculated using the following equation:

F:FI‘_FFIILT':M—’—TA (1)
g

where F' is the total developed braking force, F; is the com-
ponent of the force due to the rheology and flow of the fluid
inside the device, F},, is the component of the force due to
the magnetic field, 7 is the MR fluid viscosity, S is the relative
fluid-pole velocity, A is the shear area, g is the gap between
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F
l m Mass
* k Spring constant
m F External force
C(i) | Total viscosity
1) f(i) | Yield strength
1 . .
. (c) i Coil current
Fig. 2. Modeling and model parameters of MRLink.

the poles, and 7 is the yield stress developed in response to the
applied magnetic field.

The dynamic behavior of MRLink in a system is, however,
more complicated. The force in a dynamic scenario can be
divided into inertia (mass), viscosity (damping), and stiffness
components. Thus, we propose a dynamic model for MRLink
including the elements that are regulated by the current in the
coil (see Fig. 2) [22] as follows:

it |F = ka| <[00

then x = constant 2)
d? d
else md—tf T C(z’)ditc tkr=F 3)

where f (i) represents the yield strength of the MR fluid, which
is a directional force that depends on the coil current. f(7)
increases monotonically with respect to 4. k is the spring constant
of the compression spring embedded inside MRLink, F' is the
external load force acting on the interaction rod, x is the linear
position displacement of the tip of the interaction rod, i is the
coil current of MRLink, m is the mass of the system, and C'(4)
is the total viscosity of the system.

When the total force acting on the interaction rod is lower
than the yield strength, the system stays static and behaves
according to (2). It is important to note that f(7) is a resistive
force and, thus, changes direction to assist or to counteract the
spring against the external force. When the external force or
the spring-generated force is greater than the yield strength, the
system behaves as a spring-damper system according to (3).

The components (i) and C(7) can be controlled by the ap-
plied magnetic field, which in turn is controlled by the current
in the coil. Therefore, MRLink affects both the viscosity and
the offset of the holding force of the system. Such a behavior of
MRLink requires verification with empirical experiments.

I1l. ANKLE—FOOT ORTHOSIS: SMARTAFO
A. Development of SmartAFO

Here we describe in detail the developed SmartAFO, which
is an ankle—foot orthosis based on MRLink (see Fig. 3). The
original AFO was developed by Kowagishi Laboratory Co., Ltd.
It has two metal bars with an articulated ankle joint, resulting in
one free degree-of-freedom for dorsiflexion and plantarflexion.

We equipped the AFO with MRLink, a control circuit, a
battery, and sensors. The entire system weighs 819 g while the
weight of the original AFO is 493 g. Table III lists the physical

Fig. 3. Overview of SmartAFO. The base frame is an articulated AFO
with two metal bars. MRLink is fixed to the lateral bar. A 3-D printed cover
is also fixed to the lateral bar, with battery and control circuit embedded
inside. A simple mechanism is used to convert the linear force of MRLink
into a rotary moment about the ankle joint.

TABLE IlI
PHYSICAL CHARACTERISTICS OF SMARTAFO
Height 380 mm
Length 260 mm
Width 95 mm
Weight(original AFO) 493 ¢
Total weight 819 g
Maximum power consumption 5W
Maximum braking torque 1.88 Nm

MRLink

MRLink

»
7%{] )
Joint angle

sensors

g

(b)

(©

FSR sensors

Fig. 4. Schematic of SmartAFO. MRLink is installed on the back side
of the AFO. A simple mechanism converts the force of MRLink into a
torque about the ankle joint. (a) MRLink acting on the ankle joint with
a plantarflexion braking torque. (b) MRLink while contracted (maximum
coil current after the spring compression); thus, maintaining a free gap
between its interaction rod and the foot segment. (c) The real device.

characteristics of SmartAFO. We designed a simple mechanism
to convert the linear motion of MRLink into a rotary motion
around the ankle joint and housed the mechanism with a 3-D
printed cover. The battery and the control circuit are fitted inside
the housing as well. Fig. 4 shows the function of the designed
mechanism. From this mechanism, the moment arm whereby
the MRLink acts on the ankle joint is denoted by r

