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Abstract

Gait disabilities empowered intensive research on the field of human-robot interaction to promote effective gait rehabilitation.
Assist-as-needed strategies are becoming prominent, appealing to the users’ participation in their rehabilitation therapy. This
study proposes and assesses the biomechanical effects of an adaptive impedance control strategy that innovatively allows
adaptability in interaction-based stiffness and gait trajectory towards a fully assist-as-needed therapy. By modulating the
interaction-based stiffness per gait phase, we hypothesize that the strategy appeals to a symbiotic human-orthotic cooperation,
augmenting the user’s muscular activity. The interaction stiffness was estimated by modelling the human-orthosis interaction
torque vs angle curve with a linear regression model. The strategy also allows for real-time trajectory adaptations at different gait
phases to fulfil the users’ needs. The biomechanical assessment of the impedance-controlled ankle orthosis involved eight healthy
volunteers walking at 1.0 and 1.6 km/h. The results revealed a stronger muscular activation regarding the non-assisted leg for the
gastrocnemius lateralis (increment ratio > 1.0 for both gait speeds) and for the tibialis anterior muscle (increment ratio > 1.0 for
1.6 km/h). The strategy guided users successfully on a healthy gait pattern while allowing deviations (median error < 5.0°) given
the users’ intention weighted by interaction stiffness. Findings showed the relevance for adapting gait trajectory as users prefer
higher trajectories as the speed increases. No significant temporal variations or neither knee angular compensations were
observed (p value >0.11). Overall results support that this strategy may be applied for intensity-adapted gait training, allowing
different human-robot compliant levels.

Keywords Adaptive assistive strategies - Impedance control - Human-orthosis interaction - Locomotion and actuation systems -
Robotic rehabilitation

1 Introduction

Dysfunctional gait is a common disability among European
countries. It is estimated that more than 5 million European
persons suffer from a gait disability and dependent on a wheel-
chair [1]. Gait disabilities are caused by the natural process of
aging, but also due to the increased incidence of cardiovascu-
lar and neurological disorders on the World’s population [2].
Stroke, for instance, is the third cause of disability worldwide.
Patients with impaired gait may require a complete, assist-as-
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needed, and patient-oriented rehabilitation to empower their
long-term functional motor recovery. This triggered intensive
biomedical research in the use of robotic devices towards gait
rehabilitation.

To date, numerous orthotic devices have been proposed to
provide or restore the locomotion in persons with motor dis-
abilities. Some examples are the multi-segment devices such
as ATLAS [3], HAL [4], ReWalk [5], Vanderbilt [6], MINA
[7], Lokomat [8], and LOPES [9], while other studies, namely
Ferris et al. [10], Herr et al. [11] and Kao et al. [12], proposed
single-segment orthoses.

Most of the current devices assist the end-user considering
a predefined gait trajectory, where a position control is sys-
tematically performed based on the periodicity of the gait. It is
an important and suitable strategy for the first therapy’s stages
since it delivers a periodic movement to the articulation, con-
tributing to decrease the muscle atrophy and regain the motor
functionalities [2]. The orthosis trajectory is a mimic from the
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healthy gait pattern, recorded with standard motion equipment
from a set of healthy subjects. However, this gait trajectory
may not be the most adequate for each patient, attending to
his/her anthropometry and motor and physiological needs.
Thus, the need for an effective and personalized rehabilitation
arose considering patient-oriented gait trajectories. For in-
stance, the Lokomat allows angle trajectory modifications in
time, range-of-motion, and offset [8]. LOPES’ exoskeleton
also allows for gait trajectory modifications according to the
gait speed. However, new directions highlight the relevance
for adapting trajectories considering specific gait phases to
improve the user’s physiological coordination and recover
the natural gait pattern described by Winter [13] and Perry
[14]. To the best knowledge of the authors, such adaptability
still needs to be addressed.

As the patient progresses in the rehabilitation, the therapy
should be gradually adapted. The orthosis should provide
intensity-adapted exercises, passing from an active mode of
assistance, where it imposes a patient-guided trajectory, to a
more passive mode, where the patient can freely interact with
the assistive device [2, 15]. This approaches a multi-functional
gait training that can be accomplished with assist-as-needed
(AAN) control strategies [15]. With a therapy sustained in
human-robot cooperation, the patient is encouraged to apply
effort in the therapy and actively participate, activating their
muscles and, thus, enhancing their functional motor ability [9,
16]. Some authors have presented adaptive impedance control
algorithms to solve this challenge, adapting the device’s assis-
tance considering the patients’ active torque (muscular torque
estimation). Example includes the Lokomat [8], LOPES’ ro-
bot [9], and the orthosis presented by Hussain et al. [17]. The
variation of impedance parameters, namely stiffness, results in
different forces acting at the joint, allowing a compliant or
stiffer behaviour [8, 9, 17]. Lokomat exoskeleton implements
a first-order impedance model in which the reference torque
acting at the joint is modulated considering linear elastic (K)
and linear viscous (B) coefficients [8]. This reference torque is
then compared to the joint’s moment, generated by the user’s
muscles. The therapist may decide how much the robot sup-
ports the user’s movement. The authors reported angular de-
viations from the reference trajectory when the robot increased
its compliance, which are caused by the muscular effort of the
patient [8]. LOPES is a bilateral exoskeleton and impedance
controlled by Bowden-cable-driven series-elastic actuator [9].
This robot promotes two modes of assistance, the robot-in-
charge and the patient-in-charge, by modulating the subject-
specific percentage of maximum stiffness allowed by the exo-
skeleton. The authors reported a closer approximation to the
reference trajectory and a reduction in the movement’s vari-
ability when high levels of impedance are set. The same prin-
ciples of Lokomat and LOPES exoskeletons were implement-
ed into a pneumatic orthosis in [17]. The authors reported the
increased users’ participation when low assistance is given by
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the robot [17]. In [18, 19], a first-order impedance model was
presented by modulating the stiffness and damping parameters
of an active hip-knee-ankle exoskeleton. The authors used an
observer-based approach associated with a Kalman filter to
estimate the user’s musculoskeletal torque. In [18], the stiff-
ness and damping parameters were estimated using the least
square method and, in [19], the authors proposed a model
predictive control to estimate stiffness. The authors reported
that the proposed strategy was effective in setting the level of
robot assistance. In [20, 21], an assistive-resistive approach
was proposed by applying an adaptive first-order impedance
control to an ankle orthosis. The authors found that the adap-
tive assistance allowed a more kinematic variability.
Nonetheless, these studies focus on adapting the joint’s stiff-
ness instead of the interaction-based stiffness, which directly
allows a therapy sustained in human-robot cooperation.
Further, the adaptation has not been accomplished at different
gait phases, which could be relevant since the users may in-
teract differently and require variable assistance within the gait
cycle. In our preliminary study [22], we evaluated the human-
orthosis interaction stiffness all over the gait cycle and for
different gait speeds. However, the biomechanical effects of
changing the interaction stiffness per gait phase were not
assessed.

This study includes two main goals. First, it presents a
novel approach of an AAN and adaptive impedance control
that gathers the potentialities of adaptive human-orthosis in-
teraction stiffness with the relevance of adapting gait trajecto-
ries per gait phase. The strategy innovatively allows the gait
trajectory modification in real-time at four main phases of
dorsiflexion and plantarflexion through a user-friendly mobile
app that attends to the clinician expertise, extending our pre-
vious study [22]. The interaction-based stiffness is estimated
per gait phase and speed through a linear fit to the human-
orthosis interaction torque vs angle curve [22]. This strategy
advances current robotics-based gait rehabilitation beyond the
state-of-the-art, as follows: i) the adaptability of human-
orthosis interaction stiffness across different gait phases and
speeds, advancing [8, 9, 17-21], that enables a multi-
functional gait training by modulating the orthosis’ compli-
ance with the user as needed and encourage the users to ac-
tively participate in their recovery process; and ii) the adapt-
ability of gait trajectory considering different gait phases, ex-
tending [22] and advancing [8, 17-21], which tackles current
challenges in patient-oriented strategies to improve the user’s
motor coordination and it allows to address the rehabilitation
of diverse gait pathologies. Table 1 presents the comparison of
the proposed study regarding state-of-the-art.

