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Abstract - This paper presents a control algorithm for an active ankle-foot orthosis that provides level-ground walking assistance with
adaptable control parameters. Instead of the impedance-control usually used in lower-limb assistive devices, an admittance control is
used, and the control parameters are adapted with respect to gait events detected by a finite-state machine based on foot pressure sensors.
In this work, the state machine can not only detect the various phases of the walking cycle but also undesirable events such as an
unexpected lifting of the foot, reversing or even the user's intent to stop. It selects the best parameters that will allow a safe control of the
orthosis. The control system was implemented and evaluated on a single subject. The ability of the device to provide appropriate
functionality (kinematics and kinetics) during ground-walking is compared to those of a healthy subject. Results from tests indicates that
the orthosis can provide desirable level-ground walking behavior.
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1. Introduction

Walking is a common activity of daily living yet complex in its mechanism. It involves all levels of the nervous system
and many parts of the musculoskeletal apparatus as well as the cardiorespiratory system. A person’s gait pattern is strongly
influenced by age, personality, and medical condition. In 2017, the number of people in Europe aged 60 years and over
exceeded 183 million, with a clear increasing tendency. Furthermore, every year, more than 9 million people suffer from
stroke and several other neurological accidents, among which 7 million result in physical disability [1]. Consequently,
walking capability can be affected in these groups of people because safe walking requires intact cognition and executive
control. Some of them show gait pathologies that can threaten their safety and their autonomy [2-3]. The source of gait
pathologies is impairment of limbs and their joints. A special attention will be paid to the foot-ankle joint in our work.

Technological advancements have led to the development of numerous wearable microprocessor-controlled robotic
devices that are mechanically powered for the assistance of the ankle and restoration of human locomotion [4-8]. These
devices use a variety of control strategies such as impedance/admittance-based control model [9-10], trajectory tracking
[11-12], artificial reflexes, or musculoskeletal model [6]. In general, a control strategy has a 3-level hierarchical structure
[13]. The first level (high level) is a perception level where the controller must perceive the user intents or identify the task
such as standing, level walking or ascending/ descending stairs. The second level (mid-state) translates the first level detected
intention or task into a device state (gait phases related to the task) then select adequate parameters which are used by the
low-level control (controller: third level (low level)) to send commands to the actuator(s). This means, regardless of the low-
level control implemented for a device, a mid- or/and high-level control is/are used in combination. The most used by peers
is the finite state machine (FSM) ([4][6][11] [14-15]). It has a central role in the first decisions making considering the
interaction between the controller, the user, the environment, and the mechanical device itself [13]. As said, FSM not only
enables the new generations of orthosis / prosthesis to detect switch between ground walking, ascending, and descending
stairs, or ascending and descending ramp mode, but also to detect the different gait phases of the aforementioned activities
to assist the user as needed.

The implementation of FSM relies on information coming from sensors located all around the device. Various finite
state machines exist and have been presented and commented by several authors. The most common algorithms are based
on electromyography (EMG) [4-5][16], gyroscope/accelerometers (IMU) [17-18] and pressure sensors [19].

ICBES 117-1



FSMs work well for gait detection no matter the technology behind. But they are principally designed for forward
progression of the user. Few have developed or commented the capability of their FSMs to manage backward progression
[5] or unpredictable movements [4][5]. For the most part, this information is not given, or the topic is not developed
explicitly.

Since these orthotic/prosthetic (P/O) devices evolve toward daily use, it is important to manage every single situation
that can happen while ensuring that the control for forward progression remains effective.

The goal of this work is to propose, for an active ankle-foot orthosis, an efficient control strategy which relies on a robust
finite-state machine, combined with an adaptable admittance control to assist dorsiflexion and plantarflexion (full gait cycle)
for level ground walking. The admittance control allows to emulate electronically the compliant behavior of a Series Elastic
Actuator (SEA). It confers a great flexibility because the stiffness is just a parameter of the controller and can be changed
within the algorithm. The FSM detects gait phases and gait abnormalities and depending on the detected events selects
adequate parameters for the main controller which ensures the safety of the user and optimal control of the device.

