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An impairment-specific hip
exoskeleton assistance for gait
training in subjects with acquired
brain injury: a feasibility study
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This study was designed to investigate the feasibility and the potential effects on walking
performance of a short gait training with a novel impairment-specific hip assistance (iHA) through a
bilateral active pelvis orthosis (APO) in patients with acquired brain injury (ABI). Fourteen subjects
capable of independent gait and exhibiting mild-to-moderate gait deficits, due to an ABI, were
enrolled. Subjects presenting deficit in hip flexion and/or extension were included and divided into

two groups based on the presence (group A, n=6) or absence (group B, n=8) of knee hyperextension
during stance phase of walking. Two iHA-based profiles were developed for the groups. The protocol
included two overground gait training sessions using APO, and two evaluation sessions, pre and post
training. Primary outcomes were pre vs. post-training walking distance and steady-state speed in the
6-min walking test. Secondary outcomes were self-selected speed, joint kinematics and kinetics, gait
symmetry and forward propulsion, assessed through 3D gait analysis. Following the training, study
participants significantly increased the walked distance and average steady-state speed in the 6-min
walking tests, both when walking with and without the APO. The increased walked distance surpassed
the minimal clinically important difference for groups A and B, (respectively, 42 and 57 m >34 m). In
group A, five out of six subjects had decreased knee hyperextension at the post-training session (on
average the peak of the knee extension angle was reduced by 36%). Knee flexion during swing phase
increased, by 16% and 31%, for A and B groups respectively. Two-day gait training with APO providing
iHA was effective and safe in improving walking performance and knee kinematics in ABI survivors.
These preliminary findings suggest that this strategy may be viable for subject-specific post-ABI gait
rehabilitation.

Stroke and other acquired brain injuries are a leading cause of long-term disabilities, often entailing hemiparesis,
sensory-motor impairment, cognitive alteration, and speech disturbances'. Among stroke-induced impairments,
gait alteration is considered one of the major factors that negatively impact the patient’s independence and
quality of life>*. Therefore, recovering functional walking ability is a central goal of rehabilitation programs™®.
Current therapeutic guidelines promote intensive, repetitive, task-specific mobility training’. Powered robots
have emerged as promising tools to deliver high-dosage and task-oriented therapy without physically overloading
the therapists. Various forms of exoskeletal robots target gait re-education of individuals post-ABI®. In clinical
practice, treadmill-based robotic-assisted gait training (RAGT) in combination with body-weight support is the
most common robotic rehabilitation approach and has shown positive effects on walking function®'%.
Previous studies have shown that simple repetitive motor activity alone is not sufficient to guide neuro-
plasticity (i.e. to produce a functional reorganization of cortical maps). Therefore, RAGT should not consist
only of intensive and repetitive stereotyped movements in a constrained environment (such as the treadmill)
but should include locomotor training following principles of motor learning such as overground walking in
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real-world environments (increasing task specificity, variability of practice, sensory cues and interaction with
realistic environments) that promote neuroplasticity'*!*. Training with a mobile exoskeleton during overground
walking removes the constraints of a treadmill while still allowing the use of a robot to assist the patient. From
this perspective, overground RAGT should be preferred over treadmill-based RAGT when possible, since it
enhances trunk balance, trunk control and the contribution of the visual-spatial and vestibular components, as
well as patient engagement'?.

Full lower-limb mobile exoskeletons for overground walking have been used in several clinical studies
However, for individuals who have unilateral involvement and retain walking capacity, such as the majority of
post-stroke patients (up to 80%)'8, these devices may not be the best approach to promote a more functional
walking pattern'?, as their weight, encumbrance and type of control may limit their usability. Light-weight lower-
limb exoskeletons which selectively assist some of the lower-limb joints are emerging as promising alternative
robotic tools**?. These devices allow the patient to walk overground in a real-world environment, encouraging
trunk and balance control and promoting a more physiological gait pattern®>3!.

Hemiparetic gait is characterized by unilateral muscle weakness, spasticity, impaired inter-limb coordination
and insufficient forward propulsion, resulting in reduced gait speed, asymmetric walking and altered kinematic
patterns®***. During the swing phase of walking, the movement of the hemiparetic limb is frequently character-
ized by limitations in hip flexion, knee flexion and ankle dorsiflexion that can result in reduced limb clearance
and limb advancement with undesirable compensatory movements such as hip hiking and/or circumduction®.
During the stance phase, decreased hip extension and ankle plantarflexion are common deficits and different
types of abnormal knee patterns such as excessive knee flexion (knee buckling) or knee hyperextension can be
observed. Among post-stroke patients, 40-68% present with knee hyperextension®. This impairment is a disa-
bling deviation that can be progressive and affects gait speed, symmetry, and efficiency, and can generate knee
pain and other joint changes®.

Literature reports different types of treatment to reduce knee hyperextension, such as surgical interventions”,
orthoses [e.g. ankle-foot orthoses (AFOs), active knee orthoses (AKOs), knee-ankle-foot orthoses (KAFOs)]*-4,
proprioceptive training*' and functional electrical stimulation*? among others. An example is the use of AFOs to
mitigate knee hyperextension by manipulating plantarflexion resistance during the stance phase**. However, until
now, there is no strong evidence of the effectiveness of any of these treatments. As suggested by Bleyenheuft*,
the most appropriate treatment should be identified based on aetiology. Several aetiologies may explain this gait
deviation (e.g. weakness or spasticity of knee extensors muscles, weakness of hip extensor or knee flexor mus-
cles, weakness, spasticity or contractures of ankle plantar flexors, proprioceptive disorders), and it is common
to observe a combination of aetiologies in the same patient**. Considering that during the stance phase the leg
is in a closed kinetic chain, applying a phase-synchronized torque through a hip exoskeleton might be a viable
strategy in some cases, still unexplored, to counteract knee hyperextension. In fact, applying an external force at
the thigh segment can generate an effect on the whole kinetic chain, in particular on the joints of the involved
segment (hip and knee)*.