We hypothesize that this strategy, by adapting the trajecto-
ry and human-robot interaction stiffness, encourages the users
to apply more physical effort; thus, enhancing their muscular
activity in the assisted leg. In this sense, our second goal
advances by assessing the biomechanical effects of the
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proposed strategy on the muscular variation under single and
combined parameter’s adaptation (i.c., interaction-based stiff-
ness and trajectory), extending our previous study [22] and
state-of-the-art [8, 9, 17-21], as stated in Table 1.
Additionally, we also evaluated the variation in temporal, ki-
nematic and kinetic parameters for the assisted leg. From the
results with eight healthy volunteers walking with ankle ro-
botic orthosis, we verified the suitability of this approach to
improve the human-robot interaction by appealing to the ac-
tive participation of the user on his/her rehabilitation therapy.
Moreover, the effect of compliance/resistance promoted an
active muscular activity. The real-time trajectory adaptation
was relevant to consider the users’ will.

2 Methodology

Through a literature analysis, we acknowledge the need for a
user-oriented assistive strategy that better fulfils the user’s
necessities and encourages them to actively participate in ther-
apy [2, 16]. In this work, we present an AAN impedance
strategy that allows the angle’s trajectory modification and
the interaction stiffness adaptation in real-time for different
phases of the gait cycle. With this strategy, the clinician may
create user-oriented and intensity-adapted exercises consider-
ing the user’s disability towards effective gait rehabilitation.
This section presents the methodology, specifying the wear-
able orthosis and the multi-functional adaptive assistive
strategy.

2.1 Robotic Ankle Orthosis

This study involved an electrically actuated wearable ankle-
foot orthotic device (PAFO) from the H2-Exoskeleton

(Technaid S.L., Spain). The device provides one degree-of-
freedom in the sagittal plane using a flat brushless DC motor
coupled to a gear box. It is hierarchically controlled, diving the
control strategy into high-, mid- and low-level [23].

The system is fed by a 24 V LiFePO4 DC battery, making
it completely wearable and suitable for clinical usage. The
orthosis contains an embedded strain gauge placed on a
Wheatstone bridge to monitor the human-orthosis interaction
torque and a potentiometer close to the ankle’s articulation to
measure the angle trajectory in the sagittal plane. The system
is controlled by a user-friendly mobile app, which allows the
system’s and therapy’s settings easily and intuitively.

2.2 Adaptive Impedance Control

The adaptive impedance control aims to provide cooperation
and interaction between the user and the assistive device.
Instead of imposing a pre-defined gait trajectory, the orthosis
allows for deviations in the angle trajectory that depends on
the user’s participation [8, 17]. Endowing orthoses with an
impedance control may benefit the users’ recovery since they
are encouraged to actively interact with the assistive device,
i.e., a strategy sustained in human-robot cooperation. This
feeling of self-contribution in the rehabilitation can be benefi-
cial to improve the user’s motor learning and muscular tonus
[16]. Figure 1 presents the block diagram of the impedance
control implemented in this work.

The high-level, running in a Raspberry Pi 3 (Raspberry Pi
Foundation, UK) at 100 Hz, is responsible for the central
control, generating the adapted reference trajectory (6rgr)
and setting the interaction stiffness values per gait phases
(K;nv7) according to the settings specified in a mobile applica-
tion by the clinician. The reference trajectory and the interac-
tion stiffness values are then sent to the mid-level control.

Table 1 Comparison of the proposed study with the state-of-art
Study Type of actuator Targeted Adapted parameter(s) Trajectory adaptation(s) Kinematic & Physiological
joint kinetic study study
[8] Electric HK Robot’s stiffness and damping Trajectory as a whole ~— + -
9] Bowden-cable-driven HK Robot’s stiffness Trajectory as a whole + +
series-elastic (Clinical
scales)
[17] Pneumatic HK Robot’s stiffness Trajectory as a whole + -
[18] - HKA Joint’s stiffness and damping - + -
(simulation)
[19] Series elastic K Robot’s stiffness - -
[20, 21] Electric A Robot’s stiffness Programmable + -
Ours Electric A Human-robot interaction stiffness per Adapted per gait phases + +
gait phases and speeds and as a whole (EMG)

A — ankle; HKA — hip, knee, and ankle; HK — hip and knee; K — knee
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Fig. 1 Block diagram of the proposed adaptive impedance control: K;
corresponds to the values of interaction stiffness per gait phase defined by
the clinician; %0; corresponds to the percentual factors of each gait phase
defined by the clinician; Orgr corresponds to the orthosis’ reference
trajectory; Orgar corresponds to the real trajectory; Kyt corresponds to

The mid-level control runs at 100 Hz in an STM32F4-
Discovery (STMicroelectronics, Switzerland). It is responsi-
ble for scaling the reference trajectory considering each admit-
ted speed (between 0.5 and 1.6 km/h) according to (1) that sets
the Number of Control Loops (NCL) for each value of the
reference trajectory generated in the high-level.

NCL = —34.62 x Gait Speed + 107.31 (1)

Additionally, this control level implements the zero-order
impedance control law [24]. It calculates the error between the
reference trajectory (6zzr) and the real ankle trajectory (Orzaz)
and multiplies this error by the interaction stiffness (K;y7), as
presented in (2), to estimate the reference interaction torque
(TREF )-

(2)

As an impedance strategy, the goal is to provide more or
less freedom to the patients’ movement considering, respec-
tively, low and high levels of interaction stiffness. With high
values of interaction stiffness, the orthosis is more rigid and
imposes more the reference trajectory. By controlling the
values of interaction stiffness, the torque that the orthosis pro-
vides is also controlled, varying the patients’ interaction and
effort to keep the desired gait pattern. As an AAN assistive
strategy, it assists the patient only where and when needed. In
this work, we considered the deviation from the reference
trajectory as an assist-as-needed indicator.

Based on this strategy, the reference torque is zero (or near
zero): a) if the user is following the orthosis’ reference trajec-
tory which indicates the user does not need assistance. In this

Trer = Kive (Orer—0rear) = Kivr e
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the stiffness values per gait phase to be sent to the mid-level control; e,
corresponds to the error between the reference and the real trajectory;
Trer corresponds to the adaptive reference torque; e, corresponds to the
error between the adaptive reference torque and the human-orthosis
interaction torque (Tpn); and u corresponds to the controller’s command

case, the orthosis does not provide any torque assistance and
responds only to the user’s interaction; or b) if the interaction
stiffness is set to low levels, encouraging the users to actively
participate, enhancing their recovery by applying more effort
and activating their muscles. This situation is considered sim-
ilar to the one in which the orthosis acts as a passive device
without providing any assistance. On the other hand, if the
user is not following the orthosis’ reference correctly, the ref-
erence torque is different from zero. Depending on the mag-
nitude of the error, the corrective torque is generated and sent
to the low-level control where it is compared against the
human-orthosis interaction torque (7;y7). In this work, we ac-
knowledge the interaction torque as a measure of the user’s
participation.

The low-level control, that runs in a STM32F4-Discovery
(STMicroelectronics, Switzerland) at 1000 Hz, consists of a
proportional controller. It is responsible for generating an ad-
equate response (¢) regarding the error between the reference
torque and the human-orthosis interaction torque (e,) — see
Fig. 1. The proportional controller was tuned according to
the Ziegler-Nichols method with a subset of subjects in the
loop [25], while considering a trade-off between system’s sta-
bility and the delay to avoid oscillations in the real environ-
ment. We used the proportional gain as K, = 120 [22].