T=rF. )

The braking torque is defined by the applied coil current and
the displacement of the compression spring. We empirically
measured the braking forces generated by MRLink with the
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Phase Initial contact

Function of SmartAFO Braking plantarflexion

Push-off Swing

Free plantarflexion Assisting dorsiflexion

free gap
~
Coil current control I
N hold ~
of SmartAFO " [Dynamic stiffneds (Max stiffness) '
Spring state | Neutral length | Compression | Compressed - Extension
of MRLink | Charge energv Conserving energy " Releasing energ}
Ankle Foot Motion

L

Fig. 5.

QN

Ankle motion assistance with SmartAFO. Initial contact: SmartAFO brakes the plantarflexion to smoothly assist initial contact. Preswing:

4 U

SmartAFO holds the spring compressed during mid-stance and push-off to keep a free gap between the braking element and the foot segment so
that a free plantarflexion is secured. Swing: SmartAFO releases the spring to assist dorsiflexion and prevent toe drag.

active MR fluid when fully extended and when its compression
level is 20° of plantarflexion. We then calculated the braking
torque acting on the ankle joint with a 5-cm moment arm. The
braking torques were found to be 1.05 and 1.88 N-m when
the ankle joint is in the neutral position (0°) and when it is
plantarflexed (20°), respectively.

As shown in Fig. 4, MRLink is installed on the back side of
the AFO. Thus, the braking torque generated by MRLink acts on
the plantarflexion. The dorsiflexion is then assisted by releasing
the force held in the spring during the previous braking phase.

B. Gait Phase Detection

The control method of smartAFO (see Fig. 5) requires re-
altime gait phase detection to set the coil current of MRLink.
For this purpose, we implemented gait phase detection using
the insole foot pressure and ankle angle. We installed a force
sensor in the shoe insole under the heel and devised an ankle
angle sensor using a potentiometer. The microprocessor on the
control circuit inside the housing uses the sensor data to esti-
mate the current gait phase and control MRLink accordingly.
The gait phases are estimated from the salient characteristics of
the ankle joint angle and angular velocity and the heel ground
contact data. Fig. 6 shows an actual clip of the measured data.
The circles indicate the start points of each phase detected from
the preconfigured thresholds.

1123, 4 5
120 . i
Ankle angle 100 ( Va
o U
[’ w
1. Initial contact
200 (Braking plantarflexion)
Ankle angular velocity L Ve N
[*/s] L P N v 2. Early stance
3. Mid-stance
Force sensor: Heel : 9—’—‘ J 4. Push-off
4 (Free plantarflexion)
[Vl 3
5. Swing
3 (Assisting dorsiflexion)
Gait phase 3 E
p % '_‘ﬂ_‘
0¢ 0.3 1 T
Time (s)

Fig. 6. Gait phase estimation based on sensor values of ankle angle,
angular velocity, FSR toe, and FSR heel. The plot shows the sensor
signals for three consequent gait cycles with the identified gait phases.
The circular markings on the signals indicate the key events used for gait
phase identification.

C. QGait-Phase-Based Ankle Assist

SmartAFO aids the ankle joint depending on the detected gait
phase. This function is illustrated in Fig. 5.

The functional operation of SmartAFO can be divided into
three stages corresponding to, first, the initial contact phase,
second, the push-off phase, and last, the swing phase.

1) Initial Contact Phase: When the initial contact is detected,
the braking torque is applied to prevent foot slap. The
braking torque can be adjusted for individual users by
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adjusting the coil current and is defined experimentally
at this stage.

2) Push-off Phase: At the end of the initial contact phase,
MRLink is compressed, and the current in the coil is
increased to maximum. Consequently, MRLink is held in
this condition, preserving the force inside the spring and
maintaining a free gap between the interaction rod and
the rotational mechanism of the ankle. With this method,
SmartAFO does not obstruct plantarflexion at this stage.

