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The constant growth of the population with mobility impairments, such as older adults
and people suffering from neurological pathologies like Parkinson’s disease (PD), has
encouraged the development of multiple devices for gait assistance. Robotic walkers
have emerged, improving physical stability and balance and providing cognitive aid in
rehabilitation scenarios. Different studies evaluated human gait behavior with passive
and active walkers to understand such rehabilitation processes. However, there is no
evidence in the literature of studies with robotic walkers in daily living scenarios with
older adults with Parkinson’s disease. This study presents the assessment of the AGoRA
Smart Walker using Ramps Tests and Timed Up and Go Test (TUGT). Ten older adults
participated in the study, four had PD, and the remaining six had underlying conditions
and fractures. Each of them underwent a physical assessment (i.e., Senior Fitness, hip,
and knee strength tests) and then interacted with the AGoRA SW. Kinematic and physical
interaction data were collected through the AGoRA walker’s sensory interface. It was
found that for lower limb strength tests, older adults with PD had increases of at least 15%
in all parameters assessed. For the Sit to Stand Test, the Parkinson’s group evidenced
an increase of 23%, while for the Chair Sit and Reach Test (CSRT), this same group was
only 0.04 m away from reaching the target. For the Ramp Up Test (RUT), the subjects
had to make a greater effort, and significant differences (p-value = 0.04) were evidenced
in the force they applied to the device. For the Ramp Down Test (RDT), the Parkinson’s
group exhibited a decrease in torque, and there were statistically significant differences
(p-value = 0.01) due to the increase in the complexity of the task. In the Timed Up and Go
Test (TUGT), the subjects presented significant differences in torque (p-value of 0.05) but
not in force (p-value of 0.22) due to the effect of the admittance controller implemented
in the study. Finally, the results suggested that the walker, represents a valuable tool for
assisting people with gait motor deficits in tasks that demanded more physical effort
adapting its behavior to the specific needs of each user.
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1. INTRODUCTION

Human gait is a locomotion process in which the human
body moves forward, alternating support in both lower limbs
(Vaughan, 2003). Different musculoskeletal and neurological
pathologies considerably affect balance and stability during this
process (Mrozowski et al,, 2007; Sammer et al., 2012; Pirker
and Katzenschlager, 2017). In particular, stroke and spinal
cord injuries are strongly related to locomotion disorders and
significantly affect people’s motor skills (Gheno et al,, 2012;
Cifuentes and Frizera, 2016). Parkinson’s disease (PD) is another
brain disorder that disrupts these capabilities (World Health
Organization, 2006). The gradual decline of cognitive faculties
(Nieuwboer et al., 2001; Buchman et al., 2011; Belghali et al.,
2017) and the neuromuscular system in the older adults (Gheno
et al., 2012; Poewe et al., 2017) are also associated with these
pathologies. Besides, it is worth highlighting that PD is the second
most common neuro-degenerative disorder affecting between 2
and 3% of the population aged 65 or older (Poewe et al., 2017).

The WHO estimates that the proportion of the population
with mobility difficulties has been slowly and substantially rising,
reaching 15% of the global population nowadays (World Health
Organization, 2015).The United Nations also states that the
world’s population of older people will double in the next 3
decades, increasing from 9.3% in 2020 to 16% in 2050 (United
Nations, 2020). Thus, mobility problems are common in older
people and individuals with functional and cognitive disorders
(Brown and Flood, 2013; Pedersen et al., 2014; Mikolajczyk et al.,
2018). Several assistive devices have been developed to improve
impaired locomotion abilities (Cifuentes and Munera, 2022).

Concretely, mobility assistive devices help people overcome
and compensate for physical disabilities by sustaining or
improving their functioning and independence in clinical and
daily situations (Van der Loos et al., 2016). One such device is
traditional walkers with basic and low-cost mechanical systems,
as well as, partial body weight support and stabilization.
Nevertheless, such walkers compromise the balance and energy
costs of the user, not to mention that fall prevention and overall
safety are not very efficient (Neto et al., 2015; Sierra et al.,
2022a). Another limitation of conventional devices is that they do
not fully and correctly address cognitive and sensory assistance,
which is of great importance for people with physical limitations
(Mitzner et al., 2014; Jenkins and Draper, 2015; Geravand et al.,
2016). Therefore, Smart Walkers (SWs) emerged, integrating
robotic technologies to mitigate these drawbacks.