2.3 Adaptive Gait Trajectories

As a fully adaptable assistive strategy, the AAN impedance
control allows for real-time modification of the reference tra-
jectory using the user-friendly mobile app. The reference



JIntell Robot Syst (2021) 102: 76

Page50f22 76

trajectory was generated through a cohort of healthy partici-
pants and follows the principles described by Perry [14]. From
this reference trajectory, it is possible to produce numerous
reference trajectories in real-time while maintaining the integ-
rity and continuity of the natural gait pattern. For that, we
developed an algorithm, integrated into the PAFO’s high-
level control, that considers the main phases of the gait cycle
to create enough number of reference trajectories to fulfil the
user’s necessities. These modifications may be performed
considering the dorsiflexion and plantarflexion phases of the
gait cycle [14], as shown in Fig. 2. The adjustment may be
customized to each phase or considering the entire trajectory.

We considered the neutral angle (zero degrees) as the basis
of our trajectory adaptation to ensure the continuity and adapt-
ability effect of the entire gait trajectory. In this algorithm, it is
assigned a percentual change factor between 1% and 100%,
considering a resolution of 1%, for each phase of dorsiflexion
and plantarflexion to build a kernel with equal size to the
reference trajectory, responsible for the real-time modifica-
tions. Multiplying each i-th value of kernel by the correspond-
ing value of the reference trajectory will create the user-
specific trajectory. We considered a default of 60% of a
healthy trajectory as the user must accomplish since a value
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Fig. 2 Possible generated gait reference trajectories for the low-level
proportional controller, considering the main phases of dorsiflexion (2
and 4) and plantarflexion (1 and 3) and the percentual ratios of: a) 60%

beneath this threshold generates a non-functional gait training.
Nevertheless, this value can be reassigned if needed. With this
approach, it is possible to create different trajectories tailored
to the user’s level of disability by varying the healthy trajec-
tory through a ratio that varies from 60% to 100%. This ratio
may be customized to each gait phase or to be similar to the
entire gait cycle. Figure 2 displays examples of possible gen-
erated gait trajectories that serve as the reference for the low-
level controller.

2.4 Adaptive Human-Orthosis Interaction Stiffness

The rotational stiffness of the joint, usually known as mechan-
ical stiffness [8], is considered the ratio between a moment M,
induced by a force F, and the rotation 6. Considering M the
torque that is actuating at the ankle joint, and 6 the resulting
angle, the ratio gives the stiffness of the joint. However, in our
work, we do not use this. We applied this ratio to the human-
orthosis interaction torque measured by the strain gauges. We
considered the human-orthosis interaction torque as a motion
and participation indicator to change the orthosis’ compliance.
Its magnitude represents the user’s participation, while the
signal’s monotony represents the user’s motion. The force
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for all phases, b) 100% - 100% - 80% - 60%, ¢) 100% - 60% - 90% - 80%,
and d) 80% - 85% - 715% - 80%
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the user applies to perform the intended movement induces a
deformation into the strain gauges, translating the user’s par-
ticipation and motion into a measurable variable.

By calculating the ratio between the human-orthosis interac-
tion torque and the real angle, we derived a virtual stiffness that
we called the “human-orthosis interaction stiffness”. The partic-
ularity of our approach is that we estimated this parameter con-
sidering different phases of the gait cycle and gait speeds,
allowing to infer in which phases the user participates more
(i.e., a higher magnitude is expected from the interaction torque)
and if this participation differs considering the gait speed. By
modulating the interaction stiffness for different gait phases, the
orthosis’ contribution can be diminished in those phases in which
the user is capable of, giving place to the user’s contribution, and
augmented in those phases where the users require assistance.

The interaction stiffness was estimated by linear approxima-
tion to the human-orthosis interaction torque vs angle curve,
following the least-square method [26]. This method evaluates
the best approximation that produces minimal deviations regard-
ing the target signal. We set the interaction stiffness as the slope
of the best curve that approximates the human-orthosis interac-
tion torque vs angle trajectory, K;yz, considering (3).

_ XY TIXi
anﬂ—(in)z

The interaction stiffness was estimated from an empiric anal-
ysis involving healthy participants, as presented in [22]. The
values were normalized by body mass and normalized between
0 and 1 to allow a general analysis among participants, avoiding
extreme values. By analysing the human-orthosis interaction
torque vs angle curve, we verified the need to adapt the inter-
action stiffness for six different phases of the gait cycle, mainly
during the movements of foot’s dorsiflexion and plantarflexion.
The gait phases, illustrated in Fig. 3, were automatically seg-
mented by a finite state machine using the angular velocity
recorded by an inertial measurement unit (IMU) placed on the
foot, as presented in our previous study [22] and validated in
[27] through controlled and real-life walking situations.

Table 2 presents the default values discriminated per gait
speed that we found with our previous study [22]. The inter-
action stiffness was estimated in offline for these gait phases.
However, these values may be adapted in real-time by quali-
fied clinical staff to fulfil the user’s needs. If the user is
progressing in the therapy, the clinician can gradually de-
crease the interaction stiffness and appeal to the users’ partic-
ipation. The high-level control is responsible for setting the
interaction stiffness values considering the gait speed.

(3)

2.5 Safety

We implemented safety measures in our orthosis to ensure the
users’ safety. The orthosis ROM was limited to 40° (between
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Fig. 3 Phases of the gait cycle for which the human-orthosis interaction
stiffness was estimated: 1) Heel-strike (HS) — Flat foot (FF); 2) FF —
Mid-Stance (MSw); 3) MSw — Heel-off (HO); 4) HO — Toe-off (TO);
5) TO — Mid-Swing (MSw); and 6) MSw — HS

20° of plantarflexion and 20° of dorsiflexion) to not allow a
non-physiological gait pattern to the end-user. All trajectory’s
modifications were applied to the next gait cycle to the one
where they were set, maintaining the pattern’s integrity and
not produce sudden changes while walking. Moreover, a sat-
urator was added to the proportional controller to avoid insta-
bilities that compromise the user’s confidence and safety
when using the orthosis. Magnitude of control commands
(u, Fig. 1) was set to the interval [-2500, 2500], i.e., to the
maximum values of the orthosis’ pulse-width modulation. The
values of interaction stiffness were normalized to [0, 1].

3 Experimental Validation

To address the second goal of this study, we performed an
experimental study, validating the novel proposed adaptive
impedance strategy and evaluating the variation in biome-
chanical metrics along with trajectory and interaction stiffness
adaptation. The study was conducted in the University of
Minho under the ethical procedures of the Ethics Committee
in Life and Health Sciences (CEICVS 006/2020), following
the Helsinki Declaration and the Oviedo Convention. All sub-
jects accepted to participate voluntarily and gave their in-
formed consent to be part of the study.

3.1 Participants

Eight able-bodied subjects (six males and two females, body
mass: 68.5+12.6 kg, height: 172+ 11.8 cm, age: 25.5+
1.51 years) were recruited from the Biomedical Robotic
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Table 2 Interaction stiffhess normalized by gait phase, stance and swing, single (gray cell) and double support (while cell)
. Normalized Interaction Stiffness
Gaitspeed Gait Ph Single vs Double
ai ases . . .
(km/h) Interaction stiffness Stance vs Swing Support
HS — FF 0.64 £0.38 0.64 £0.38
FF = M3t 0.48+0.29 0.51+0.28 0.31+0.24
1.0 MSt — HO 0.14 £0.05
' HO - TO 0.79 £0.17 0.79 £0.17
10— Mw 0.74+0.19 0.78 +0.05 0.78 +0.05
MSw — HS 0.82 +0.25 ’ ’ ' '
HS — FF 0.25+0.14 0.25+0.14
FF - M$t 0.29 £0.13 036 £ 033 0.1840.16
MSt — HO 0.07 £0.04 ’ ’ ' '
1.3 HO = TO 0.84 £ 0.23 0841023
+
TO — MSw 0.58+0.33 0.56 +0.04 0.56 + 0.04
MSw — HS 0.53+0.28
HS — FF 0.52 £0.35 0.52 +£0.35
FF — M5 0.84+0.13 0.57 +0.28 0.52 +0.46
MSt — HO 0.19 £0.05
1.6 HO —-TO 0.71 £0.41 0.71 £0.41
TO — MSw 0.49 £0.05
0.47 £0.03 0.47 £0.03
MSw — HS 045 £0.13

Devices Laboratory of the Centre for Microelectromechanical
Systems (University of Minho) to participate in the experi-
mental evaluation. A list of inclusion and exclusion criteria
was outlined. All subjects that presented healthy locomotion
and a total balance of posture, had 18 or more years, a body
mass within 45 and 90 kg, and a height within 150 and
190 cm, were accepted to participate in the study. The anthro-
pometry criteria were imposed due to the orthosis’ mechanical
system. The required anthropometric data, presented in
Table 3, were collected before the experimental sessions.