Analysis of the available literature points out that overground RAGT using bilateral hip exoskeletons
has the potential for improving walking performance in post-stroke individuals with mild-to-moderate gait
impairments®>?. Still, several research questions remain, particularly on whether hip assistance may be used
to improve knee kinematics and whether hip assistance can be tailored to the specific gait impairment of each
patient. In previous clinical studies with stroke subjects, hip assistance was delivered as a biomimetic torque vs.
gait phase profile, i.e. with a flexion torque during the swing phase and an extension torque during the stance
phase. Customization of the assistance was limited to minor adjustments in timing and amplitude of the delivered
assistance through a manual and iterative process under the control of the experimenter?*?>**, and the details
on the exact timing or torque adjustment are not reported in the literature.

Based on this framework, this study intended to further investigate the use of a hip exoskeleton in post-ABI
over-ground gait rehabilitation along two lines of action. Firstly, we explored the feasibility of implementing
impairment-specific hip assistance (iHA), with a hip flexion torque in the stance phase for patients presenting
with knee hyperextension. The working hypothesis was that a resistive flexion torque applied to the hip during
the stance phase could reduce the occurrence of knee hyperextension. Secondly, we explored the potential effects
of short gait training with the proposed impairment-specific hip assistance (iHA) on walking performance in
individuals with mild-to-moderate gait deficits, due to an ABI. The proposed methodology was assessed by
considering the impact of a short training period with APO, a bilateral powered hip orthosis, primarily on gait
speed and endurance (assessed through 6MWTs), which are primary indicators of locomotor function in post-
ABI rehabilitation, as they are associated with a better quality of life***’, and secondarily on joint kinematics and
kinetics, gait symmetry and propulsion.

15-17

Materials and methods

Study participants. Suitable candidates were identified as individuals capable of independent gait (with or
without assistive tools) exhibiting mild-to-moderate gait deviations, due to a neurological disease. Individuals
were eligible for inclusion if they met the following criteria: (1) age>18 years old, (2) capable of independ-
ent gait with or without assistive devices, i.e. Functional Ambulation Category scale 2-4%; (3) demonstrable
unilateral or bilateral hip weakness with concomitant gait deviation, i.e. Medical Research Council (MRC) hip
strength 2-4; (4) ability to follow 3-step commands. Throughout the study duration, participants could use their
ambulation assistive devices, such as canes, functional electrical stimulation (FES) and AFOs. Exclusion criteria
were as follows: (1) physician disapproval for participation, (2) relevant comorbidities (e.g. chronic heart failure,
uncontrolled diabetes or hypertension, chronic obstructive pulmonary disease, severe hip/knee osteoarthritis,
severe osteoporosis, severe sensory deficit), (3) Modified Ashworth Scale (MAS) at the hip >3, (4) cognitive
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Main gait Main gait
Orthosis or Baseline impairment impairment
Time from other assistive | walking speed | identified identified Group
ID | Side of paresis | Sex | Age(y) | Weight (kg) | Pathology injury device (m/s) and FAC | during stance | during swing | assignment
0.68 _
1 right M 62 82 (isch) stroke Chronic (10y) | none kne? hyperex circumduction | A
FAC 3 tension
i 0.88 -
2 left F 43 60 (haem) stroke Chronic none kne? hyperex stiff knee A
(8y+2mo) FAC 4 tension
3 left F 29 50 traumatic brain | Chronic (28 AFO 0.40 knee hyperx- | deficit in hip A
injury 2y +4mo) FAC 3 tension flexion
0.40 _ it in hi
4 left M 50 84 (isch) stroke Chronic (12y) | none kneel hyperex geﬁgt in hip A
FAC 3 tension exion
0.60 . P .
5 left M 54 70 (haem) stroke | Chronic (8mo) | AFO kneg hyperex deﬁ.at in hip A
FAC 3 tension flexion
0.70 _ it in hi
6 right M 56 82 (haem) stroke | Chronic (3y) none kneg hyperex deﬁ.at in hip A
FAC 3 tension flexion
i 0.33 it in hi
7 right F 56 51 (isch) stroke Chronic cane deficit mn hip stiff knee B
(3y+2mo) FAC 2 extension
8 right M 69 79 (isch) stroke Chronic none knee buckling deﬁglt in hip B
(3y+9mo) FAC 3 flexion
9 left M 38 87 (isch) stroke Chronic none deﬁc1t‘m hip ;dleﬁgt in hip B
(2y+10mo) FAC 3 extension exion
0.55 it in hi
10 | right M |47 70 (isch) stroke | Chronic (8 mo) | TA FES deficit inhip | o piring B
FAC3 extension
. 0.79 e .
1 right F 54 56 (isch) stroke Chronic none deficit in hip reduced limb B
(5y+8mo) FAC 3 extension clearance
12 right M 43 78 (haem) stroke . none deﬁat}n hip stiff knee B
(2y +2mo) FAC 2 extension
_ 0.40 ey s . P .
13 left M 73 84 (isch) stroke sub-acute none deﬁat'm hip ﬁeﬁlmt in hip B
(5mo) FAC 2 extension exion
14 right M 47 82 (isch) stroke Chronic (8y) AFO, cane deﬁc1t‘1n hip hip hiking B
FAC 3 extension

Table 1. Study participants’ characteristics. F female, M male, haem haemorrhagic, isch ischemic, y years, mo
months, TA FES Functional Electrical Stimulation for Tibialis Anterior, AFO Ankle Foot Orthosis, m/s meters/
seconds, FAC Functional Ambulation Category.

impairment (Mini-Mental State Examination score <21), (5) severe anxiety or depression (State-Trait Anxiety
Inventory > 44, Beck Depression Inventory>19), (6) skin wounds or infection at interaction points with the
exoskeleton interface, (7) implantable cardiac devices, such as pacemakers or automatic defibrillators, (8) pelvis
width outside the range [340; 410] mm.

In total fourteen subjects with ABI were enrolled for this study. Of these, thirteen subjects were chronic (time
from injury > 6 months), and one was subacute (time from injury 5 months); thirteen participants had a stroke
while one participant had a traumatic brain injury (age: 51.5+ 11.8 years; four female/ten male; time since ABI:
5+ 4 years; eight subjects exhibited right-side hemiparesis). Enrolled subjects had MRC muscle strength 2-5,
and MAS 0-2 in hip and knee joints (Supplementary Table I, II).

Study participants exhibiting deficit in hip flexion and/or extension were included in the study and divided
into two groups based on the presence (group A, IDs=1-6) or absence (group B, IDs=7-14) of knee hyperexten-
sion during walking.