2. Material and Control Target
2.1. Material

The system studied was described in [20]. The orthosis shell is in titanium and the foot support is in Ultem reinforced
with carbon fibers. It was designed by 3D scanning the foot and shank of a patient. The actuator is fully self-assembled at
the Department of Theoretical Mechanics, Dynamics, and Vibration of the University of Mons. It is composed of a brushless
motor with coreless rotor combined with a roller screw drive which converts the rotation of the motor in linear displacement
which is further converted in rotation of the foot support. The motor is equipped with Hall Effect sensors for commutation
and optical encoder for position information. A PIC32 microcontroller receives signals coming from motor encoder, load
sensor (attached at the end of the roller screw) and pressure sensor. Two pressure sensors are used for the finite-state machine.
One is located at the heel and the other at the forefoot. A driver is added to control the brushless motor.

2.2. Gait cycle description

Research on the ankle-foot biomechanics during level-ground walking has led to the division of the gait into two main
phases [21][22]: the stance phase when the foot is in contact with the ground (60 % of a gait cycle) and the swing phase
(SW) when the foot is off the ground (TO) (40 % of a cycle) (Fig. 1).
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Fig. 1: Gait cycle.
Biomechanically speaking, the stance phase can further be divided into three sub-phases:
- Controlled Plantar Flexion (CP): begins at the strike of the heel (Heel contact: HC) on the ground and ends at the contact

of the forefoot with the ground (Foot-flat: FF). The ankle behaves like a linear spring. It is illustrated by the segment
HC-FF in Fig. 2 which represents the evolution of the ankle torque versus the ankle angle.
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- Controlled Dorsiflexion (CD): begins when both the forefoot and heel are in contact with the ground (FF) and continues
until dorsiflexion reaches a maximum point, when the heel lifts off the ground (HO). The ankle behaves like a hon-linear
spring with energy storage (FF-HO in Fig. 2). This energy will be released in the following phase and will help to propel

the body forward.

- Powered Plantarflexion (PP): it begins when the heel leaves the ground (HO) and ends at Toe-off (TO). At the beginning
of powered plantarflexion, the energy stored by the non-linear spring is released to lift off the foot and propel the body.
In general, the energy released by the spring is not enough. Therefore, additional energy is provided by the ankle besides

the energy stored previously.

The dynamics of an ankle during a gait cycle results in a curve shaped like the one presented in Fig.2 (curve for an 80
kg male human walking at 1.25 m/s [23]). The inner surface of the curve is the image of the net energy produced by the

ankle.

An active ankle-foot orthosis/prosthesis must be able to reproduce this spring-like behavior.

2.3. Control method
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Fig. 2: Torque-angle curve.

Before defining the control target, it can be interesting to analyze the dynamics of the ankle. A dynamics equilibrium at
ankle joint (Fig. 3) when the foot is on the ground can be made:
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Fig. 3: Ankle model.
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I, is the moment of inertia of the foot with respect to the ankle axis, k., and ¢, the equivalent stiffness and damping of
the musculoskeletal system acting on the ankle respectively, T, gravity torque related to the weight of the foot, T, the
ground reaction torque and 6 the ankle rotation (the zero reference of the ankle rotation is the perpendicular to the leg).

In prostheses devices, the biological ankle-foot joint complex is replaced by the ankle prosthesis which has a lightweight
foot. The necessary torque, to replicate the behavior of the biological ankle, is provided by the prosthesis motor.

Thus, the equation (1) can be reduced to:

Ty = _Tgrf (2)

ks and ¢ are equal to zero and, thanks to the lightweight foot, I, and T, are negligible. T, is the device torque.

In orthosis devices since the biological ankle-foot joint complex still exists and must be included in the development.
The device goal is to provide the additional torque to compensate/assist the impairment. All torques in equation (1) must be
considered and the motor torque, Ty, is added:

—1p0 — cps®— kys(@0— 00)— Ty + Tyrp + Ty =0 (3)
However, some components of equation (3) can be neglected.