3.2 Instrumentation

The participants were instructed to wear shorts and a standard
type of sports shoes. The participants were instrumented with
the wireless motion tracker system MTw Awinda (Xsens

Technologies B.V., Enschede, The Netherlands, validated in
[28, 29]), wearing IMUs on the feet, shanks, thighs, and waist.
The IMUs were placed on the lateral side of each segment and
secured with a strap, as illustrated in Fig. 4. The participants
were also instrumented with wireless EMG surface electrodes
from the Trigno™ Avanti Platform (Delsys, Massachusetts,
USA, validated in [29]) to measure the muscular activity of
the tibialis anterior (TA) and gastrocnemius lateralis (GL)
muscles of both right and left legs. The participant’s skin
was cleaned with alcohol (70%) to remove dead skin residues
that may interfere with the measurement. The sensors were
attached to the skin with double-sided tape according to the
Surface ElectroMyoGraphy for the Non-Invasive Assessment
of Muscles (SENIAM) recommendations [30]. To avoid sen-
sor’s disconnection from the skin, each sensor was fixed with
a strap.

Table 3  Participant’s anthropometric data required for the experimental procedure

Participant ID Gender (M/F) Body mass (kg) Height (cm) Age (years)
1 F 52 162 27

2 M 73 185 28

3 F 50 150 24

4 M 62 175 25

5 M 76 182 26

6 M 73 182 26

7 M 86 170 24

8 M 76 170 24

@ Springer
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Fig. 4 Experimental setup for the
adaptive impedance control
validation. The participants were
instrumented with the orthosis on
the right leg, two EMG surface
electrodes in each leg placed on
the tibialis anterior and
gastrocnemius lateralis muscles,
and with IMUs on both feet,
shanks, thighs, and hip

After the placement of the inertial and EMG sensors, the
participants were instrumented with the ankle-foot robotic or-
thosis in the lateral side of the right leg, as illustrated on Fig. 4.
An insole with the same width as that in the orthosis was
instrumented on the left leg. Each insole was instrumented
with two force sensitive resistor (FSR), one on the heel and
another on the toe.

3.3 Experimental Protocol

Prior to the experimental acquisition and the orthosis place-
ment, the anthropometric data required for the MVN software
(height and foot length) was measured. Then, we calibrated
the MVN BIOMECH in N-pose, following the MVN software
guidelines (Xsens Technologies B.V., Enschede,
The Netherlands).

After the successful placement of the EMG sensors, the
participants performed three maximum voluntary contractions
(MVCs) for each muscle to normalize the EMG data. The
participants sat in a fixed chair and place each foot (one at a
time) on another chair on the front with the knee slightly bent.
With an assistant holding the participant’s foot, the participant
was instructed to perform the plantarflexion movement to
measure the TA activation, and the dorsiflexion movement
to measure the GL activation.

Subsequently, the subjects were instructed to walk on a
treadmill at 1.0 and 1.6 km/h for three continuous trials of
10 min with a rest interval of 4 min. The participants experi-
enced different conditions over the trials that were modified
every 2 min using the mobile app. They were blind regarding
the conditions they experienced. These conditions were se-
quentially performed to assess the effectiveness of the strategy
to change in real-time the interaction stiffness and the orthosis’
reference trajectory, and to assess the effects on the users’
muscular activity and interaction. In the first two minutes of
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the trial, we set the orthosis’ reference trajectory to 100% (the
full reference trajectory, see Fig. 2) and the interaction stiff-
ness values at their maximum admissible value (K =1). In the
following two minutes, we modified the interaction stiffness
for the values that we found in our previous study [22], pre-
sented in Table 2 (note that these values can be real-time
changed regarding the users’ disability level and rehabilitation
goal). Afterward, the interaction stiffness was maintained, and
we changed the orthosis’ reference trajectory, setting 100%,
100%, 80% and 60% for each of the four sub-phases. At the
sixth minute, we performed a trajectory modification, setting
60% of the healthy pattern for the four sub-phases. Finally, in
the last two minutes, we changed the interaction stiffness back
to the maximum value, maintaining the orthosis’ trajectory in
60% of the healthy pattern. Figure 5 illustrates the study
design.

3.4 Data Acquisition

Data acquisition included: i) the ankle and knee joints angle
for the assisted leg measured with the MTw Awinda; ii) the
muscular activity of the TA and GL muscles using the 4-
channel Trigno™ EMG sensors and Delsys acquisition soft-
ware; iii) the orthosis’ reference trajectory, real trajectory,
human-orthosis interaction torque, reference interaction
torque, and the FSRs data using the orthosis’ integrated soft-
ware. Data from the MTw Awinda and orthosis were acquired
at 100 Hz, and the EMG data were measured at 2148 Hz. All
data were timely synchronized.

Additionally, we collected the participants’ perception re-
garding their experience with the orthotic device. A post-study
questionnaire based on the standard system usability scale
(SUS) [31, 32] was elaborated with nine questions, listed in
Table 4. The questions were rated between 1 and 5, consider-
ing the scale “Strongly disagree”, “Disagree”, “Neutral”,
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Fig. 5 Experimental protocol carried out for the strategy’s validation with healthy subjects

“Agree”, and “Strongly agree”, except for the last question
that was open-ended. The first four questions were more ge-
neric questions about the user’s perception regarding the ex-
perimental procedure. From the fifth question, the participants
were instructed to answer only and only if they answered
positively to the fourth question.

3.5 Data Processing

All quantitative data was divided between conditions and seg-
mented into gait cycles considering the heel-strike event. We
averaged the gait cycles to each condition to obtain the mean
gait cycle. The FSR data were also used to calculate the tem-
poral parameters, namely the stance time, swing time, step
time, and stride time. From the kinematic data, we calculated
the maximum, minimum, and the trajectory’s range-of-motion
(ROM) for both ankle and knee joints. The root-mean-square
error (RMSE) between the orthosis’ reference trajectory and

Table 4 Questionnaire that was present to the participants after the
experimental procedure

Questions

1. I found the system easy to use.

I think the system guided me during the walk.

I felt confident using the system.

I was able to verify when the system changed its assistance/behaviour.
I felt these changes gave me more freedom to walk.

AN

I felt these changes encouraged me to apply more effort during
walking.

Upon the changes, I felt the system compliant.

® =

. Upon the changes, I felt the system offered me resistance.

the real trajectory, and the control’s delay were also deter-
mined per condition and gait speed.

EMG data was processed as follows. Data were rectified,
and the EMG envelope was calculated following the root-
mean-square (RMS) technique using a window size of
125 ms with an overlap of 62.5 ms. Then, we normalized
the envelope considering the MVC measured for each muscle
of both assisted and non-assisted lower limbs. Lastly, we de-
termined the mean activation value.