Smart Walkers are a potential tool for gait training and
assistance due to their simple mechanical structures and multiple
interaction interfaces (Scheidegger et al., 2019; Aristizabal-
Aristizabal et al., 2022; Cifuentes and Munera, 2022). The main
functionalities of these devices include autonomous navigation
systems (Papageorgiou et al., 2016), safety and obstacle avoidance
modules (Sierra et al., 2018), biomechanical monitoring (Caetano
et al, 2016; Alves et al, 2017; Sierra et al, 2021), user
intention detection mechanisms (Lacey and Rodriguez-Losada,
2008), path-following modules (Sierra et al., 2022b), and people
detection systems (Sierra et al, 2019). Also, these strategies
provide a natural and safe interaction with the user in dynamic

and complex environments (Neto et al., 2015). Therefore, they
are often referred to as Human-Robot Interaction Interfaces
(HRI) and Human-Robot-Environment Interaction Interfaces
(HREI) (Sierra et al., 2019).

Several case studies report the effects of robotic walkers. As
presented in Chugo et al. (2009), Jun et al. (2011), Yoon et al.
(2012), and Werner et al. (2020), the efficacy and user satisfaction
with sit-to-stand assistance systems provided by the walker is
evaluated. These studies analyze how the device impacts the
stability and balance of the subjects when the task is combined
with a brief walk. Although relevant results are presented in terms
of improved performance during the tests, there is no evidence of
studies where the difficulty of the tests is increased with the aim
of both physically and cognitively stimulating the user (i.e., more
extended gait tasks and turns before the subject sits down). On
the other hand, other studies have also been presented where the
effect of the walker on the gait pattern of the subjects in scenarios
that emulate daily activities (Wang et al., 2014; Lindemann et al.,
2016, 2017; Costamagna et al., 2019; Mundt et al., 2019).

Studies involving subjects suffering from neurologica diseases
have been also reported (Martins et al, 2015; Bayon et al,
2016; Moreira et al., 2019). Regarding subjects with Parkinson’s
disease, some studies focused on interaction strategies to improve
the experience during the task (Mou et al., 2012; Zhang et al,,
2018). These kinds of studies evaluated the level of assistance
provided by the device and how it influenced the speed, cadence,
and stability of the users (Cubo et al., 2003; Kegelmeyer et al.,
2013; Wu et al.,, 2020). However, exploration of the kinematic
effects of robotic walkers in this population remains scarce. In
particular, there is insufficient evidence of the validation of these
devices in more dynamic environments that emulate daily tasks.
Furthermore, at the time of the writing of this manuscript, no
studies compare the performance of people with PD with other
focal groups with different physical and neurological conditions.

In this sense, the main contribution of this study is the
comparison of the kinematic performance of a group of older
adults with PD vs. a group of older adults with metabolic diseases,
joint diseases, and fractures. This assessment was conducted
when the older adults were interacting with the AGoRA SW in
tests such as Up Ramps, Down Ramps, and Timed Up and Go.
Besides, it presents and analyzes how the robotic device helps
to compensate for the limitation of the subjects in the tasks that
demanded more physical effort. Additionally, this study analyzes
how the physical conditions of the subjects and the interaction
strategy of the walker influence the results obtained. For this
purpose, the Senior Fitness Test (SFT), lower limb strength
tests, and a human-robot interaction strategy were necessary for
this study.

2. MATERIALS AND METHODS

This section describes the robotic platform used during the study
and the interaction strategy proposed to provide an appropriate
level of assistance to the user. Moreover, this part details the tests
performed and the experimental setup, and the data collected in
each of them.

Frontiers in Neurorobotics | www.frontiersin.org

December 2021 | Volume 15 | Article 742281


https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

Sierra M. et al.

Robotic Walker in Daily Living

2.1. Robotic Platform Description

The Pioneer LX research platform (Omron Adept Technologies,
Pleasanton, CA, USA) referred to as the AGoRA SW was used
for this study. As presented in Sierra et al. (2019), this device
was adapted to emulate the structural frame of a conventional
assistive walker by attaching two forearm support handlebars to
the main deck of the platform (refer to Figure 1).