A description of all fourteen participants is reported in Table 1. All participants provided informed consent
before starting the study.

The bilateral powered hip orthosis. The Active Pelvis Orthosis is a bilateral powered robotic hip ortho-
sis (or exoskeleton) designed to power hip flexion or extension gait movements by providing smooth assistive
torque at the hip, adapting to natural gait variations. The APO can provide support to individuals who retain
walking capacity with or without assistive devices and present mild-to-moderate gait impairments (FAC>2).
Walking impairments can be classified by comfortable walking speed as mild (> 0.7 m/s), moderate (0.3-0.7 m/s)
and severe (<0.3 m/s)*. Since the APO provides neither weight support nor balance assistance, it is not intended
for individuals who require assistance or body weight support to walk. The APO system used for this study was
based on the same mechatronic architecture as previously-reported prototypes®!, with additional design opti-
mizations for portability and weight reduction to 6.5 kg.
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Figure 1. Impairment-specific hip assistance (iHA) adopted for the two study groups. On the left, a double
flexion assistive profile adopted for group A (i.e. subjects with knee hyperextension). On the right, an extension-
flexion assistive profile adopted for group B (i.e. subjects with deficits in hip flexion/extension). Paretic hip angle
(grey), measured by the APO onboard sensors (medians and percentiles—25th, 75th), and desired assistive
torque profiles for two representative subjects are depicted. The hip angle is segmented at the max flexion angle
(MFA) and normalized to stride duration. The desired assistive torque is computed as the sum of two Gaussian
functions (light blue, light purple). The first Gaussian curve occurs during stance, the second during swing.

For each Gaussian function, the following parameters can be tuned: phase (p, and p,, i.e. % of the gait phase
where the peak occurs), amplitude [a, and a, (N-m), i.e. amplitude of the Gaussian peak, which can be either
positive (flexion) or negative (extension)] and duration of the assistance (d, and d,, i.e. the width of the Gaussian
function in % of the gait phase).

From the mechatronics viewpoint, the APO is built around a carbon-fiber frame that surrounds the user’s
hips and posterior pelvis, and interfaces with the trunk and hips via a customisable orthotic cuff. The APO
frame carries a backpack —housing the control electronics and battery— and two actuation units, one on each
side, employing a series elastic actuator architecture®. Each actuation unit is deployed along two parallel axes.
The first axis (posteriorly located) is the output shaft of a 70-Watt-BLDC motor coupled with a 1:100 reduction
stage and a torsional spring (stiffness equal to 100 N-m/rad), ensuring compliant interaction with the lower-limb
segment. The torsional spring deformation is measured by a 17-bit absolute encoder. The second axis (anteriorly
located) is collocated with the hip flexion-extension axis and is featured with a 17-bit absolute encoder for hip
angle measurement. The two parallel axes are connected by a 4-bar linkage mechanism. For each side, the transfer
of assistive torque from the actuation unit to the hip articulation is provided by a thigh cuff connected to the
actuation output axis through a rigid link. Each actuation unit can deliver a peak torque of 22 N-m over a range
of movement between — 15 and 100 deg and is featured with a passive degree of freedom allowing the user to
freely perform hip ab/adduction movements between — 15 and 20 deg.

The APO can deliver the desired torque pattern through a hierarchical control algorithm relying on accurate
gait phase recognition for synchronization of the assistive action with the intended movement of the user. The
APO control system runs on a real-time controller (NI SbRIO9651 processor, National Instruments, Austin,
Texas, US) featured with both a dual-core ARM controller and a Field-Programmable Gate Array (FPGA) proces-
sor. A proportional-derivative closed-loop torque compensator running on the FPGA at 1 kHz is responsible for
tracking the desired assistive torque (i.e. reference torque) to be delivered to the user. A high-level control layer
(running at 100 Hz on the ARM processor) calculates the desired torque profile following a precise gait-phase
estimation. The gait phase is estimated by continuously tracking the hip joint angles through a pool of adaptive
oscillators and using the maximum hip flexion events for cyclic smooth reset of the gait phase, in accordance
with the methodology proposed in*.

The relatively low impedance of the APO combined with the reliable real-time knowledge of the gait phase
allows controlling the APO in two different operational modes, namely transparent mode (TM) and assistive
mode (AM). In TM, the controller sets the desired torque to 0 N-m and the APO is transparent to the user i.e.
the user can walk, and the APO provides minimal-to-null resistance to the user. In AM, the APO provides the
phase-locked desired torque. The desired torque is computed for each hip joint, as the sum of two Gaussian func-
tions (each Gaussian function can be used to assist gait either during hip flexion or hip extension)!. For each
function, the experimenter can tune the following parameters: phase (% of the gait phase where the peak occurs),
amplitude (N-m) of the torque peak (positive/negative to deliver flexion/extension assistance respectively) and
duration of the assistance (% of the gait phase). The duration is the width of the Gaussian function (Fig. 1).

Impairment-specific assistive strategy. For the two study groups, different assistive torque profiles
were developed for the paretic side (Fig. 1). In particular:
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Figure 2. Experimental protocol and setup. The experimental protocol included 5 sessions, namely enrollment,
pre-training, training (2x), and post-training sessions. In each session different gait tests and training were
executed.

(i) for group A, the assistive torque consisted of a double flexion assistive profile, i.e. an assistive profile with
two positive Gaussian curves, the first during the stance phase (synchronously with the knee hyperexten-
sion), and the second during the swing phase (we assume that a flexion torque has a positive sign);

(ii) for group B, the assistive torque consisted of an extension-flexion assistive profile, i.e. an assistive profile
mimicking the biological hip torque, with a negative Gaussian curve during the stance phase and a posi-
tive Gaussian curve during the swing phase.

The design of these assistive profiles underpins the following working hypotheses: (i) for both groups A and B,
a flexion torque across the toe-off and during the swing phase can enhance leg propulsion and knee flexion, (ii)
for group A, a flexion torque during the stance phase provides resistance to the hip extension which in turn can
mitigate knee hyperextension, because of the multi-joint knee-hip dynamics, and (iii) for group B, an extension
torque during the stance phase can have a twofold action both supporting the hip extension and stabilizing the
knee, e.g. controlling knee buckling.