3) Swing Phase: At this stage, after the foot departs from
the ground, the current of MRLink is turned OFF, thereby
releasing the preserved force in the spring and pushing
the foot up to achieve toe clearance.

IV. EXPERIMENTS

We devised a set of experiments to characterize the perfor-
mance of MRLink and to verify the function of SmartAFO.
The experiments with human participants were approved by
the Internal Review Board of University of Tsukuba Hospital
(H27-096).

A. Experiment 1: Characterization of MRLink
Performance

1) Objective and method: The interaction force between
MRLink and the external load is regulated based on the spring
embedded inside MRLink and its coil current. To specify these
characteristics, we devised an experimental workbench to test
the variation in the damping of MRLink with respect to different
springs and coil currents.

The workbench, shown in Fig. 7, consists of MRLink fixed
using 3D-printed support beams, a laser sensor to measure the
displacement of the interaction rod, and load cells to measure
the force between the interaction rod and the external load. A
robot manipulator (URS, Universal Robots) is used to apply
a sinusoidal load on the MRLink; the force is always greater
than the yield strength of MRLink. MRLink was tested using
four embedded springs with spring constants of 0.5, 0.75, 1.32,
and 1.64 N/mm and for five coil currents of 0, 0.25, 0.5, 0.75,
and 1 A. For each condition, the robot was operated to change
the sinusoidal load frequency between 0.2 and 5 Hz with ten
increments and then ten decrements. MRLink was actuated by
the robot for ten full strokes at each frequency step, and five
measurements were acquired for each condition. The load cell
and laser sensor were connected to a DSP system (sBOX II.
MTT Corp.) to collect synchronized data during the experiment
at 1 kHz. The acquired sensor data were then processed using
MATLAB code to estimate the viscosity of MRLink.

2) Result: Fig. 8 shows the outcome of this test. The viscos-
ity was regulated approximately between 100 and 400 Ns/m with
a good linear correlation with the increasing coil current. How-
ever, the viscosity—current characteristics with the 1.32 N/mm
spring are less linear than with other springs.

We tested the holding force of MRLink; the holding force
is the force required to displace the interaction rod under a
static condition with incremental coil currents (0—1 A with 0.2
increments). An incremental force was applied to MRLink when

Robot arm

Z Input; external force

] — 0

Force cell

Output; position

4
i
:
.
;
X +
.
.
.
1
1
1

%

Fig. 7. Overview of the workbench used to evaluate the mechanical
impedance characteristics of MRLink. A robot arm is used to apply loads
on MRLink. A load cell is used to measure the force applied on the
interaction rod of MRLink, and a laser sensor is used to measure its
displacement.

fully extended, and the force value at which the rod of MRLink
starts to sink into the cylinder was recorded. The results show
that MRLink can develop up to 30 N of holding force (see
Fig. 9).

In addition, we tested the battery life of MRLink during walk-
ing assistance. For this purpose, we prepared a test environment
and continuously controlled the coil current to simulate walking
assist; the coil current was set to 0.5 A during initial contact, 1 A
during midstance and preswing, and O A during the swing phase.
The system was started with a fully charged battery (7.4 V;
1000 mAh) and was run until the battery was drained. The gait
step counter was streamed to a logging computer via Bluetooth.
The result shows that over 4000 steps can be achieved per full
battery charge.

3) Discussion: The results of the holding force developed
by MRLink show early saturation starting from a coil current of
0.2 A (see Fig. 9). This is probably because of the early satu-
ration of the magnetic field developed in the bobbin or carried
in the cylinder. In addition, the limited maximum force of 30 N
makes the applicable range of SmartAFO rather limited when
compared to the wide range of joint stiffness provided by other
AFOs [13].