To evaluate the biomechanical effects of changing the in-
teraction stiffness and the orthosis’ reference trajectory be-
tween conditions, we calculated the percentual variation by
determining the increase/decrease relatively to the last experi-
enced condition. A percentual value above 0% corresponds to
an augmentation. Contrariwise, a percentual value underneath
0% corresponds to a decrease regarding the last condition.
Data were disposed in a form of boxplots.

To assess the users’ participation in the rehabilitation strat-
egy, we computed the symmetry ratio using (4) considering
the muscular activity of both assisted and non-assisted leg,
MAassisled and MAnon-assisted7 respectively.

MAassis e
Symmetry ratio = ted 4)

MAnon*assisted

We performed a statistical analysis to assess statistically
significant differences in the biomechanical metrics and con-
trol delay between consecutive conditions (i.e., between
C,—C,, C,—>C5, C3—>Cy, Cy—Cs) and gait speeds.
Altogether, 101 statistical tests were conducted, according to
the following steps: all data were tested for normality using
the Shapiro-Wilk normality test. Considering this result, for
parametric data, a two-tail and paired #-test was conducted.
For non-parametric data, the counterpart two-tail Wilcoxon’s
test was performed. For all statistical tests, we set the level of
confidence to 95% (o =10.05). The following null hypothesis
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(Hp) was assumed: There is no statistically significant differ-
ences between consecutive conditions for the parameters in
study (biomechanical metric or control delay).

From the qualitative data, we computed the relative fre-
quency, in percentage, of rates assigned to each question.
The results are presented in a circular graph, illustrating the
answers’ distribution among categories (scales).

4 Results and Discussion
4.1 Adaptive Impedance Control Performance Analysis

Assist-as-needed strategies have shown to be prominent for
robotics-based gait rehabilitation, enhancing human-robot co-
operation. In this work, we present and validate an assist-as-
needed zero-order impedance control strategy for an ankle-
foot robotic orthosis. By modulating the human-orthosis in-
teraction stiffness, that changes the reference torque of a pro-
portional controller, the strategy can change the orthosis be-
haviour by passing from a more passive mode of assistance to
a more active one considering the users’ disability level. The
novelty of our investigation conjugates the orthosis’ assistance
adaptation within sub-phases of the gait cycle with a meticu-
lous trajectory adaptation that fulfils the user’s needs. Both
trajectory and stiffness adaptations were performed in real-
time using a user-friendly mobile app.

Altogether, were analysed more than 8000 gait cycles of'45
successful trials considering both 1.0 and 1.6 km/h. Figure 6
displays the mean gait cycle for the real trajectory, the human-
orthosis interaction torque, and the reference interaction
torque considering the five conditions that each subject
experienced.

By analysing Fig. 6, the results demonstrate the continuity
of the modifications that were made. It is observable that the
orthosis can guide the users during the walking procedure for
all the five conditions that were tested. There is a similarity
between the reference trajectory and the real ankle trajectory
that is accomplished by a closer cooperation between the user
and the orthotic device. During condition 1 (C;), the interac-
tion stiffness was set to the maximum admissible value (K =1)
and, thus, the orthosis acts more actively, assisting the end-
user if his/her is not following the reference trajectory. From
the results, we can see a lower variation on the real ankle
trajectory that indicates that the orthosis is imposing more its
reference trajectory, as it was expected to occur. Between the
transition C; — C,, the interaction stiffness was modified ac-
cording to the values of Table 2. The orthosis immediately
gave more freedom to the end-user since a higher dispersion
of'the real ankle trajectory was observed. We can see, from the
non-zero interaction torque of Fig. 6, that this strategy allowed
for some deviations around the reference trajectory propor-
tional to the user’s active participation. During the transition
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C, — (3, the orthosis’ reference trajectory was modified. This
reference trajectory presented a lower value for the HO — TO
phase (80% of the Fig. 2 — phase 3) and for the TO — HS
phase (60% of the Fig. 2 — phase 4). From Fig. 6, we verified
that the users successfully followed the orthosis reference tra-
jectory, visible with the minimum of the real ankle trajectory
that dropped considering the last condition (C,). The same
conclusion is observable for the transition C; — C,4, in which
the orthosis’ reference trajectory was placed to 60% for all
four sub-phases. The angular dispersion was, however, slight-
ly higher in comparison with the last condition (C3), highlight-
ing the ability of this strategy to empower the users’ partici-
pation when lower values of interaction stiffness are set. When
the interaction stiffness returned to the maximum admissible
value, the dispersion around the reference trajectory decreased
significantly, more visible during the stance phase (HS —
TO). This result was expected since the orthosis should im-
pose more its reference trajectory.

Figure 6 also enhances the aptness of our adaptive imped-
ance control as an AAN strategy. It is observable that the
users follow more the orthosis’ gait pattern during the stance
phase, as the reference interaction torque values do not pres-
ent high variations. In fact, the assistive torque is almost null,
indicating that the user may need punctual assistance once
and while but the similarity between the reference gait tra-
jectory and the real one is accomplished with the active par-
ticipation that users are performing. On the other hand, dur-
ing the swing phase, the more critical phase for subjects [22],
the orthosis’ adaptive reference torque presents a higher var-
iation given the higher error in angle’s magnitude. This
torque is more evident during the HO — TO phase given
the higher angular variation that is observed in a short time.
Despite the muscular activation that we observed under this
phase for the gastrocnemius lateralis muscle, the users are
still unable to reach the reference angle and, thus, the ortho-
sis assists with a higher reference interaction torque.
However, it should be noticed that this assistive torque is
not intended to impose completely the orthosis’ reference
trajectory when K = 1, as it is visible in Fig. 6. It is intended
to help the user reaching the healthy pattern, otherwise, it
would cause an abrupt change on users’ gait that could cause
their destabilization.

Figure 7 shows the RMSE dispersion considering the five
conditions that each user experienced for both gait speeds.
Note that the human-orthosis delay was not accounted for
the RMSE calculation.

Analysing Fig. 7, it is visible that the RMSE dispersion for
both gait speeds is more pronounced for C,, Cs, and Cy, in
which the interaction stiffness is lower than 1 (K# 1). This
error was accomplished by the higher angle dispersions of the
real ankle trajectory visible on Fig. 6 for those conditions in
which the orthosis is more compliant. It is also visible that the
error regarding the reference trajectory is higher for 1.6 km/h
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Fig. 6 Mean gait cycle walking at 1.0 km/h with the adaptive impedance graphs representing torque, the mean human-orthosis interaction torque,
control strategy considering: a) Cy, b) C,, ¢) Cs, d) Cy4, and e) Cs. In the the reference torque, and the corresponding standard-deviations are
graph representing angle, the mean angle and the corresponding standard- presented. Additionally, the zero torque is presented as the dashed black
deviation, and the orthosis reference trajectory are presented. In the line

and the difference between gait speeds is more evident when and C4). From C; — C,, the interaction stiffness variation
lower values of the orthosis’ reference trajectory were set (C;  promoted a RMSE augmentation that is due to the users’
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interaction with the orthotic device. Regarding the transition
C4 — Cs, the error’s dispersion decreased, as it was expected
from Fig. 6, due to the increment in the interaction stiffness
such that the orthosis imposed more its reference trajectory.
The higher resulting assistive torque led to the lower RMSE.
In conclusion, from the results of Figs. 6 and 7, we can
notice that the adaptive impedance control with adaptive gait
trajectories successfully guided the users regarding the ortho-
sis’ reference trajectory, when high values of interaction stiff-
ness are set, and promoted more freedom to the users’ motion
when low values of interaction stiffness are introduced.
Therefore, the orthosis successfully created the effect of com-
pliance/resistance. Regarding trajectory modifications, the
users follow, in average, the orthosis’ reference trajectory
but, if required, the orthosis was compliant to deviations that
were proportional to their active participation. By adapting the
interaction stiffness and the gait trajectories per gait phase, the
orthosis allows for the creation of intensity-adapted rehabili-
tation programs according to the users’ needs and disability
level, approaching a multi-functional assistive device.
Additionally, we verified that the adaptive impedance con-
trol strategy presented some delay regarding the orthosis’ ref-
erence trajectory, which is discretized in Table 5 per condition
and gait speed. The results indicate that there are no statisti-
cally significant differences in the assistance delay variation
between the studied conditions (p value >0.05). This result
indicates that these variations were not produced by the
changes on the interaction stiffness and the orthosis’ reference
angle. The variations may be explained by the different inter-
action forces that each user applied to the orthotic device.
Nonetheless, we verified that the delay increases with the gait
speed, and this variation is, in general, considered statistically
significant (p value <1.7 x 102 for C;, C,, and Cy4). The
slower response for higher speeds may be caused by the or-
thosis’ inherent mechanical features. In comparison with a
pure trajectory control, the adaptive impedance control im-
proved the control’s delay in more than 10% considering both
gait speeds (delay =~ 250 ms for trajectory tracking control [22,

33]), which indicates that human-robot interaction yield more
time-efficient assistance.