On the non-paretic side, for both groups A and B, the assistive profile mimicked the biological hip flex-
ion-extension torque: the non-paretic limb can therefore benefit from the assistance and reduce necessary effort
from the lack of propulsion of the paretic side.

Study design. This study lasted 10 months and was a multi-centre interventional longitudinal cohort trial
with a single-group design. The study was approved by the local Ethical Committees of the two participating
centres, Villa Beretta (VB, Lecco, Italy), and IRCCS Fondazione Don Carlo Gnocchi (FDG, Florence, Italy), and
notified to the Italian Ministry of Health. Testing was carried out in accordance with the Declaration of Helsinki
(Protocol ID: “Ortesi Pelvica Attiva 017; approval numbers: 174 for VB and 12738_spe for FDG).

For each participant, the protocol included five sessions conducted on consecutive days (Fig. 2).

In the first session (Enrolment), the experimenters determined whether the inclusion and exclusion criteria
were met. If the participant was successfully enrolled in the study, the session continued with the participant’s
gait analysis (GA): the subject was instructed to walk overground at least 10 times over force platforms along a
10-m walkway in a gait analysis laboratory instrumented with an optoelectronic passive motion capture system
while both gait kinematics and kinetics were recorded. Based on the GA records, the clinicians identified the
patient’s most relevant gait impairments and assigned the participant to either group A or B.

The second session (Pre-Training) had two objectives: to assess walking distance and speed using a 6 Minute
Walking Test (6MWT)>* and to tune the APO assistive profile. To tune the assistance, the experimenters selected
a double-Gaussian torque profile based on group assignment (A or B) and used the kinematic and kinetic pro-
files from the GA to initialize timing and duration of the torque, i.e. the phases (p, & p,) and widths (d; & d,)
of the profile (Fig. 1). Then, after fitting the subject with the APO, the subject was asked to walk multiple times
along an 18-m corridor while the torque assistance (Gaussian amplitudes, a; & a,) was gradually increased by
the experimenter to let the subject familiarize with the robot’s assistive action. Experimenters fine-tuned the
assistive parameters, while the participant walked with the APO, based on visual inspection of the participant’s
gait and the real-time plot of the estimated hip joint angle and power. During tuning, the torque assistance was
increased until desirable changes in gait were achieved according to clinicians’ feedback, or patient discomfort,
or unstable human-robot interaction was noticed.

After setting the final assistive profile the participant was requested to walk for about 10 min at his/her self-
selected walking speed to familiarize with the APO assistance.

The third and fourth sessions (Training) consisted of a sequence of tests and training trials. At the begin-
ning of the session, the 6SMW'T was executed twice, i.e. without wearing the APO (6 MW Ty, xp0), and with the
APO (6MWTypo). Then the subject walked with the APO in AM for 10 min (gait training,po), divided into two
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walking trials of 5 min each. Lastly, the 6MWT was repeated twice, with and without the APO, i.e. 6MWT,pp and
6MW Ty, apo- This protocol was conceived to allow the subject to familiarize and train with and without the APO.
During the fifth session (Post training), the participant’s gait in the NoAPO condition was assessed with a GA
and an additional 6SMWT (6 MW Ty, ap0)-
Throughout the study, the experimenters noted any device/protocol-related adverse events, device malfunc-
tions (hardware or software) and/or discomfort reported by participants down in the trial diary.

Outcomes and data analysis. Primary outcomes were the comparison of pre- vs. post-training walking
distance and average steady-state speed in the 6 MW T (with and without the APO). Secondary outcomes were
pre- vs. post-training self-selected gait speed, joint kinematics and kinetics, gait symmetry and forward propul-
sion, assessed without the APO through 3D gait analysis.

Safety and reliability of the gait training with iHA were assessed as the frequency of device and/or protocol-
related adverse events and device malfunctions.

The 6MWTs were conducted on an 18-m corridor. During the 6MWTs, steady-state speed and gait spati-
otemporal parameters (e.g. stance time, stride time, and step length) were measured in the middle portion of
the corridor using an optoelectronic walkway (Optogait, Microgate, Bolzano, Italy). The perceived effort during
each 6MWT was assessed through the CR-10 Borg scale®® administered at the end of the test. The heart rate
(HR) of the participant was monitored before and after each 6MWT for safety purposes and to allow rest and
recovery during consecutive trials.

The GA tests were performed using a stereophotogrammetric motion capture system (Smart-DX, BTS Bio-
engineering, Quincy, MA, USA) and force platforms (P6000, BTS Bioengineering, Italy). Twenty-two reflective
optical markers were placed on anatomical landmarks, following the Davis protocol*®. Trajectories of optical
markets were collected and processed using the BTS Smart software (Smart-DX, BTS Bioengineering, Quincy,
MA, USA). Mean and standard errors of the lower-limb kinematic and kinetic profiles were computed. Knee
kinematics of the paretic limb was assessed through (i) knee extension peak during the stance phase, (ii) knee
flexion peak during the swing phase, and (iii) the gait variable score (GVS) of knee flexion/extension angle profile,
computed as the root mean square difference between participant’s and physiological angular profiles™. For the
hip, knee and ankle of paretic and non-paretic limbs, the range of motion (ROM) was computed as the difference
between the maximum and minimum values of the average kinematic profile and the flexion or extension peak
torque was computed as the maximum or minimum value of the average kinetic profile.

Finally, data from gait analysis were used to compute self-selected speed, temporal and spatial symmetry,
forward propulsion (of the paretic and nonparetic limb), paretic ankle power peak and interlimb propulsion
symmetry. The forward propulsion was computed as the mass-normalized peaks [% of body weight (%bw)] of
the ground reaction force along the anterior-posterior direction®°%%-6!_ The spatial, temporal and propulsion
symmetry was computed as symmetry ratio (SR)*?, as follows:

Vparetic

SR = , (1)

Vnonpuretic

where the variable V can be either the step length (cm, in the case of gait spatial symmetry), the stance duration
(% gait cycle, in the case of gait temporal symmetry), or the forward propulsion (% bw, in the case of gait pro-
pulsion symmetry)**%. Perfect symmetry is given by SR = 1, whereas the magnitude of asymmetry is defined
bY SRerror = |1 — SR|.