On average, the value of the moment of inertia I,, of the foot is 0.02 kgm? [24][25]. The maximal acceleration occurs
at the propulsive phase. In moderate walking speed (0.4-1.20 m/s), the value of maximal acceleration is 91 rad/s® [5][26].
This implies that the inertial torque is max 1.82 Nm.

In our work, the orthosis is designed for a patient with a neuromuscular problem which does not allow him to produce
any active musculoskeletal torque at the ankle. However, passive action of muscles and tendons remains. [27] and [24]
analyzed the passive stiffness and damping of patient with similar neuromuscular problem resulting from stroke. The overall
ks and c,,s Were respectively equal to 47.9 + 11.82 Nm/rad (dorsiflexion) and 1.5 Nms/rad. The maximum dorsiflexion
occurs just before the propulsive phase and if the maximal speed occurs at the same time (4 rad/s [26]) the resulting torque
is 17 Nm (max speed = 4 rad/s, max dorsiflexion angle 15°). The maximum inertia + passive musculoskeletal torque is equal
to 18.82 Nm, which corresponds to 15% of the maximal torque Ty, presented in Fig. 2.

That, equation (2) can be also used, for an active orthosis. This also means that the orthosis must replicate the torque-
angle curve in Fig. 2.

The control target is then defined as shown in Fig. 4 [20,4]: the curve can be replicated by using two linear springs with
different stiffness khs , kff and a torque source that provides positive net work during the powered plantarflexion. Each
stiffness corresponds to the slope of the curve and the additional torque is provided by changing the spring rest angle 6,
denoted by pO (0° by default), pl and p2. The control target was first explained in [20]. p1 provides the propulsive torque
and p2 is the change in the rest angle to maintain torque continuity when changing the stiffness at O rad. Fig. 4 represents the
control target. Only 4 parameters are necessary to completely reproduce the angle/torque curve. This curve differs from one
individual to another, consequently those 4 parameters will differ from one user to another and should be chosen wisely.

The advantage offered by the control is the flexibility of the algorithm due to the fact that the adaptation of one individual
to another is only due to the change of those 4 parameters in the control algorithm.

3. Control implementation

In the previous section, the control target was presented. The control must reproduce the compliant behavior of a spring
whose stiffness and equilibrium position change over the cycle. The changes occur after specific event (HC, FF, HO, TO),
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therefore those events need to be detected first. This is done by using a finite-state machine. The latter will be introduced

later.
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Fig. 4: Control target.

3.1. Admittance control

The active compliant control is divided to two types of control, admittance control and impedance control. The
admittance control scheme uses an inner position loop and an outer force/torque loop, while the impedance scheme does the
opposite. In both cases the desired impedance/admittance is implemented in the outer loop while the inner closed loop is
supposed to be fast enough so that its dynamics can be neglected [28]. To replicate the compliant behavior of the ankle
presented in the previous section, several authors used a SEA combined with an impedance-based control of the motor [29].
In such control, the torque is calculated as:

T = ki(6a — 00;) +b; 6, (4)

Where T,,, 6, and éa denote ankle torque, ankle angular position, and ankle angular velocity of the device, and k;, b; and
0,; the stiffness, damping coefficient, and equilibrium angle for the i*" state detected by the finite-state machine. Due to the
lack of physical spring in our device, the common impedance control cannot be implemented. Consequently, an admittance
control of the motor is performed. Fig. 5 shows a diagram of an admittance control. The classical position loop control is
combined with a second loop coming from the sensed force/torque at the end of the motor. The second loop control deals
with the sensed force/torque exerted on/by the motor. It is divided by the desired stiffness to obtain a displacement which is
the equivalent of the displacement that would have a physical spring in presence of the same torque.

Osetpoint(s) = T(s)A(s) + 6y;(s) (5)

Osetpoint =T/K; + 0; (6)
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Admittance reference’s position
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Fig. 5: Caption for figure goes at the bottom.

With A(s) = 1/K;(s) , T(s) sensed force/torque, 6,;(s) the rest position, 8(s) the angular position of the orthosis, C(s) the
position controller and K; the desired stiffness.