This platform equips an onboard computer running a Linux
operating system distribution compatible with the Robotic
Operating System (ROS) framework. Moreover, features different
sensors, actuators, and processing units such as (1) two motorized
wheels and two caster wheels that provide propulsion and
stability to the walker; (2) two encoders and an inertial
measurement unit (IMU) to estimate the position and orientation
of the device; (3) a 2D light detection and ranging (LiDAR)
sensor (S300 Expert, SICK, Waldkirch, Germany) to sense the
environment and detect obstacles; (4) two ultrasonic plates to
detect objects at low hight; (5) two triaxial load cells (MTA400,
FUTEK, Irvine, CA, USA) to estimate the user’s navigation
commands; (6) an HD camera (LifeCam Studio, Microsoft,
Redmond, WA, USA) for human detection; and (7) a 2D
laser rangefinder (Hokuyo URG-04LX-UGO1, Osaka, Japan) to
estimate the user’s gait parameters (Sierra et al., 2019).

2.2. System Operation
In this study, the architecture described in Figure2 was
implemented. The overall system is composed of two main

modules: (1) a signal processing module, which is in charge
of filtering the signals from the force sensors and generating
the corresponding resulting forces and torques, and (2) an
admittance controller, which converts the users movement
intention to speed commands to provide an appropriate level of
assistance when they interact with the SW.

2.2.1. Signal Processing Module
As presented in (Sierra et al., 2019) between the SW force sensors
and the user’s handlebar points, there is a vertical misalignment
(refer to Figure 1). Supported by previous studies (Sierra et al.,
2019, 2021), this implies that the resulting forces along the y-
axis and z-axis read by the sensors will combine the forces
along the y-axis and z-axis at the support points. However, it
is possible to estimate that the forces along the y-axis provide
essential information related to the user’s motion intention.
Similarly, the forces along the z-axis are a directly proportional
estimation of the user’s support on the device. At the same
time, the forces along the x-axis are discarded, since they do not
provide relevant information (Sierra et al., 2019). These signals
are contaminated with some noise sources, related to the natural
oscillatory pattern of gait (Brodie et al., 2015) and vibrations
associated with irregularities in the floor (Sierra et al., 2019),
which implies that these signals require additional filtering and
conditioning treatment to remove such artifacts.

Hence, the same filtering strategy presented in Sierra et al.
(2019) is implemented in this study, which mainly consists of

FIGURE 1 | AGoRA Smart Walker (SW) description.
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FIGURE 2 | Description of the system architecture implemented in this study.
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four steps: (1) averaging the force signals along the z-axis, which
contain information related to the oscillatory movements of the
user’s trunks, then (2) a band-pass filter is applied to remove all
high-frequency components (1-2 Hz cutoff frequencies), then (3)
the resulting signal cadence is estimated, thanks to the weighted
fourier linear combiner filter (Frizera et al., 2010), and finally (4)
the oscillatory components of the forces along the y-axis of each
sensor are removed by introducing the cadence into a fourier
linear combiner filter (Frizera Neto et al., 2010).

After performing this process, it is possible to estimate the
force (F) and the resulting torque (t) and, thus, have an indicator
that provides relevant information of the physical interaction
between the SW and the user. Equations (1) and (2) describe how
the signals are finally obtained:

F=Fry+Fgy, (1)

7= (ﬁ/LY_ﬁ/RY)*g- (2)
F Ly and F Rry are the filtered force signals from both handlebars,
and d is the separation between the load cells of the device, which
for this case is 0.3 m. It is essential to highlight that the force
provides information about the user’s intention when starting
to walk, while the torque supplies information about the user’s
intention when turning.

2.2.2. Interaction Strategy

Admittance controllers, widely used in SWs, are dynamic models
that allow the robotic device to respond efficiently to the user’s
motion intentions (Jiménez et al., 2019). This sort of strategy
allows to virtually modify the mechanical impedance of the
walker, allowing to emulate different levels of assistance (Jiménez
et al., 2019; Sierra et al., 2021, 2022b). With these controllers,
it is possible to generate speed commands according to the
user’s exerted force and torque. Depending on the controller’s
constants, the SW can resemble lightweight device or a heavy
device (Sierraetal., 2021). Thus, the purpose of these strategies is
to provide users with feelings of easiness and naturalness during
physical interaction with the robotic walker.