Differences in the distance (in the 6SMWT) and the self-selected speed (measured through GA) were compared
to the minimal clinically important difference (MCID) scores of 34.4 m®* and 0.10 m/s®, respectively.

All collected data were analysed by means of custom Matlab routines (MathWorks, Inc., Natick, MA, USA).

Statistical analysis. The normality of the data distribution was checked by the Kolmogorov-Smirnov sta-
tistical inference test (a=0.05). For all the above-mentioned gait parameters, the statistical test failed to reject the
null hypothesis, thus group results have been presented as means and standard errors. To infer statistical differ-
ences among sessions, an inferential statistical test was conducted (a=0.05). For gait analysis outcomes, paired
t-tests were used to compare data from pre- and post-training sessions. For 6MWT outcomes, after observing
significant differences among sessions through one-way repeated-measures ANOVA, a post-hoc analysis was
performed using the Tukey’s honestly significant difference correction. When the sphericity assumption did not
hold using the Mauchly’s test, the Epsilon (€) correction was used [Greenhouse-Geisser correction (€>0.75) or
Huynh-Feldt correction (€< =0.75), depending on the € value].

Results

The clinical protocol was safely completed by all study participants: the APO was used in 42 sessions with non-
continuous use of about 25 min per session. During the overall working time of 17 h, no device-related failure,
discomfort and/or adverse event was recorded.

Assistive profiles. The torque amplitudes resulting from the tuning process varied among participants. On
the paretic side, during the swing phase, the peak of the flexion torque as measured by the APO ranged between
0.04 and 0.08 N-m/kg. During the stance phase, the peak of the torque ranged between 0.02 and 0.04 N-m/kg
(flexion) for group A, and between 0.02 and 0.06 N-m/kg (extension) for group B.
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Figure 3. Results of the 6MWTTs pre and post-training. (a) Walked distance and (b) steady-state speed

during 6MWTs. Data are reported for each study group in bar plots as means and standard errors (left) and

as differences between pre-training (NoAPO) and training (APO) and post-training (NoAPO) (right). The
minimal clinically important difference (MCID) for the distance is depicted in each plot with dashed horizontal
lines. Circles represent individual study participants.

On the non-paretic side, the peak of the flexion torque was in the range [0.04, 0.1] N-m/kg and the peak of
the extension torque was in the range [0.02, 0.06] N-m/kg. Assistive profiles of all study participants are reported
in the supplementary materials (Supplementary Fig. 1).

Primary outcomes: walking distance and speed in 6MWTs.  Results of the walked distance and gait
speed achieved in the 6MW'Ts at the main timepoints [i.e. pre- and post-training without APO (6MWTy,ap0)
and at the end of the training with APO (6MWT,p)] are reported in Fig. 3.

After 2 days of training, study participants significantly increased the walked distance on average by 23 +3%
(51+7 m, p<0.0001). Both groups A and B showed a statistically (p <0.05) and clinically (>34.4 m MCID®)
significant increment of the walked distance, respectively by 42+ 9 m (p=0.01) and 57+ 10 m (p=0.002), com-
paring pre-training NoAPO (249 + 34 m group A, 232+ 33 m group B) with post-training NoAPO (291 £35 m
group A, 289 +41 m group B). When walking with the APO, the walked distance increased on average by 13+ 6%
(28+13 m, p=0.1) comparing the 6MWT,p, at the end of the training (283 +34 m group A, 255+ 45 m group
B) with the pre-training 6MW Ty, apo. With the APO, most participants approached or surpassed the MCID,
while one subject of group B (ID#8), reduced the walked distance (by 77 m) due to intermittent claudication.
Excluding the data from the subject that stopped during the test (ID#8), both groups A and B showed a clini-
cally (> MCID) significant increment of the walked distance, respectively, by 35+ 20 m and 39 + 14 m [Fig. 3a].
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Figure 4. Self-selected speed, spatiotemporal and propulsion parameters pre and post-training. (a) Self-
selected gait speed (m/s), (b) paretic and (c) non-paretic step length (cm), (d) paretic power ankle (W/kg), (e)
propulsion symmetry, (f) spatial and (g) temporal gait symmetry measured during pre (red) and post (green)
training gait analysis are shown averaged across group participants (means and standard errors). Circles
represent individual study participants. The minimal clinically important difference (MCID) for the speed is
depicted in the plot with dashed horizontal lines.

After the training, participants significantly increased the steady-state speed during the 6 MW on average
by 19+4% (0.13£0.02 m/s, p<0.001). Both groups A and B increased their steady-state speed, respectively by
0.10 m/s (p=0.05) and 0.16 m/s (p=0.008), from pre-training NoAPO (0.74+0.29 m/s group A, 0.75+0.25 m/s
group B) to post-training NoAPO (0.84+0.29 m/s group A, 0.90+0.27 m/s group B). When walking with the
APO, participants increased their steady-state speed on average by 15+ 5% (0.09+0.04 m/s, p=0.03) comparing
the 6MWT,p at the end of the training (0.83 +£0.25 m/s group A, 0.84 +£0.30 m/s group B) with the pre-training
6MW Ty,apo [Fig. 3b].

The self-assessment of the task intensity measured using the Borg Scale did not change significantly from
pre- to post-training for both groups. Borg scale scores, heart rate and walked distance of all GsMW Ts performed
are reported in supplementary materials (Supplementary Fig. 2, Supplementary Table III).

Secondary outcomes.  Self-selected gait speed. GA data showed a significant increase in the self-selected
walking speed of 21+6% (0.12+0.04 m/s, p=0.007) after 2-day of training [Fig. 4a]. In particular, the self-se-
lected walking speed increased on average by 18+ 6% in group A and by 24+10% in group B, from pre-training
(0.59+0.08 m/s group A, 0.56 +0.06 m/s group B), to post-training (0.69 +0.09 m/s group A, 0.68 +0.09 m/s for
group B). On average, both groups showed a clinically meaningful change (=0.10 m/s MCID®) in the comfort-
able walking speed, respectively by 0.10 m/s for group A and 0.13 m/s for group B.

Gait symmetry. On average, study participants significantly improved the spatial symmetry by 0.11+0.04
(p=0.03), when comparing pre-training (1.32+0.12) and post-training (1.20+0.08). The spatial gait symmetry
improved respectively by 0.08 £0.06 for group A and by 0.14 +0.06 for group B [Fig. 4f].