4.2 Biomechanical Effects Analysis

To assess the effects of changing the interaction stiffness and
the orthosis’ reference trajectory, we conducted a biomechan-
ical analysis by evaluating the variation of the temporal, an-
gular and muscular metrics between consecutive conditions
for the assisted leg. A ratio between the muscular activation
of the assisted leg and the non-assisted leg was also evaluated
to assess the users’ participation and to evaluate the hypothesis
under study that this strategy fosters muscle strengthening.

4.2.1 Muscular Analysis

Figure 8 illustrates the mean muscular activity segmented per
gait cycle for the fibialis anterior (TA) and gastrocnemius
lateralis (GL) muscles for both assisted and non-assisted low-
er limbs at 1.0 km/h. The mean muscular activity observed at
1.6 km/h presents a similar pattern to the one illustrated in
Fig. 8.

In general, we observed some variations on the muscular
activity of assisted lower limb between consecutive condi-
tions, and particularly on the GL muscle during the HO —
TO phase. Nonetheless, the mean value (= 9.5% and 12% of
MVC, for 1.0 and 1.6 km/h, considering the TA, and =~ 17.5%
and 19.5% of MVC, for 1.0 and 1.6 km/h, considering GL)
remained similar for all conditions, supported by the statistical
analysis that indicates no significant differences (p value
>6.3 %1072 considering both 1.0 and 1.6 km/h, see Table 7).
Although the differences were not considered statistically dif-
ferent, i.e., the mean muscular activity remained practically
unaffected for both muscles between consecutive conditions,
the participants reported an increased effort. This effort might
have been accomplished by the internal muscles responsible
for the gait, not producing significant changes in the superfi-
cial muscles’ activation, as the TA and GL. Moreover, the
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Table 5 Strategy’s delay

(in ms) discretized by Condition Gait Speed (km/h)
gait speed and condition.
The mean value is L0 L6
represented at bold and
the respective standard- G 163 197
deviation within (28.7) (32.1)
parentheses C, 179 218
54.7) (46.1)
Cs 182 213
(61.2) (52.3)
Cy 169 218
(77.9) (652)
Cs 187 185
(52.7) 27.1)

participants, as healthy subjects, may be able to compensate
these changes over time more easily without producing sig-
nificant changes in muscular activity.

By comparing both lower limbs, a more intense muscular
activity is observed for the assisted leg for all conditions, with
emphasis on the GL muscle. Figure 8 shows that robotics-
based assistance maintains the healthy pattern reported on
[34], however with greater magnitude for the assisted leg.
This supports our hypothesis that this strategy entails a muscle
reinforcement on the assisted lower limb that, in a rehabilita-
tion context, is beneficial for users in the long-term to improve
their muscular strength towards effective recovery. Even so,
this strategy should be used after an intensive training with the
orthotic device under a position control, so that users improve
their gait pattern and recover some residual force to help them
move the device. By Fig. 8, we also verified a slight deviation
on the maximum muscular activation, with special emphasis
on the GL muscle. This may be caused by some minimal
misalignment between the user’s limb and the orthotic device
that may occur during walking. Although minimal, this is
being considered by designing a user-tailored calf structure
that will prevent this issue.

To assess the level of muscles’ reinforcement, Table 6 pre-
sents the ratio between the muscular activity of the assisted leg
vs non-assisted leg.

By analysing Table 6, we observed a higher muscular ac-
tivity on the assisted GL muscle, which is responsible for the
plantarflexion movement (propel the foot backward in the
HO — TO phase), for both gait speeds since the ratio is al-
ways above 1. This result is in accordance with the results of
Table 2, where it was found a higher interaction with the
orthotic device for the HO — TO phase when the subjects
walked in a passive mode of assistance. It is on this particular
phase that the higher muscular activity is observed in healthy
gait [34]. The orthosis, by appealing to the users’ active par-
ticipation, promotes muscle strengthening. This may be

beneficial for post-stroke survivors since they usually exhibit
muscle weakness at this phase. Regarding the TA muscle, the
ratio between the assisted leg vs non-assisted leg is closer to 1
for both gait speeds, although slightly above for 1.6 km/h. The
users use this muscle mainly for the dorsiflexion movement,
namely during stance and during mid-swing to perform a new
heel-strike. During mid-swing, the TA muscle is important to
defeat gravity and perform the next heel-strike correctly.
Figure 8 shows a higher muscular activation during this phase
for the assisted TA muscle which might be beneficial for post-
stroke survivors’ presenting drop foot as it is their most weak-
ened muscles. By using this strategy, the users are encouraged
to actively participate in the rehabilitation therapy, enhancing
their muscular activity which is relevant for long-term func-
tional motor recovery.

4.2.2 Human-Orthosis Interaction Torque

Although the muscular activity of the assisted lower limb was
not statistically different between consecutive conditions, the
same finding was not observed for the human-orthosis inter-
action torque. Figure 9 indicates that the AAN impedance
strategy allowed for variations on the interaction that each
participant was performing with the orthotic device. This var-
iation was more pronounced for the transitions where the in-
teraction stiffness was modified and the orthosis gait trajectory
was placed to 60% for all phases, i.e. in C4 — Cs (especially
for 1.0 km/h).

Figure 9 shows that changes in the interaction stiffness
have modified the human-orthosis interaction torque disper-
sion. The interaction torque decreased from C; — C,, in
which low values of interaction stiffness were set, and
remained similar during C, — C; and C; — C,4, when the or-
thosis’ reference trajectory was changed. The human-orthosis
interaction torque increased again in C4 — Cs, in which high
values of interaction stiffness were set. This might indicate
that, for the healthy participants, a decrease on the interaction
stiffness promotes a decrease in the human-orthosis interac-
tion torque, while an increase of the values of interaction stift-
ness has the opposite effect.