This result shows that the total viscosity of MRLink C'(7) can
be considered to consist of the innate viscosity of the MR fluid
c and the shear force developed by the MR effect ¢ (¢), as in (5)

C(i) = c+cp(4). 3)
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B. Experiment 2: Assisting Ankle Motion by SmartAFO

1) Objective and Methods: This experiment was conducted
to verify the feasibility of assisting ankle motion in real time
by SmartAFO during walking in healthy persons and compare
its function to an alternative AFO with similar functionality,
namely the GaitSolution. GaitSolution is similar to SmartAFO
in that it uses a linear motion damper with a compression
spring installed on the lateral bar of the AFO and in the as-
sist function it provides during the initial contact phase. How-
ever, GaitSolution uses only passive components to achieve its
function; an oil damper and a compression spring, making
its mechanism very robust and compact. GaitSolution and
SmartAFO provide different assist functions during the swing
phase, wherein GaitSolution only resists plantarflexion, whereas
SmartAFO assists active dorsiflexion using the force stored in

@ TS N ©

Fig. 10. Conditions of walking in the experiments to evaluate ankle
motion assist by SmartAFO: (a) without AFO, (b) with GaitSolution (GS),
and (c) with SmartAFO.

the spring during the earlier initial contact phase. SmartAFO
uses sensors to control the assist function in a semiactive man-
ner, whereas GaitSolution allows mechanical adjustment of the
initial angle and resistive force before wearing the AFO. Gait-
Solution and SmartAFO weigh 380 and 819 g, respectively.

In this experiment, seven healthy participants walked on a
straight 10 m path twice under each of the following conditions
(see Fig. 10).

1) Without AFO.

2) With GaitSolution (GS).

3) With SmartAFO/Coil current: 0.0 A.

4) With SmartAFO/Coil current: 0.5 A.

5) With SmartAFO/Coil current: 1.0 A.

In the conditions that included the AFO, the participants wore
the AFO on the right foot and a shoe of the same size on the left
foot. The spring constant of the spring used in the experiments
was 1 N/mm. The coil current of MRLink was controlled in
the manner described in Section IV C; either 0.0, 0.5, or 1.0 A
during the initial contact phase, 1.0 A during the preswing phase,
and 0.0 A during the swing phase (see Fig. 5).

We measured the activity of the dorsiflexor muscles and plan-
tar flexor muscles using a wireless EMG system (Trigno, Delsys
Inc., USA) and the 3-D kinematics of the lower limbs using
a motion capture system (VICON MX with 16 T40 cameras,
U.K.). The participants walked at a cadence of 90 step/min ac-
cording to a metronome.

2) Results and Discussions: For the analysis, 18 steps were
extracted under each walking condition for each participant.
For each step, the integrated EMGs of the dorsiflexor muscles,
plantar flexor muscles, ankle angle, and ankle angular velocity
were calculated. These values were then processed for each gait
phase as follows. This calculation was done for each partici-
pant and then averaged for all participants. Fig. 11 shows the
three evaluation indices. The results were normalized with re-
spect to the value corresponding to normally walking without
the AFO.

Initial Contact Phase: 1In the initial contact phase, the re-
quired function of the AFO is to brake the plantarflexion. There-
fore, we calculated the average ankle joint angular velocity over
the initial contact phase obtained under the different experimen-
tal conditions [see Fig. 11(a)]. The index values are, in compar-
ison to walking without AFO, 0.62 times with GS, 0.89 times
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swing phase.

with SmartAFO at 0.0 A, 0.83 times with SmartAFO at 0.5 A,
and 0.74 times with SmartAFO at 1.0 A. The ankle angular ve-
locity when walking without AFO before normalizing is 92.4°/s.
Only the difference between without AFO and GS conditions
was statistically significant.

The results showed that GS introduced the lowest velocity
(highest braking effect) during initial contact. Moreover, the
results showed a systematic relationship between the coil cur-
rent and the angular velocity with SmartAFO. This is consistent
with the design, with greater coil current, the viscosity increases
which leads to a higher braking torque and hence to lower angu-
lar velocity. This demonstrates the controllability of the braking
force via the coil current, which can be used to customize support
for each individual user depending on his/her muscle strength
and functional condition.