This improvement in the spatial symmetry resulted from a significant increase in step length on both the
paretic and non-paretic limbs, by 11+4% (4+1 cm, p=0.01) and by 21 £6% (6+2 cm, p=0.003) respectively
[Fig. 4b,c].

The temporal symmetry significantly improved in group B by 0.04+0.02 (p=0.03), when comparing pre-
training (0.86+0.03) and post-training (0.91+0.03) GAs, while in group A, on average, it did not change
(0.00+0.02), [Fig. 4g].
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Figure 5. Lower-limb kinematics averaged across group participants pre and post training. Joint kinematic
profiles and range of motion (ROM) of the paretic (a,b) and non-paretic (c,d) hip, knee and ankle joints
measured during the pre-training (dashed lines) and post-training (solid lines) gait analysis for the group A
(purple) and the group B (blue). Data are shown aggregated across group participants as mean + standard errors
(n=6 group A, n=8 group B). Circles represent individual study participants. Normative data for the hip, knee
and ankle kinematic profiles are reported in light grey.

Forward propulsion and propulsion symmetry. After 2 days of gait training, study participants significantly
increased their paretic ankle power, on average by 0.32 W/kg (p=0.009). Specifically, the paretic ankle power
increased by 0.29+0.11 W/kg in group A and 0.33+0.10 W/kg in group B comparing pre (0.28 +0.09 W/kg
group A, 0.49+0.13 W/kg group B) and post-training GA [Fig. 4d].

On average, study participants had a non-significant increase in the paretic limb forward propulsion by
1.10£0.66%bw (p=0.1) when comparing pre-training (3.17 £0.71%bw) and post-training (4.27 +0.68%bw)
GAs. These average changes contributed to considerable improvement in the interlimb propulsion symmetry
0f0.12+0.06 (p=0.1); in particular of 0.06 +0.06 in group A and 0.17+0.09 in group B.(p>0.05), see Fig. 4e.

Joint kinematics. Hip, knee and ankle kinematic profiles and ROM of the paretic and non-paretic limbs are
reported in Fig. 5. There were no statistically significant differences in joints ROM between pre and post-train-
ing. The ROM of the paretic hip joint was slightly larger for both groups A (7%, p=0.3) and B (11%, p=0.3)
post-training than pre-training.

In group A, paretic-limb knee hyperextension (knee extension peak) was reduced by 2 degrees (36%) on
average when comparing post-training (- 4 + 1°) with pre-training (— 6+ 1°) in the NoAPO condition. Although
five out of six subjects decreased the intensity of knee hyperextension when comparing results from GA at post-
training with the pre-training, this change was not statistically significant (p=0.3). The peak knee flexion during
swing significantly increased by 24+ 6% (p =0.0009) post-training (40 +2°) compared to pre-training (32 +2°),
specifically by 16% (5°+2°, p=0.08) and 31% (9°+2°, p=0.007), respectively for the A and B groups (Fig. 6).
However, while in group A, this increment was concomitant to an increase of the knee ROM (by 9+ 4%, p=0.07),
in the group B it was due to a more flexed knee pattern profile throughout the whole gait cycle (corresponding
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Figure 6. Paretic knee kinematics pre and post training. (a) A graphical schematic representation of parameters
considered for the analysis. Knee flexion—-extension profiles of healthy subjects (grey) and of a study participant
(orange) are depicted. (b) From left to right, paretic knee extension peak during stance for the A group, paretic
knee flexion peak during swing and gait variable score (GVS) for the paretic knee flexion/extension angle profile
for both groups A and B, measured during gait analysis pre (red) and post (green) training are shown. Grouped
data (i.e. group A, group B) are reported in bar plots as mean and standard errors. Circles represent individual
study participants.

to a not significant change in knee ROM of — 2+ 11%, p=0.8 pre- vs post-training). Nevertheless, the GVS for
the knee flexion/extension angle for both groups A and B significantly decreased (indicating a higher similarity
with the normative profile) post-training compared to pre-training (2+1°, p=0.02). In particular, the change
was significant by 20 £6% (3 +1°, p=0.02) in group A and not significantly by 8 7% (1+1°, p=0.3) in group B.

On the non-paretic side, the hip, knee and ankle ROM increased only for group A [8% (p=0.4), 9% (p=0.02)
and 14% (p=0.3) respectively], while on the paretic side the ankle ROM increased only for the B group (12%,
p=0.06).

Joint kinetics. Hip, knee and ankle flexor/extensor torque profiles are reported in Fig. 7. Following the training,
study participants increased their mean hip extension torque both on the paretic and non-paretic side, respec-
tively by 0.11+0.05 N-m/kg, p=0.07, (0.12+0.06 N-m/kg A, 0.09+0.05 N-m/kg B) and 0.07+0.06 N-m/kg,
p=0.3(0.11+0.08 N-m/kg A, 0.04+0.05 N-m/kg B). The knee extension torque increased only in group B both
on the paretic and non-paretic side, respectively by 0.16 £0.05 N-m/kg, p=0.5 and 0.28 +0.14 N-m/kg, p=0.2.
This was not the case in group A (0.04+0.06 N-m/kg paretic and 0.04+0.04 N-m/kg non-paretic side). There
was no relevant change in hip flexion torque for the paretic and non-paretic limbs when comparing post vs. pre-
training. Post-training both groups significantly increased their plantarflexion torque on the paretic limb, on
average by 0.20 +0.08 N-m/kg (p =0.03), without relevant change on the non-paretic limb (0.05+0.05 N-m/kg).

Discussion

This pilot study investigated (i) the feasibility of providing the proposed iHA using an APO for patients with
mild-to-moderate neurological gait impairments related to AB, (ii) the potential effects of a short robot-medi-
ated training with iHA, primarily, on functional outcomes, as walking distance and speed during 6MW'Ts and
secondarily, on gait kinematics and kinetics.

Throughout the 17 h of use, the APO delivered safe and reliable hip assistance to all study participants. No
adverse events, malfunctioning and/or discomfort were reported during the use of the device and all subjects
successfully completed the assigned study tasks. This result traces a positive perspective to design larger studies
where the APO can be used for even longer and more intensively, where device safety is purposively and sys-
tematically assessed, with methodologies similar to the one reported in®. Clinicians selected the assistive profile
using clinical judgement based on instrumented evaluation of the patients using gait analysis. For the proposed
methodology, gait evaluation and the involvement of experienced clinical staff to configure and fine-tune the APO
assistance are believed to be critical to achieving effective human-robot interaction and beneficial effects on gait.