3.2. Finite-state machine

A gait cycle is divided in several phases and subphases and the stiffness and rest angle of the orthosis change from one
phase to another. To perform an efficient control, it is necessary to detect the different phases so the control parameters can
be changed accordingly. This is done by means of a finite-state machine. The finite state machine has two purposes here:
first to detect gait phases, then to select correct parameters to send to the compliant controller.

The transition from one state to another is done by the detection of events. To detect those events, two sole pressure
sensors, one placed at the heel and the other at the forefoot are used. The state of a sensor will be considered as active “1”
when the pressure measured is above a chosen threshold and inactive “0” when it is below the threshold. The state is "active"
means that, the contact with the ground is effective and "inactive™ otherwise.

Remark: 00,10,01,11 express the states of the pressure sensors, with the first digit referring to the heel and the second to the
forefoot.

During a standard forward gait, the states and their transitions can be seen as following (Fig. 6.a).

Init (0): This is the state at power on (device initialization). This state remains active until only the foot-flat event (11)
is detected (the detection of the foot-flat will be considered as the sign that the user wants to initiate the gait). For this
particular state, the forefoot sensor threshold is put at a higher value than normal to unsure that the body mass transfer is
correctly done to initiate the gait.

Init (0) = foot-flat: When both the heel and the forefoot sensors are active “11”, the foot-flat event is detected, and
state (1) is activated. This phase corresponds to the controlled-dorsiflexion (CD (1)) (Fig. 1 and 2: FF-HO).

Foot-flat = Heel-off: if the heel sensor is disactivated and the forefoot sensor remains active “01”, the heel-off event
is detected and state (2) is activated. This phase corresponds to the powered-plantarflexion (PP (2)) (HO-TO).

Heel-off = Toe-off: In PP (2) when both sensors become inactive “00”, the toe-off event is detected, and a new state
(3) is activated. Here there is no more contact of the foot with the ground. State (3) is the swing phase (SW (3)) (TO-HC).

Toe-off (3) 2 heel-strike (4): from the SW(3) when the heel enters in contact with the ground the heel-strike is detected,
and a new state (4) is activated. This phase corresponds to the controlled-plantarflexion (CP (4)) (HC-FF).

Heel-strike (4) = foot-flat (1): In this state, when the forefoot sensor activation is detected both the heel and forefoot
sensors are active (11) thus CD is active (1) (FF-HO).

These 4 states (+Init) cover the entire gait cycle. However, unexpected moves can happen forcing the user to move

backward, for example. The state machine must manage these transitions to allow the controller to act safely. Also from each
state, there are four possible combinations of the transition. For example, in PP (2) “01”, you can either move forward to SW
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(3) “00” or moving backward to CD (1) “11” or stay in PP (2) “01” or see the sensors going from “01” to “10”. Therefore,
for every state, all the possible transitions must be managed (Fig. 6.b).
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Fig. 6: Basic finite-state machine 1(a) and 2(b).

The representation in Fig. 6.b is still not complete. Indeed, in PP if the sensor states change to (10), the CP (4) “10”
should be reached. However, going to CP (4) from PP (2) is not a normal move because the "normal™ way to transition to
that state is by coming from SW (3) (forward) or CD (1) (backward). Therefore, a new state is created, state 6 (Controlled-
dorsiflexion safety (CDS)), which indicates that SW (3) was expected but CP (4) was detected instead. It has the same
sensor states as CP (4) but transition was bad (Fig. 7.a). This can indicate a problem in the walking process.

The same reasoning must be applied to every state. Thus, a more complex structure must be implemented. There are
principally two advantages of creating new states: first it will allow to detect unexpected transitions while ensuring the gait
phases are still detected. Secondly, it will prevent injuries by putting the system in safety state.

The backward movement is just the opposite of the forward movement (1 -2 >3 >4 for forward and 4 >3 22 >1
for backward) and can easily be detected by the FSM. From the control point of view, there could be a problem, when moving
backward since the ankle does not act the same for the two directions, especially when energy should be delivered by the
orthosis (propulsion). Therefore safety states have to be created.