Push-off Phase: In the push-off phase, the proposed action
by SmartAFO and GaitSolution is to secure a free plantarflexion
without obstructing the ankle joint. Therefore, we compared
the displacement of the ankle angle from heel lifting to toe
lifting [see Fig. 11(b)]. A larger displacement of the ankle angle
implies that the ankle joint is sufficiently plantarflexed during
this phase. The index values were, in comparison to walking
without AFO, 0.62 times with GS, 0.80 times with SmartAFO
at0.0 A, 0.82 times with SmartAFO at 0.5 A, and 0.82 times with
SmartAFO at 1.0 A. The displacement of the ankle angle without
the AFO before normalizing was 30.2°. Difference between the
without AFO condition and each of the SmartAFO conditions
was statistically significant. Difference between the GS and each
of the SmartAFO conditions was statistically significant.

This index represents the amount of hindrance the AFO might
be inflicting on the user during push-off. The displacement of
the ankle angle was the smallest under the GS condition, im-
plying that it adversely affects the ankle function in this phase.
We consider that this effect is due to the uncontrollability of the
braking mechanism in GaitSolution; the stiffness can only be
adjusted before wearing the AFO. The plantarflexion of the an-
kle joint in this phase is somewhat near the range of that during
initial contact. This engages the coil spring in the push-off phase,

causing such a negative effect. SmartAFO can maintain a free
gap between the braking mechanism and the foot segment during
stance and thereby avoids this issue. In the case of SmartAFO,
the value was lower than that under the no AFO condition but
greater than that under the GS condition. Moreover, the value
was independent of the control condition, as the control current
was adjusted only during the initial contact phase (the control
current under all the SmartAFO conditions in this phase is 1 A
to halt the compression spring of MRLink). As MRLink in this
phase is halted with the spring fully compressed, a free gap is
created between the interaction rod and the foot segment, im-
plying that the hindrance introduced is due to the construction
of the base AFO brace and not due to the mechanism installed
on top of it. We speculate that improvements to the basic con-
struction of the AFO body and articulation could help alleviate
this issue.

To confirm that a free gap is maintained between the inter-
action rod of MRLink and the foot segment, we measured the
gap during gait using optical markers. The result (see Fig. 12)
confirms that a free gap is maintained during the push-off phase,
and the average gap size is greater than 10 mm at the moment
of foot departure from the ground.

Swing Phase: In the swing phase, the required function of
the AFO is to assist the dorsiflexion of the ankle joint to prevent
toe drag. Therefore, we compared the integrated EMG of the
dorsiflexor muscles to evaluate the effort they exert in maintain-
ing the toe clearance under each condition [see Fig. 11(c)]. The
index values were, in comparison to walking without AFO, 1.10
times with GS, 0.75 times with SmartAFO at 0.0 A, 0.73 times
with SmartAFO at 0.5 A, and 0.74 times with SmartAFO at
1.0 A. The differences between conditions were not statistically
significant for this index.

With regard to the EMG-related index, a high activation im-
plies that the user must apply more muscle power to achieve the
toe clearance during swing. A lower activation implies higher
support for toe clearance from the AFO; thus, requiring less
muscle power from the user. Here, we recorded a higher mus-
cle activation when using the GS, whereas a lower muscle
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Fig. 12.  Gap size between the tip of MRLink and the actuation arm of
SmartAFO. The data are averaged for five strides of a healthy person
walking with SmartAFO. The solid line indicates the mean value, and the
dotted lines indicate the standard deviation.

activation was recorded when using SmartAFO compared to
walking without an AFO. We speculate that in the case of GS,
the plantarflexion in the push-off phase was insufficient, result-
ing in a poor propulsion of the foot and therefore requiring more
muscle activity in this phase compared to that under the normal
walking condition. When using SmartAFO under the different
conditions, the dorsiflexor muscle activation was found to be at
a similar level, implying a consistent assist action, achieved by
releasing the spring force. The muscle activation was lower than
that in the case of no AFO, indicating that such an assistance
can be helpful for maintaining toe clearance.