In this study, we focused primarily on the effectiveness of iHA on functional outcomes, walking endurance
based on the 6MWT and speed, as they are clinically-salient measures that have a strong association with com-
munity engagement and provide a common measure for the effectiveness of rehabilitation*®*. The short APO-
mediated training with iHA led to a statistically and clinically significant increase in distance and speed in the
6MWTs, both with and without the APO (6MWT,po and 6MW Tyap0)- After the two APO-mediated training
sessions, the walked distance during the SMWT increased by 51 m (about 23%) on average: this result is com-
parable to other studies in the literature, which reports an increase of (i) 40 m after 18 sessions of task-oriented
training to enhance walking distance and speed®, or (ii) 53 m after 36 sessions of a high-intensity aerobic tread-
mill training in elderly chronic individuals®’, or (iii) 59 m after 24 sessions of a home-based exercise program in
individuals with mild and moderate stroke®®. Other studies reported increments from 11 to 97 m after respectively
12 and 48 sessions of training as reported in a review on RAGT for post-stroke patients 2.

Given the shorter duration and the uncontrolled design of our study, a fair discussion of the achieved results
shall consider that the observed increment of distance and speed may be also explained by two concomitant
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Figure 7. Lower-limb kinetics averaged across group participants pre and post training. Joint kinetic profiles of
the paretic (a) and non-paretic (b) hip, knee and ankle joints measured during the pre-training (dashed lines)
and post-training (solid lines) gait analysis for the group A (purple) and the group B (blue). Data are shown
aggregated across group participants as mean + standard errors (n=6 group A, n=8 group B).

(confounding) effects: (i) practising with the 6SMWT, and (ii) weight training. Indeed, in addition to the short-
term retention of an adapted motor control strategy, as a consequence of the energy injected by the APO into
the gait scheme, individuals may have, on the one hand, gained proficiency in performing the 6 MWT over the
eight iterations, and, on the other hand, be exposed to a weight training, given the not-neglectable weight of APO.

As it regards the practising effect, some studies have challenged the reliability of the 6MWT as an assessment
test with respect to the possible practice effect. While some studies point out that the practice effect can lead to
an increase in the walked distance (for a 2-8% learning effect between repeated 6MWTs)® other studies have
concluded that the 6MWT has a clear and strong ability to demonstrate change in clinical status, given its high
test-retest reliability when used to assess individuals with stroke.

For what concerns the weight training the most representative study in the literature is”* In their randomized
control trial, Shi and Lee have pointed out that post-stroke patients who train their walking ability while wearing
an additional weight (7% of the body mass) can increase significantly their speed up to about 100%. This result
is achieved after a much longer training program (18 sessions) compared to our study and does not offer any
indication to estimate the impact of weight training in shorter training protocols.

From the above analysis, it is not possible to quantitatively estimate how much the practice effect and weight
training have had an impact on the observed increment of distance and speed. However, we are also quite confi-
dent in stating that the training period in our study is sufficiently short to exclude that the observed increase in
distance and speed can be motivated by the sole action of the practice and weight training effects. This considera-
tion is also partly supported by the fact that we observed also qualitative gait changes in terms of gait kinematics,
propulsion and symmetry, which are an additional indication of the fact that the APO action had an impact on
the body control scheme of the participants.

Being capable of stating that the APO may have had the capability to constructively interfere with the body
control scheme of the recruited post-stroke individuals is sufficient to consider this study as a positive feasibil-
ity test, preparatory for a more structured randomized controlled trial. Likely, a randomized control study will
allow us to isolate the effect of the iHA-based gait training from any confounding effect and -thanks to a longer
training program- elucidate whether this motor learning process could lead to a more efficient, effective and
longer-term motor/functional recovery.
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Giving a closer look at the results of 6MWTTs, there is a discrepancy between the variation of distance and
steady-state speed with and without the APO. Compared to pre-training, in the 6MWT,pq the improvement in
steady-state speed (15%) was higher than in distance (13%), while in the 6MW Ty, xpo» the improvement in the
distance (23%) was higher than in steady-state speed (19%). This difference can be explained by the inherent
nature of the 6MWT which is composed of steady-state (mid part of the corridor) and transient (deceleration,
turning, and acceleration at the end of each corridor) phases. While the patients seemed to benefit from the
assistance during the steady-state phase when walking with the APO (increased steady-state walking speed),
that might have been hindered by the APO during the transient phases, due to the need to accelerate and
decelerate the additional mass of the APO. Conversely, in the 6MW Tyoapo, the higher increment in distance
than in steady-state speed might be explained by the familiarization process with the task, especially with faster
execution of the turns.

In addition to the increase in walking speed, measurement of gait quality, including gait kinematics and
kinetics, should also be considered to better characterise neuromotor recovery’ In fact, compensatory intra- and
inter-limb movements could lead to higher walking speed, despite persisting impairments and unstable gait.
Hence, it is worth noting that in this study, improvements in self-selected comfortable walking speed (on average,
0.12 m/s) were observed in parallel with small improvements in joint kinematics, gait symmetry and propulsion
symmetry, therefore, suggesting an overall improvement and more efficient gait.

Improvements in spatial symmetry were in line with those reported in a recent review on RAGT for post-
stroke patients’?, which were in the range [0.01-0.6] for the robot group, and [0.04-0.4] for the control group.

Similarly, improvements in propulsion symmetry reported in this study were comparable with those pub-
lished in other studies using exoskeletons that directly assist ankle plantarflexion®. The presented approach,
also, confirms the results of previous studies on healthy subjects that suggested the influence of hip training on
gait propulsion’.

