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Abstract This work presents the development of a hybrid control strategy to assist
ankle joint dorsiflexion movements during walking. An actuated ankle foot ortho-
sis (AAFO) is used in conjunction with Adaptive Functional Electrical Stimulation
(AFES) of the peroneal nerve at the Tibialis Anterior (TA) muscle level. The purpose
is to provide sufficient ankle dorsiflexion during the swing phase to compensate for
foot-drop in paretic patients. The degree of ankle dorsiflexion is indexed with respect
to the knee flexion through an adaptive FES paradigm.

1 Introduction

The merging of robotic technology and neuroprosthesis was originally conceived
to compensate the individual drawbacks of the use of either Functional Electrical
Stimulation (FES) or actuated orthosis separately [1]. The limitations of using FES-
based techniques for rehabilitation purposes have been extensively reported in the
literature. They include mainly the use of open-loop FES control strategies, inducing
premature fatigue and uncertainties in human torque estimation and systemmodeling
[2, 3].

One of the objectives of this research is to study the combination of an adaptive
knee-joint based Functional Electrical Stimulation (AFES) system based on a pre-
vious work [4] along with an actuated ankle foot orthosis (AAFO). The goal is to
reduce the stimulation intensity, compensate muscular induced fatigue and improve
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Fig. 1 Proposed hybrid controller. A Finite StateMachine detects the beginning of the swing phase
and enables the AFES and AAFO compensation accordingly. A variable speed reference trajectory
is generated for position tracking based on [7]

the repeatably of each gait cycle. The proposed method is validated and compared
with respect to the use of only Adaptive Functional Electrical Stimulation. The pro-
posed hybrid control system is conceptually depicted in Fig. 1.

2 Method

2.1 Adaptive Functional Electrical Stimulation

AFES is applied to the peroneal nerve at the TA muscle using transcutaneous elec-
trodes. Clinical tests have shown an increase of the ankle joint dorsiflexion angle
during mid and late swing subphases [4]. Regarding the early swing phase, the stim-
ulation of the peroneal nerve has shownminimal effect on the ankle joint dorsiflexion
since the knee joint is already flexed during this subphase. A comparison of an ankle
joint profile with and without AFES is provided in Fig. 2a. Based on these previous
results and with the objective of increasing the range of motion (ROM) of the ankle
joint while decreasing the duration of the stimulation during the swing phase, the
stimulation has been delayed by 20% of the whole swing phase duration (Fig. 2b).
This is an average delay value obtained during several tests performed by healthy
subjects.

Additionally, to compensate for the lack of assistance at the beginning of the swing
phase, a torque profile is provided by actuating the AAFO to ensure a sufficient foot
clearance where no stimulation is provided.

2.2 AAFO Controller

Previous studies have focused on identifying the ankle foot model during walking
[5]. The ankle orthosis system model has been defined as [8]:

J θ̈ + Bθ̇ + K θ = τ + d (1)
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Fig. 2 a Comparison of the average profile of an ankle with and without AFES. An increase in
the ankle joint dorsiflexion during the mid and late swing subphases is obtained as a result of the
stimulation. b Proposed AFES profile. The current stimulation value changes reaching a maximum
value (Imax) at the last part of the swing phase

where J is the moment of inertia, θ is the angle between the foot and the shank, B
represents the viscous friction coefficient and K the system’s stiffness coefficient.
Additionally, τ denotes the torque developed by the actuator and d represents all the
non linear disturbances.

According to [6], the error dynamics of the system correspond to:

ë + Kv ė + Kpe = 0 (2)

where the position error (e) is defined as e = θd − θ , θd represents the desired ankle
joint angle, Kp and Kv denote the positive design parameters of the desired error
dynamics.

From (2), it is possible to obtain θ̈ and substitute it in (1), resulting in:

τ = J (θ̈d + Kv ė + Kpe) + d (3)

3 Results

The proposed hybrid controller was validated in simulation. The ankle robot system
model was identified based on the analysis of previous experimental data obtained
from one healthy subject. For the AAFO controller, the positive design parameters
were tuned by trial and error. Furthermore, the AFES maximum current intensity
(Imax) was determined based on the subject sensitivity threshold identified during the
tests (Table 1).
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Table 1 AAFO controller and AFES parameters

J (N ms2/deg) Kv (s−1) Kp (s−2) Imax (mA)

0.000025 0.01 200 20

Fig. 3 Ankle joint angular position comparison (left) and torque profile (right). The initial distur-
bance in the ankle joint angle is caused by the AAFO controller that is enabled only during the
swing phase

Table 2 Mean dorsiflexion values

No stimulation AFES Hybrid

1.74◦ ± 1.44◦ 6.34◦ ± 1.74◦ 11.04◦± 2.37◦

TheAAFOcontroller showed an angular rms error of 0.0526 [rad] and amaximum
torque of 1.5 [Nm]. An example of the performance for one swing phase if provided
in Fig. 3.

To validate the hybrid control scheme, the motor actuation was applied to ensure
a dorsiflexion of the ankle joint for the first 20% of the swing phase, whereas the
modified AFES stimulation profile was applied during the swing phase. A total of 15
gait cycles were analyzed. The results were compared with AFES and no stimulation
and are reported in Fig. 4 and Table2. The hybrid approach obtains an increase of 4◦
compared to AFES stimulation.

4 Conclusion

The hybrid approach proved to enhance the ankle dorsiflexion compared to the con-
ventional AFES stimulation. A future extension of this work is the consideration of a
closed-loop AFES control and the development of a collaborative strategy to provide
assistance as needed.
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Fig. 4 Normalized mean
ankle joint profiles. The
ankle joint dorsiflexion angle
resulting from the hybrid
controller is depicted in blue,
from the AFES stimulation
in red and from the normal
gait in green. The dotted
lines correspond to the
standard deviation
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