This study implements two admittance controllers to generate
linear and angular velocities from the force and torque signals
applied by the user on the handlebars. The controllers model
the SW as a first-order mass-damper system and the outputs are
linear (v) and angular () velocities, as described in Equations (3)

and (4):

L =2 m (3)
s FO st % >
w(s) 1
Als) = —= = 4)

BEICRE

where m is the walker’s virtual mass, J is the virtual moment of
inertia of the walker, and b; and b, are damping constants. These
equations describe the transfer function of each controller. L(s)
stands for Linear System, and A(s) stands for Angular System. It
was necessary to adjust the values of the controller parameters to
achieve an appropriate SW behavior. For this purpose, the virtual
mass (m), inertia (J), and damping constants (b; and b,) were
adjusted after several experimental tests with healthy subjects
(Sierra et al., 2021). In particular, the following values were used:
m = 05kg by = 4Ns/m, ] = 2.1 kg.m?/rad, and
b, = 2 N.m.s/rad.

Regarding mass and inertia, low values were required since the
AGoRA walker is a heavy robotic platform (70.2 kg). The inertia
value was designed to be at least two times the virtual mass to
ensure balance and stability during walking.

2.3. Experimental Protocol

This section describes the implemented experimental protocol
to assess the interaction between the users and the AGoRA SW
during the proposed tests. Additionally, it presents the physical
assessment tests that were performed on each of them.

2.3.1. Session Environment

This study took place at the Innovation and Technological
Development Center (ITDC) of the Technological University of
Pereira. The tests were performed jointly with physiotherapists
and professors from the Areandina University Foundation.
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2.3.2. Participant Recruitment

e Inclusion criteria: Adults over 65 years of age who present
some type of physical or cognitive condition that will
significantly affect their gait cycle.

e Exclusion criteria: Subjects who did not present pathologies
associated with alterations of normal gait parameters were
excluded from the study.

A group of subjects that were actively attending a rehabilitation
program was formally recruited to participate in the clinical
study. The ethics committee previously approved the study, and
all participants read and signed the written informed consent.
The group was conformed by ten subjects (5 men, 5 women, 69.5
=+ 8.44 y.0, 1.61 £ 0.08 m, 66.35 + 14.93 kg), 4 of them had PD
and, the remaining 6 had metabolic and joint diseases, and some
had previous fractures. Table 1 describes the demographic data
of the participants.

2.3.3. Session Procedure

Before starting the tests, participants had to fill out an informed
consent form to ensure that they had voluntarily expressed their
intention to participate in the research. Participants only had to
attend one session (i.e., a total of 10 sessions were conducted.),
which was divided into two stages: (1) physical validation tests
and (2) tests with the robotic walker. The participant had 1 h
of rest between each of these to prevent them from becoming
fatigued or experiencing any kind of muscular load.

The first stage aimed at determining the physical condition
of the subjects. Several tests evaluated their levels of resistance,
strength, and flexibility. Specifically, a digital dynamometer
(microFET2, Hoggan Scientific, USA) was used to measure the
force exerted by both the hip and the knee. Measurements with
this type of device have been shown to be valid and reliable

TABLE 1 | Summary of demographic data of the volunteers who participated in
the clinical studly.

Subject Group Gender Age Weight Height IMC Pathology
[kal [m]
1 Male 70 83 1.783 28 Parkinson
2 PK Male 71 59 1.66 22 Parkinson
3 Male 70 82 1.70 28 Parkinson
4 Female 70 57 1.63 22 Parkinson
Arterial Hypertension
5 Female 68 74 155 31
Osteoarthritis
Hypothyroidism
6 Female 67 57 158 28 ypoty )
MJF Osteoporosis
High Blood Pi
7 Female 71 61 153 g | 'OnElcqTIESSUe
Osteoporosis
Epicondylitis
8 Male 72 70 1.64 26
Osteoporosis
9 Female 67 50 1.47 23 Triple Ankle Fracture
10 Male 69 70 1.62 27 Tibial Plate Fracture

Parkinson group (PK) is the group suffering from PD and, MJF is the group of older adults
with metabolic, joint diseases, and fractures.

(Kawaguchi and Babcock, 2010). In the case of the hip, for the
assessment of flexor and extensor strength, participants were
placed supine with the hip flexed at approximately 90°. Abductor
and adductor strength were measured while participants were
lying on their side with 0° of hip flexion/extension. Additionally,
for knee extensor and flexor strength, participants were required
to be seated with approximately 90° hip and 90° knee
flexion (Mintken et al., 2007; Stevens-Lapsley et al., 2010).
Participants performed a series of maximal voluntary isometric
contractions (MVIC) preceded by two submaximal warm-up
contractions. All participants received visual targets and solid
verbal encouragement during each MVIC to assist in obtaining
maximal effort. All MVICs were performed by allowing the
patient to increase the force to maximal capacity gradually; the
maximal effort was maintained for 3-5 s. Patients were allowed
30-s rest periods between repetitions.