Although the statistical comparison of the two groups was not an objective of this pilot study, we noted a slight
difference between groups A and B in results in terms of spatial and temporal symmetry as well as in paretic
limb forward propulsion and propulsion symmetry. Overall, group B showed higher improvements in all the
symmetry indicators, suggesting that the APO hip extension torque provided for the paretic limb during the
stance phase may be associated with greater propulsion’? which, in turn, can promote longer steps and higher
duration of the stance phase. This result may denote that the iHA, conceived to mitigate the knee hyperexten-
sion (adopted for group A), might require longer training for promoting also the development of a symmetric
gait scheme. In addition, this difference between the study groups in terms of symmetry was concurrent with
a different kinematic change in terms of ROM of the hip and knee joints. In fact, in group B the hip and knee
ROM increased on the paretic limb without parallel changes on the nonparetic limb, while in group A the joint
ROMs increased both on the paretic and nonparetic limb. This might suggest that the customization of the hip
robotic assistance could be needed also for the non-paretic limb to achieve more global improvements in gait.

For the first time, we proposed and tested the use of hip flexion torque during stance to reduce knee hyper-
extension. Five out of six patients, who presented with knee hyperextension, showed a decreased hyperextension
angle and also an increased hip extension angle, following the 2 days of training with the hip flexion torque during
the stance phase. The hip extension angle increased more in the A group (that received resistive hip extension
torque during training) than in the B group (that received assistive hip extension torque). This result might sug-
gest that the novel hip flexion torque profile proposed to mitigate knee-hyperextension during stance could also
be used to strengthen hip extensors through resistive training.

We also explored the use of hip flexion assistance to address the deficit in knee flexion during swing (com-
mon post-ABI gait deviation). Twelve out of fourteen patients showed an increase in knee flexion angle in the
swing after training.

During normal walking, swing knee flexion is generated primarily by the concentric contraction of hip flex-
ors, as the leg in swing act as a compound pendulum”. In preparation for swing, the knee is accelerated into
flexion during the double support phase by reaching the flexion velocity peak at the toe-off. The magnitude of
the velocity peak in the pre-swing phase is crucial to achieving a sufficient knee flexion late in the swing phase”’.
Among contributors to knee flexion velocity in pre-swing are: (i) an external knee flexion moment, (ii) ankle
plantarflexion at push-off phase and (iii) hip flexors (mainly iliacus and psoas activation) at the pull-off phase,
and all three factors can be impaired by stroke. Thus, by enhancing hip flexion at the pull-off phase (e.g. through
the assistive action of the APO) the knee flexion could increase during the swing phase.

From a mechanical point of view, during walking, the lower-limb segments and the pelvis alternatively form
an open and closed kinetic (kinematic) chain depending on the phase (swing and stance). Both in closed or open
chain, an external force applied to one segment is transferred to an adjacent segment, enabling a cumulative
response of the whole chain. Previous work showed a strong correlation between the hip and the knee during
the entire stance phase and the mid swing, in the sagittal plane®. The closed kinematic chain is manipulated also
by an AFO to change the knee angle during stance®.

A previous pilot study, using a hip flexion exosuit with three post-stroke individuals showed a small effect
on knee kinematics (one subject increased knee flexion in swing, one subject reduced knee hyperextension).
Furthermore, a study testing hip-knee-ankle torque assistance delivered in different single- or multiple-joint
combinations showed that the indirect effects of hip-only and ankle-only assistance on the knee during stance
were larger than the direct effect of knee assistance’”® Overall, these studies show that torque assistance at the
hip can affect knee kinematics, if confirmed by future investigations, the novel approach proposed in this study
(i.e. iHA) can open new alternatives to the implementation of assistive devices to enhance gait and reduce knee-
related deviations.

A rigorous comparison of the results of this study with similar studies in the literature is not possible because
of several differences in the training programs’’® In particular, the majority of the studies included longer
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training programs, and in many cases, they included control groups to determine whether the intervention had
a significant effect'”. In our study, the short duration of the training and the lack of a control group, do not
allow a straightforward interpretation of the results. The longer walked distance observed in the post-training
session compared to the pre-training session (on average, 51 m), may have been due to a combination of the
training duration and intensity (during the two training days all subjects walked significantly more than they are
used to) and we provided additional gait assistance through the APO. The specific effect of the APO assistance
provided could be supported by the observed improvements in gait quality (either assessed by global indexes,
spatiotemporal symmetry and propulsion and joint-specific indexes, such as knee hyperextension angle), which
in turn may be more likely attributable to the short-term effect of a different gait scheme provided through iHA,
not related to a simple increase in exercise volume and intensity. While the above considerations may suggest a
positive effect of the iHA, future investigations must be focused on isolating the effects of the APO-based assis-
tance, by including control conditions as well as a larger sample trained over a longer time period.

Concerning the knee hyperextension reduction strategy, an accurate diagnosis of the causes that produce
the impairment is relevant for the effectiveness of the suggested hip flexion torque and safety during the stance
phase. For example, in patients with significant knee muscle weakness, they may develop knee hyperextension
as a compensatory strategy to prevent the knee from collapsing, the proposed iHA strategy could be inappropri-
ate or even unsafe in such cases. Thus, further investigation of the proposed iHA strategy should consider these
aspects in more depth.

This study focused mainly on two categories of common gait disorders. The repertoire of possible ABI-
induced gait disorders includes several more, so future studies may investigate a wider spectrum of personalized
assistive profiles. However, the proposed iHA customization strategy, should be considered only as a guideline for
clinicians, to be substantiated with the patient in the loop and if necessary, to be modulated throughout treatment.

In this study, the identification of the subject’s most relevant gait impairment as well as the process to identify
subject-specific control parameters (e.g. timing and magnitude of the assistance) was based on visual and clini-
cal assessment of the gait profiles by the clinicians and their manual tuning of the parameters. Such a manual
tuning may result in sub-optimal control conditions, as previous works showed that small changes in torque
profiles can result in more or less pronounced gait changes’. Furthermore, a recent trend in the wearable robot-
ics field is the use of “human-in-the-loop tuning optimization”, to find the optimal set of control parameters
to maximize a specific outcome; which in most cases, consisted in the metabolic cost of walking®. While we
recognize that human-in-the-loop tuning optimization processes may not be applicable to ABI rehabilitation,
as they require long walking time, which is challenging for individuals with gait impairments and incompatible
with the established clinical rehabilitation protocols; future investigations should focus on the development of
automated procedures to increase the robustness of our method and help clinicians through the selection of
appropriate assistive parameters.

Data availability

The datasets generated and/or analysed during the current study are available from the corresponding author
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