The interaction torque may have a dual meaning depending
on the values of interaction stiffness. With high values of
interaction stiffness (K =1), the strategy gives more power
to the orthosis while the users’ motion intention will not be
so pronounced. In this case, the orthosis presents a more rigid
behaviour and, consequently, the healthy participants tend to
opposite more the orthosis motion, resulting in a higher inter-
action torque. On the other side, for lower values of interaction
stiffness (K # 1), the orthosis acts more compliantly and, thus,
the users’ motion intention will be more evident. As they have
more freedom to perform their preferred gait trajectory, the
interaction torque may decrease since the orthosis moves ac-
cording to their participation.
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Fig. 8 Muscular activation for the tibialis anterior (left) and gastrocnemius lateralis (right) muscles regarding the assisted leg (above) and non-assisted
leg (below) walking at 1.0 km/h, considering: a) C;, b) C,, ¢) Cs, d) C4, and e) Cs
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Table 6 Ratio of muscular activity for the five conditions. Mean is
represented at bold and the standard-deviation within parentheses

Condition Tibialis anterior Gastrocnemius lateralis
1.0 km/h 1.6 km/h 1.0 km/h 1.6 km/h
C, 0.88 1.01 1.31 1.14
(0.38) (0.49) (0.52) (0.39)
C, 091 0.99 1.32 1.15
(0.42) (0.52) (0.53) (0.37)
Cs 0.93 1.08 1.32 1.15
(0.46) (0.60) (0.53) (0.39)
Cy 0.95 1.09 1.30 1.14
0.47) (0.66) (0.55) (0.40)
Cs 0.99 1.11 1.28 1.17
(0.49) (0.67) (0.57) (0.43)

This conclusion suggests that C; is not the most appropri-
ated for subjects while walking at 1.0 km/h, since a statistical-
ly significant difference in the mean value of the human-
orthosis interaction torque is observable during C; — C, (p
value=2x107%). During C, — C3 and C; — Cy4, the mean
value of interaction torque remained practically unaffected.
However, it increased significantly during C4 — Cs, when
the orthosis become stiffer and imposed more its reference
trajectory. With these results, we may conclude that users
prefer a trajectory below the 100% of C; and above the 60%
of Cs. This finding highlights the relevance of using adaptive
trajectories. For 1.6 km/h, the change in the mean value of the
human-orthosis interaction torque was only statistically signif-
icant when the trajectory was placed to the minimum (Cs) and
the orthosis behaviour was stiffer (p value=1x 107%).
Therefore, we may conclude that subjects may prefer trajec-
tories above the 60% of healthy gait pattern while walking at
1.6 km/h.

4.2.3 Angular Analysis

Figure 10 presents the percentual variation of the ankle angu-
lar metrics (maximum and minimum angles and ROM) for the

assisted leg between consecutive conditions. We observed
that the modification applied in C; — C,4, where the entire
trajectory was reduced to 60% of the healthy pattern, yielded
a statistically significant reduction in the maximum ankle an-
gle for both gait speeds (p value=1.3 x 102 and 2.4 x 102
for 1.0 and 1.6 km/h, respectively). Additionally, the results
suggest that the decreased interaction stiffness performed in
the C4 — Cs transition significantly reduced the maximum
ankle angle (p value <6 x 10> for both gait speeds).

Regarding the minimum ankle angle, the highest variations
occurred when the orthosis’ reference trajectory was modified,
presenting a statistically significant difference in the transition
C, — C5 (p value <1.7 x 1072 considering both gait speeds)
and C; — C4 (p value=6 x 1073 for 1.0 km/h). The changes
in the interaction stiffness entailed a statistically significant
difference in the ankle’s minimum trajectory during C, —
Cs but only for 1.6 km/h (p value=1.2 x 10"?). This result
suggests that users may prefer a higher absolute value of min-
imum angle trajectory at 1.6 km/h. For 1.0 km/h, the variation
was not significant which indicates that the users performed a
similar minimum angle regarding the last condition.

The ROM decreased between consecutive conditions pre-
senting a statistically significant decrease for C, — C; (p val-
ue <3 x 1072 for both gait speeds), C; — C4 (p value=1 x
1072 for 1.0 km/h), and C4, — Cs (p value <1.2 x 102 for both
gait speeds). Analysing Fig. 10, the variations of ROM de-
crease gradually for 1.0 km/h and were not so pronounced for
1.6 km/h until Cy4. This highlights the previous conclusion that
users may prefer higher trajectories as the gait speed increases.
Therefore, we conclude that the gait trajectories modification
is relevant to tackle the users’ needs. Moreover, the adaptation
per gait phase might be useful to address different gait pathol-
ogies that exhibit a deficit in specific gait phases. This will
allow the creation of rehabilitation programs that enhance the
users’ functional motor recovery.

Regarding the knee articulation, the analysis was focused
on the ROM variation (illustrated in Fig.11) since most of the
angular variations were observed in the swing phase.

Figure 11 shows that the ROM variation between consec-
utive conditions is practically null, rounding 0%, which

Fig. 9 Human-orthosis 30 : ~a — 30 b) -
interaction torque variation 4%

between transitions and 20k 20}

considering a) 1.0 km/h and b)
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Fig. 10 Ankle angular variation considering the maximum value — a) for 1.0 km/h and d) for 1.6 km/h, the minimum value — b) for 1.0 km/h and e) for

1.6 km/h, and the range-of-motion — ¢) for 1.0 km/h and f) for 1.6 km/h

suggests that the modifications on the ankle assistance did not
compromise the knee articulation. Moreover, the statistical
tests supported this finding, revealing no statistically signifi-
cant differences (p value >0.18 and>0.16 for 1.0 and
1.6 km/h, respectively) for the knee ROM. Findings pointed
out that changing the interaction stiffness and the orthosis’
reference trajectory did not result in compensatory motions
at the knee joint, which is a beneficial result for clinical use
of the proposed strategy.

4.2.4 Temporal Analysis
Figure 12 illustrates the variation of the temporal metrics

(stance, swing, step, and stride time) between consecutive
conditions and both studied gait speeds.

By analysing Fig. 12, we verified a slight variation on the
stance and swing times that do not overcome an absolute
variation of 10%. The results may suggest the existence of
punctual fluctuations on the stance and swing times that, to-
gether, do not affect the stride time among conditions, which
would be plausible since the gait speed is controlled by the
treadmill. The step time also presented some fluctuations
among conditions, similarly to the stance variation, which
would be expected for healthy gait.

From the statistical analysis, there is not a direct relation-
ship between the variations in gait temporal parameters and
the adaptations in the interaction stiffness and orthosis’ refer-
ence trajectory. The statistical analysis (see Table 7) supported
this finding, revealing that the differences were not statistical-
ly significant (p value >0.11 and>0.21 for 1.0 and 1.6 km/h,
respectively). This result would be expected since no temporal

Fig. 11 Knee range-of-motion 6 . , a) 6 b)
variation considering: a) 1.0 km/h
and b) 1.6 km/h n . al
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Fig. 12 Temporal variation for
the stance time — a) and e); swing
time — b) and f); step time — ¢) and
g); and stride time — d) and h);
considering 1.0 km/h and

1.6 km/h, respectively
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4.3 Qualitative Analysis

C1>C2 C2>C3 C3>C4 C4>C5

A qualitative analysis was conducted to assess the users’ per-
ceptions regarding the assistive strategy. The users were
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instructed to answer eight questions (see Table 4) and leave a
comment regarding their experience with the orthotic device.
The questionnaire was performed after the experimental pro-
cedure, aiming not to influence the user’s perception.
Nevertheless, all participants were encouraged, at the begin-
ning of the experimental procedure, to comment on their per-
ception throughout the trials. Figure 13 presents the users’
perception of some of the questions listed in Table 4.
Considering the users’ perception, 63% of the participants
agree that the strategy was able to guide them during the
walking procedure. This result follows the conclusions raised
in Fig. 6. However, some users reported some
desynchronization with the orthotic device due to the lack of
training. This issue might be solved by using biofeedback
system to complement robotic-based gait training [35].
Regarding the fourth question, all users were able to verify
when the system changed its behaviour by modifying the gait
trajectory and/or the interaction stiffness (75% agree and 25%
strongly agree). Nevertheless, there is no consensus if these

Fig. 13 Users’ perception a)
regarding the adaptive impedance 0% 0%
control strategy considering: a o
question 2, b question 4, ¢
question 5, d question 6, e
question 7, and f question 8

63%

c)
0% 0%

38%

e)

= Strongly Disagree

@ Springer

37%

changes give more freedom to walk since 38% agree, 25% are
neutral, and 37% disagree. The result of this question can be
interconnected with the effect of compliance/resistance that
users felt while they are walking. From the results of Figs. 6
and 7, the dispersion that is observable for conditions when
the interaction stiffness takes lower values proves that this
strategy can modulate the orthosis’ response to account the
users’ wills (if maintaining a healthy pattern). However, as
the interaction stiffness is decreased or the gait trajectory is
modified for lower values, the assistive torque the orthosis is
giving will also be lesser. This could have two interpretations
in the users’ perspective. The users may feel the system com-
pliant after the modifications, namely on C,, Cs, and Cy, in a
way that the system is allowing more deviations regarding the
reference gait trajectory, creating a virtual tunnel. On the other
hand, these changes can induce higher inertia to the movement
since the orthosis is becoming progressively passive and, con-
sequently, can be interpreted by the users as a higher effort
training.

b)
0%
75%
d)
0%
50%
f)
0% 0%
75%
= Disagree Neutral Agree = Strongly Agree
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Regarding the effort the users felt during the walking proce-
dure, all of them felt that the changes in interaction stiffness or
trajectory encouraged them to apply more effort during walking
(50% agree and 50% strongly agree). The statistical results
showed no significant differences in the average muscular acti-
vation. However, in comparison with the non-assisted leg, the
muscular activity of the assisted leg was much higher. This ex-
plains the effort the users felt while walking with the orthotic
device and follows the line of thought of this strategy.