Furthermore, the physical capabilities and functional skills of
the participants were assessed using the SFT (Rikli and Jones,
2013; Hesseberg et al., 2015). The following tests were performed:

e Sit to Stand Test (SST): This test consisted of counting the
number of times the participant stood up from a chair with
his arms crossed on his chest for 30 s. The purpose of this test
was to evaluate the strength and resistance of the subjects’ legs.

e Arm Curl Test (ACT): This test consisted of counting how
many times the participant managed to bend the forearm with
a weight (5 pounds for women, 8 pounds for men) for 30 s.
This test aimed to measure the strength and resistance of the
subjects in their upper limbs.

e Chair Sit and Reach Test (CSRT): This test consisted of
measuring the distance the participant was missing to reach
the toe (minus score) or beyond the toe (plus score). While
sitting on the edge of a chair, one leg should be bent and the
foot flat on the floor, while the other leg was extended straight
in front of the hip with the heel on the floor and the foot ankle
90°. The person leaned forward at the hip while sliding the
hands along the extended leg (the position was held for 3 s).
The purpose of this test was to evaluate the flexibility of the
lower limbs of the subjects.

e Back Scratch Test (BST): This test consisted of measuring the
distance between (or overlap of) the middle fingers behind
the back when attempting to touch the middle fingers of both
hands together behind the back. Such a test was intended
to measure the overall range of movement of the subjects’
shoulders.

e Six Minutes Walking Test (6MWT): This test is used as an
endurance test and is often used as a general indicator of
overall physical performance and mobility in older adults
(Heerink et al.,, 2009). In this sense, the participants were
instructed to walk over a flat hallway without running or
jogging, and they were allowed to stop and rest during the
test. Considering the test duration, a walking circuit was used,
where the subject had to make a U-turn every 30 m. For this
test, it was necessary to instrument the user with the G-WALK
sensor (BTS G-Sensor, BTS Bioengineering, USA) to extract
average speed and cadence parameters (BTS Bioengineering,
2019).
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In both cases (i.e., lower limb strength tests and SFT), each
participant had to perform three repetitions, except in the
6MWT, because of the time and distance covered by the user,
only one repetition is sufficient (Rikli and Jones, 2013). These
measurements were averaged and reported.

The second stage of the study compared the kinematic
performance of both groups when they interacted with the
AGoRA SW in everyday scenarios. The following tests were
proposed:

e Ramps: The subjects were asked to walk up (RUT) and down
(RDT) a ramp with the AGoRA Walker. Each user had to walk
three times on the ramp-up and then three times on the ramp
down (refer to Figure 3).

e Timed Up and Go test (TUGT): This is a clinical assessment
test widely used to assess balance and walking ability in elderly
populations (Heerink et al., 2009). A modified version of
this test was used to be suitable during walker-assisted gait.
Specifically, the subjects were asked to rise from a chair, walk
at their usual pace a distance of 3 m, make a U-turn around
a cone, walk back to the chair, and sit down (Heerink et al.,
2009). Due to the use of the walker, users had to make a final
turn before reaching the chair (refer to Figure 3).

Finally, data were acquired through the sensory interface of the
AGoRA Walker. Specifically, the interaction force and torque,
walker speeds, and trial duration were recorded. Moreover, to
estimate additional parameters of the subject, the G-WALK
sensor was used (BTS Bioengineering, 2019). This device
supplied the most relevant parameters related to each trial, such
as the subjects speed, cadence, gait cycle duration, and the
number of cycles.

Figure 4 summarizes the procedure and tests that were
performed to evaluate this study.

2.3.4. Statistical Analysis

Descriptive statistics were used to report the results of the study.
The significance level of all tests was set at 0.05. To determine
the distribution of the information collected, the Shapiro-Wilk
normality test was performed. To evaluate statistically significant
differences, two types of tests were performed. In the case of
parametric data, the non-paired t-test was performed. Regarding
non-parametric data, Mann-Whitney tests were performed.

2.4. Ethics Statement

The University Research Ethics Committee approved this
experimental protocol. Participants were informed of the scope
and purpose of the experiment, and as explained above,
their written informed consent was obtained before the study.
Additionally, participants were free to leave the study whenever
they chose to do so.