V. DISCUSSIONS

The first experiment serve to characterize the performance of
MRLink when evaluated in two unique operation modes: when
it is static as it exhibits a holding force and when it is in motion
as it exhibits viscous resistance to motion, i.e., damping. The
holding force of MRLink depends on the shear force exerted by
the MR fluid on the friction surface and was shown to mono-
tonically increase with the increase in the coil current with the
spring fully extended, i.e., excluding the spring effect. Previous
investigations showed that the required braking torque at initial
contact ranges between 5 to 20 N-m per 10° of plantarflexion
[13]. Reference textbooks on biomechanics [23] list the typical
ankle joint moment in the sagittal plane at initial contact to be
approximately 0.15 N-m per kg of body weight. For a person
weighing 60 kg, this would result in a joint moment of 9 N-m.
The developed MRLink has a maximum holding force of 30 N,
a 1 N/mm spring, and only 5 cm moment arm when installed in
SmartAFO. A simple calculation shows that it provides 1 N-m
at the neutral position and 1.88 N-m at 20 of plantarflexion.
Thus, its output is insufficient for a wide range of AFO users.

Improving the power output of MRLink is necessary for the
practical implementation in the AFO technology.

Several factors can be considered to improve the MRLink
in the future. From (1), we note that the gap size between the
bobbin and the cylinder can be decreased, and the friction sur-
face area of the MR fluid can be increased to obtain a higher
force output. The magnetic circuit design, bobbin, and cylinder
shape, and material can be improved to avoid the saturation and
strengthen the magnetic field on the friction surface. Materials
with higher magnetic permeability can be used for the magnetic
components. A good design of MRLink will require a balance
between the mechanical, rheological, and magnetic properties.
With the proposed improvements, we expect to increase the
power output of MRLink to meet the requirements of AFO gait
support.

The human experiment was designed to characterize the func-
tion of SmartAFO against GaitSolution in key aspects of the gait
cycle with healthy participants. Regardless of the amplitude of
the support action, the conducted experiments with healthy per-
sons helps us to verify the developed AFO’s benefits from sev-
eral aspects. The ankle angular velocity during initial contact
demonstrated the braking effect of MRLink, which is propor-
tional to the coil current. The plantar angular difference of the
ankle joint from heel lifting to toe lifting showed less hindrance
when using SmartAFO compared to GaitSolution, and the dor-
siflexor muscle EMG showed less activation during swing com-
pared to walking without AFO and compared to walking with
GaitSolution. This shows that maintaining a free gap between
the braking element and the foot segment during push-off could
reduce hindrance and alleviate subsequent effects on following
gait phases. The experiments were conducted only on healthy
participants and cannot be extrapolated to people with gait dis-
abilities. The experiments serve to investigate the mechanistic
effect of the developed device on the ankle joint.

In the current stage, the spring was selected based on the sub-
jective judgment of an experienced physical therapist and based
on the power output limitation of the current MRLink. Inspired
by the works of Yamamoto et al. [13], we plan to introduce ob-
jective criteria in the selection of appropriate braking torque and
spring coefficient to optimally implement SmartAFO for peo-
ple with different levels of gait deficiencies. To this end, some
methods will be needed to evaluate the ankle joint condition and
to decide appropriate spring and braking parameters.

VI. CONCLUSION

In this paper, we presented the development of a linear elastic
joint with MR fluid and a compression spring and a semiactive
AFO based on the developed link. The experiments conducted
with healthy people show that the developed AFO provided
controllable braking at the initial contact phase and free plan-
tarflexion at the push-off phase, and thus has the potential to
mitigate toe-drag at the swing phase. This shows that a combi-
nation of passive components and smart material can form the
basis for a robust and efficient wearable assistive technology.
The viscosity modulation in an elastic link can translate into
dynamic braking at the ankle joint, and in combination with a
compression spring, can help achieve support functions without
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requiring fully powered actuators. The power output of the de-
veloped MR device does not match with those of the wide range
of AFOs used in practice. Further development in the core tech-
nology of MRLink will be needed to verify SmartAFO’s benefit
to the intended target population.
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