4.4 Related Work

Prior works on literature have shown prominent results by
employing adaptive impedance controls. The study [8] imple-
mented a first-order impedance control in which the joint’s
torque is modulated according two impedance parameters: i)
the linear elastic coefficient (K) and ii) the linear viscous co-
efficient (B). The authors use the interaction torque to estimate
the patients’ muscle torque. The authors verified that for
higher impedance magnitudes, the exoskeleton imposed more
its reference trajectory. On the other hand, for lower imped-
ance values, the exoskeleton did not assist the user and the
angular variations were higher. LOPES’ exoskeleton is anoth-
er multi-segment device that yields an impedance strategy [9].
The authors also consider this strategy relevant in robotics-
based gait training since a purely position-based control pre-
sents the liming factor of reducing the kinematic variability.
The exoskeleton is impedance-controlled using Bowden-
cable series-elastic actuators. The results showed that the im-
pedance control allowed for a very stiff movement for high
values of joint’s stiffness, which the authors named “robot-in-
charge”, and a flexible movement for low values of joint’s
stiffness, which the authors named “patient-in-charge”.
Moreover, the authors reported a muscle strengthening when
using the impedance-controlled exoskeleton. Hussain et al.
[17] also presented a similar strategy for a orthosis that assists
the knee and hip joints. The orthosis also allows for two
modes of operation. The authors found that this strategy
allowed an increase on the users’ participation when low as-
sistance is given by the orthosis. These results are in line with
those we found with our impedance-controlled orthosis. In
[18, 19], the authors estimated the user’s musculoskeletal
torque and implemented a first-order impedance control by
modulating the stiffness and damping parameters of the joint.
The authors found this strategy is effective in estimating the
patient’s torque and effectively modulates the robot’s assis-
tance according to the user’s participation. In [20, 21], the
authors presented an assistive-resistive strategy to estimate
the user’s participation and adapt the robotic assistance ac-
cordingly. They found that adapting the impedance parame-
ters allowed a more kinematic variability, whose results are in
line with our work. Our work extends over these by estimating
the interaction-based stiffness per gait phase and speed,

considering the human-robot interaction torque and the real
ankle trajectory. By adapting the interaction stiffness per gait
phase, it allows for more meticulous adaptations instead of an
isolated adaptation considering the whole gait cycle.
Moreover, the gait trajectories modifications per gait phase
in real-time allows for varying the assistance to fulfil the users’
needs and enables to address the rehabilitation of various gait
pathologies in the future. Additionally, our study comple-
ments the biomechanical assessment issued in previous stud-
ies [8, 9, 17-21] with a muscular activity study when both the
interaction stiffness and the ankle’s trajectory are changed in
the impedance-controlled orthosis to assess its relevance for
the rehabilitation of motor disabilities.

4.5 Limitations and Future Perspectives

The main limitation of our work is the lack of pathological
participants to assess the biomechanical effects of using this
strategy as a rehabilitation therapy. As a future perspective, we
aim to design a longitudinal study and perform a rehabilitation
program with persons suffering from a gait disability to per-
form the clinical validation of our orthosis and this strategy. A
more extensive questionnaire will be issued, studying the
users’ perception throughout therapy. Future research insights
also include the adaptation of both stiffness and damping co-
efficients and study their biomechanical effects by involving
patients with motor disabilities. Further, we will automatically
adapt both trajectory and interaction stiffness per gait phase
considering the Human-in-loop to attain a more effective
assist-as-needed therapy, while also attending for the clini-
cians’ feedback.

5 Conclusion

This work presents and validates an assist-as-needed, adaptive
impedance control strategy that can modulate the orthosis be-
haviour by innovatively change the human-robot interaction
stiffness and the orthosis’ reference trajectory per gait phase.
The strategy successfully guides the users on a healthy gait
pattern that may be adapted to fulfil their needs. Findings
shows that users prefer different gait trajectories depending
on the gait speed, highlighting the need for adapting gait tra-
jectories. Further, the strategy can successfully pass from a
passive assistance mode (the compliant mode), where the
users have an active walking, to a more active mode of assis-
tance (the stiff mode), where the orthosis imposes more its
reference trajectory, approaching a multi-functional strategy.
The users have more freedom to impose their preferred gait
pattern when lower values of interaction stiffness are set. The
quantitative and qualitative findings show that this strategy
encourages the users to actively participate in the rehabilita-
tion therapy, resulting in higher muscular activity, and that
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they felt the effect of compliance/resistance that this strategy
entails, cooperating with the orthotic device accordantly (hu-
man-robot cooperation). Moreover, we verified that this
strategy did not entailed angular compensations on the

Appendix

knee ROM when the assistance was modified. Overall
results support that this strategy may be applied for
user-oriented and intensity-adapted gait training with dif-
ferent levels for personalization.

Table 7  Level of significance (p value) for the biomechanical and muscular metrics considering 1.0 and 1.6 kmv/h. * means the result is statistically

significant considering a level of confidence of 95% (x = 0.05)

Condition Temporal metrics

1.0 km/h 1.6 km/h
Stance Swing Step Stride Stance Swing
C,—»C, 046 0.49 0.97 030 034 027
C,—C; 0.86 0.75 0.47 086 037  0.69
C;—C, 087 0.69 0.44 051 043 036
C,—Cs  0.11 0.14 0.86 0.64 044 2.1x107%
Angular metrics
Ankle
1.0 km/h 1.6 km/h
Min ROM Max Min ROM
C;—C, 026 8.7x1072 42x1072" 048 0.19
C,—Cy  12x107%° 2.5x1072° 046 1.7x1072" 3.0x1072"
C3—Cy  6.0x107°7 1.0x107°" 13x1072" 0.67 0.13
C,—Cs  0.10 12x107%° 4.0x107" 1.2x107" 3.0x107"
Control’s delay
1.0 km/h
C,—>C, 5.1x1072
C2—>C3 0.69
C3—>C4 0.38
C,—Cs 035
Control’s delay between gait speeds
C 0*
G, 1.7x107"
G, 0.12
Cs 9.0x107"
Cs 0.97

Muscular metrics Interaction torque metrics

1.0 km/h 1.6km/h 1.0km/h 1.6 km/h
Step Stride Mean Mean Mean Mean
TA GL TA GL
0.21 035 63x1072 086 0.77 021 20x103" 0.84
0.67 0.66 0.74 085 0.12 061 058 6.7x1072
1.0 0.87 0.46 0.79 051 0.73 0.53 0.37
0.67 024 029 0.17 026 033 0 1.0x1073"
Knee
1.0 km/h 1.6 km/h
Max ROM ROM
0.54 0.36 022
0.22 0.47 0.56
24x10% 098 0.40
6.0x10°" 0.18 0.16
1.6 km/h
7.5%107
0.92
0.93
0.16
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