3. RESULTS

Five hundred forty-six trials divided into 10 sessions were
performed. Kinematic and interaction parameters were
measured, such as users’ gait spatio-temporal parameters, the
interaction force and torque, trial average duration, and walking
distance. This section describes the results obtained during
the study.

3.1. Physical Condition Assessment

Results

The data provided by the digital dynamometer were used to
estimate the condition of the participants’ lower limbs. Table 2
summarizes the strength values for the hip and knee of each
group (i.e., PK and MJF). The dominant side of both groups was
the right side, allowing a direct comparison between them.

A OStart RUT
@®Goal RUT
Ye—T #Start RDT
B iy R *Goal RDT - — —— —— SR
—F— —F== ] ) T
oy - — — — — — — 2m
3 N 10° 1

I 3m i

FIGURE 3 | lllustration of experimental setups of the daily living activities part. (A) Ramps test setup. (B) Timed Up and Go test (TUGT) setup.
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e 2
Participants ( Physical evaluation test
: -Hi * - Si * = *.
- 10 subjects Hip strength Sit to Stand Test (SST) Ramps*:
@ Ftl SN - Flexion and extension - Arm Curl Test (ACT)* - Ramp Up Test (RUT)
-4 PK, 6 MJF 2 : o -~
- Abduction and adduction - Chair Sit and Reach Test (CSRT) - Ramp Down Test (RDT)
g oere ety | Knee strength * - Back Scratch Test (BST)* - Timed Up and Go test (TUGT)*
- Flexion and extension - Six Minutes Walking Test (6MWT)
. - 4
b (:) Repeat 3 times
.
L .
Start Lower limb strength Senior Fitness Test End
FIGURE 4 | Summary of the protocol and experimental tests performed by the older adults to evaluate their performance within the study.
TABLE 2 | Force data obtained from the lower limb strength of the participants. TABLE 3 | Senior Fitness Test (SFT) results.
Join Parameter Side PK MJF p-value Test PK MJF p-value
Fexion [N Right 198.10 4+ 20.64° 147.13 & 27.73" 0.02 SST [repetitions] 11 4+ 1.63" 10 + 261 0.02
exion
Left 166.94 + 67.34° 142.27 £ 29.19" 0.04 ACT [repetitions] 13 4+ 2.16' 14 + 438 0.74
Extension [N] Right 139.60 & 19.05° 128.40 + 37.76 0.01 CSRT [m] —0.12 £ 0.09° 0.04 + 0.02° 0.03
xtension
Hi Left 127.98 4 24.35" 126.62 + 53.41 0.05 BST [m] —0.20 + 0.04° 0.09 + 0.06 0.06
P . . . .
Abduction [N] Right 127.89 + 27.21  108.03 £+ 18.22 <0.01 6MWT [m] 395.4 + 190.28 383.2 + 157.36 0.53
uction
Left 126.33 +17.77° 98.69 + 23.85' 0.04 ) o o . . .
) . P-values in bold indicate significant differences between groups. Asterisks indicate a
Adduction [N] Right 118.20 & 2.71 ) 95.81 + 45'28, <0.01 normal distribution of the data.
Left 117.46 £+ 29.41 92.94 + 40.11 <0.01
Flexion [N] Aight 147.71 & 25'63* 11881 & 29'96, 0.03 an increase was 23.37%. The difference between the groups was
Left 147.03 £+ 25.63 95.62 + 31.12 0.05 . . . .
Knee . : , considerably more significant for the left side since, for both
Extension [N] Right 185.83 13'38x 16653 & 93.40 0.04 parameters, the increase exceeded 25%.
Left 185.44 4+ 41.06° 155.83 & 74.65 <0.01

Asterisks indicate the data have a normal distribution. P-values in bold indicate significant
differences between groups.

Regarding hip flexion and extension, Table 2 shows how the
group of older adults with Parkinson presented better results.
The MJF group presented a reduction of 25.7% (right limb) and
17.34% (left limb) compared to the PK group during flexion
tests. Besides, significant differences were found between both
groups (p-value of 0.02). In extension, the strength values in
both the right and left were more remarkable for the PK group.
Although this parameter presented significant differences, there
is not a great discrepancy in the strength measurements for the
left hemisphere since the Parkinson group presented a mean of
127.98 N and the group of older adults presented a mean of
126.62 N.