The structure in Fig. 7.b presents a more complete finite-state machine. With addition of safe state deriving from normal
state (CD (1), PP (2), SW (3) and CP (4)) to protect the user from injuries. Time limit Tmax and Tmax2 are also added to not
spend too much time in certain sensible state, particularly PP (2) where the propulsion is generated.

3.3. Finite-state machine + admittance control

The purpose of a state machine, regardless of the technology used, is to be able to detect user intentions and act on the
controller accordingly. Every state reached by the FSM selects specific control parameters as presented in Table 1.
These parameters are chosen to match the control target defined in section 2.3, Fig. 4.
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Fig. 7: Basic finite-state machine (a) and final finite-state machine (b).

Table 1: Control parameters selection.

State Angular stiffness Rest angle x,
Init (0) ker Po
fo=>0 ky. fo=0 Do
FF) I 6 < 0 ke If 6 < 0 Do
fo=>0 ky fo=0 D1
SW (3) - Po
HC (4) kns Po
All Safety Sates ks Do

With 8 the angular displacement of the orthosis.

4. Implementation

4.1. Finite-state machine

- Sensors signals are smoothed using a digital filter. This action introduced a delay of 5 microseconds.

- A Bluetooth module sends the various data captured and calculated to a computer to store and analyze them.

4.2. Controller

- The controller has been implemented in the microcontroller. The control loop runs at 500 Hz.
- The signal from the force sensor is also smoothed by a digital filter introducing a 5 microseconds delay. A calibration of

the force sensor was made as recommended by the supplier

- An encoder read the motor position (converted in angular position). This position is used in the feedback loop of the

admittance controller and converted to speed by the amplifier for speed control.
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5. Single subject experiment
5.1. Setup

The tests were carried out on 6 different days: March 11, 13 and 16, April 28 and December 17 and 18 2020, on a single
subject of 1.78m, 92kg, 27 years old with still functional ankle. The electronics of the orthosis were placed in a backpack
worn by the subject. The orthosis was rigidly attached to the foot and the shank of the subject using solid knots (Fig. 8). The
subject stood behind a drawn line, the finger on an initialization switch. When ready, he could release the switch and wait 5
seconds (the time it takes for the orthosis to initialize) and then start walking at a self-selected speed. He walked in a straight
line for about 11 meters. The most important and most complicated task for the subject was to soften the ankle so that active
muscles did not act on the ankle.
A 3rd pressure sensor was placed below the foot at the toe level to measure the real contact force between the orthosis and
the ground (the ground reaction force (converted in ground reaction torque GRT)).
Parameters used for the admittance controller:

* kns = 200 Nm/rad

* ki = 450 Nm/rad

*po=0rad
*p1=0.49 rad
*p>=0.84rad

» Position control (P-1): Kpp = 31.5 8™, Kjp = 164.35 52,
* Speed control Accelus (P-1): K,y = 800 A/rad/s, Kiy = 25 A/rad

Fig. 8: Subject’s foot.

5.2. Results and discussion

Fig. 19.a shows a randomly chosen result. It represents the torque/angle curve of the orthosis for one cycle of walking.
The curve agrees with literature curves (Fig. 2). The stiffnesses implemented are well respected by the compliance control.
The surface created by this curve represents the work done by the orthosis, which is a consequence of the production of the
propulsive torque during the push-off phase (powered plantarflexion-state PP (2)). It is about 10.45J.

In Fig. 9.b, three curves are compared. The torque produced by the orthosis, which is supposed to be equal to the ground
reaction torque (equation (2)), the measured ground reaction torque and the ground reaction torque generated by a healthy
ankle.
we can be see that the orthosis torque and the measured ground reaction have the expected curve profile. However, the
maximum torque produced by the ankle for a moderate walking speed is expected to be higher than what was measured
(98kg the weight of the subject), but it is not. This difference can be a consequence of either the passive musculoskeletal
system torque of the ankle or additional torque due to the active muscles that intervened when walking. The second
hypothesis seems to be the most probable.
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Orthosis torque-angle curve
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Fig. 9: Measured torque/angle curve of the orthosis for one cycle of walking (a) and Torque/time curves comparison (b).

In future works, when working with a non-impaired subject, it would be interesting to measure the activity of the
muscles during the test to correctly customize the parameters of the controller to have better assistance of the ankle.
As depicted in Fig. 10, the healthy ankle angle cycles between approximately 15° of dorsiflexion (before the push-
off) and 20° of plantarflexion (end of push-off). The active orthosis similarly cycles between these configurations. The
overall profiles show a good agreement between the orthosis and healthy subject.
Angular displacement curve
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Fig. 10: Measured angle curve (Orthosis angle) and literature ankle angle profile (Healthy ankle angle).

On the other hand, the success of the control also implies that the phase detection is functioning properly. For the
sake of illustration, Fig. 11 shows the detection made by the FSM for an operating cycle related to the result in Fig. 9.
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Detection of states

0 0.2 0.4 0.6 0.8
Time [s]
Fig. 11: FSM State detection.

Fig. 12.a is a sample of the results obtained during the tests. It presents the evolution of states over several walking
cycles (over the 11 meters). Fig. 12.b details the 5" cycle thereof, showing a 60-40% ratio between the stance and the swing
phases as in literature

0 T T 10]
) 5 I
HC() | ® 0o ® o 0 © o ®» o | H(C(4)$000000000
SW(3) b — e D G D G O o o 1 SW(3)¢ 0000000000000004
PSW(2) - © ® ® o © ® © ® o 1 PSW(2)¢ 00000000000
FF(1) ® 0o ® ® ® ©o ® ® @ 4 FF(1)¢ ooo
’ ; i 0 . . . . . . . . .
0 5 s 10 15 0 10 20 30 40 50 60 70 80 90 100
Time [s] % of cycle
(@) (b)

Fig. 12: FSM state detection over several cycle (a) and FSM state detection for one cycle (b).

During the tests the "safety" states were reached rarely (an example in Fig. 13.b state 5) but the FSM comes back
naturally to normal states. The consequence of safe state in the control is that the orthosis, to be safe for the user, act like a

passive orthosis (Fig. 13.a).
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Detection of states

Orthosis torque-angle curve
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Fig. 13: Measured torque/angle curve of the orthosis for one cycle of walking (a) and corresponding FSM detection (b).

6. Conclusion

A level-ground walking controller for an active ankle prosthesis was described in this paper. Tests were carried out on
a single not impaired volunteer (6 test campaigns) and were satisfactory. Indeed, the orthosis and the controller have managed
to reproduce properly the torque/angle evolution observed on a healthy subject. The implemented stiffnesses are well
respected and the system provides propulsion (energy production) resulting in positive work of 10.45J.

The admittance control offers great flexibility to the control system. Indeed, given that the parameters can be changed
within the algorithm itself, adapting the system from one patient to another implies only changing 4 parameters K, Kns, p1
and p.. These parameters must be chosen carefully not only to ensure patient comfort and safety but also ensure to provide
the necessary propulsive energy to move forward. Literature provides reference values for ki and K.

The control structure also provided a good robustness thanks to the efficient and reliable finite-state machine (FSM).
The proposed FSM does not only detect normal gait phase but also unexpected transition that can happen during forward
walking such as moving backward etc... It managed to have correct transitions (moving forward) with a reliability of 93%,
which led to correct selection of control parameters. For the 7% reminding, the safe-mode parameters were selected to ensure
the passive behavior of the ankle by selecting a low stiffness.

However, the orthosis has shown its sensitivity to musculoskeletal torque. It can be interesting for future work, if tests
are done again on a subject with healthy ankle, to measure the active muscle torque to correctly evaluate its influence. But
as the orthosis is intended to be used on a patient whose ankle muscles do not work, what can be interesting is to evaluate
the real passive stiffness and damping exhibited by the ankle.

For future work, we intend to develop a technique to automatically find the 4 control parameters to be used on a patient
and automatically upgrade them while walking.
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