Concerning the movements of abduction and adduction, both
parameters presented statistically significant differences. On the
right side, the PK group showed an increase compared to the
MJF group of 18.38% in abduction, while in adduction, such

Table 2 presents the results obtained in the flexion and
extension measurements of the participants. The MJF group
presented a mean value of 118.81 N vs. a 137.71 N by the
PK group in flexion for the right hemisphere, representing an
increase of 15.90%. This behavior did not change for the left side,
as the PK group exhibited a 43.31% increase. Regarding joint
extension, the MJF group presented in each case lower results.
Also, significant differences were found in the two parameters.

On the other hand, Table 3 presents the results obtained from
the SFTs. It can be observed that for the ACT and BST, which
evaluated the upper body condition of the subjects, there were
no significant differences (p-values of 0.74 and 0.06, respectively).
This behavior was maintained for the 6SMWT (p-value of 0.53),
which was used as a general indicator of the older adults” overall
physical performance and mobility. The remaining tests, which
evaluated the lower body condition of the subjects, presented
statistically significant differences.

For SST, although there were statistically significant
differences, the PK group was only one repetition above
the MJF group. Likewise, the group with metabolic and joint
diseases showed greater flexibility in the lower limb (CSRT, refer
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FIGURE 5 | lllustration of the results obtained for the SFT. e indicates that there were significant differences between the groups evaluated. (A) Sit to Stand Test (SST).
(B) Arm Curl Test (ACT). (C) Chair Sit and Reach Test (CSRT). (D) Back Scratch Test (BST). (E) Six Minutes Walking Test (BMWT).

TABLE 4 | Results obtained for the Ramp Up Test (RUT).

TABLE 5 | Results obtained in the Ramp Down Test (RDT).

RUT PK MJF p-value RDT PK MJF p-value
SW speed [m/s] 0.71 £ 0.07 0.61 £ 0.07 <0.01 SW speed [m/s] 0.62 £ 0.07 0.56 + 0.10 0.03
User speed [m/s] 0.70 4+ 0.07" 0.61 + 0.07° <0.01 User speed [m/s] 0.62 + 0.07° 0.56 4+ 0.10 0.05
Cadence [steps/min] 86.46 + 3.28 83.10 + 5.28 0.02 Cadence [steps/min] 104.67 + 6.64° 96.78 + 11.09" <0.01
Cycle Duration [s] 1.39 + 0.05 1.45 + 0.09° 0.04 Cycle Duration [s] 1.15 £ 0.07 1.35 £ 0.13 <0.01
No. Cycles 35.36 + 4.36° 39.10 + 4.77 0.01 No. Cycles 4524 + 877 48.77 + 9.84 <0.01
Trial Duration [s] 49.01 + 5.34 56.70 + 7.24 <0.01 Trial Duration [s] 51.62 + 6.89° 60.13 £+ 19.05 0.04
Max frc_y [N] 7.35 £ 0.88° 9.70 +£1.05 0.04 Max frc_y [N] 6.66 + 0.65' 9.09 + 0.83 0.02
Mean frc_y [N] 2.40 + 0.28 2.76 £+ 0.28" 0.04 Mean frc_y [N] 219 +£0.21 4.73 £ 0.40° <0.01
Max. trg_z [N.m] 4.44 +0.93 4.86 + 0.99 0.09 Max. trg_z [N.m] 7.20 £ 0.94° 9.05 + 0.92° 0.03
Mean trq_z [N.m] 0.01 £ 0.48 0.08 £ 0.29° 0.27 Mean trg_z [N.m] 1.55 &+ 0.14 1.91 £0.28 <0.01

The p-values in bold indicate significant differences between the two groups, whereas the
asterisks indicate that the data have a normal distribution.

to Table 3) as they were 0.04 m ahead of the toe, while the PK
group was 0.12 m short of the target. Also, there were significant
differences between the two groups. In addition to the above,
to illustrate the behavior of these results, Figure 5 shows their
distribution in a bar chart with the SD.

3.2. Kinematic and Physical Interaction

Results

Several indicators were estimated using the data collected by
the force sensors of the walker and the G-WALK sensor. To
characterize the users’ gait, parameters such as gait speed,
cadence, average gait cycle duration, and the number of gait
cycles were calculated. To evaluate the physical interaction
between the participant and the walker, the mean force in the
y-axis and z-axis were estimated, as well as, the maximum values.

Asterisks indicate that the data followed a normal distribution. Bolded p-values indicate
that there were statistically significant differences between groups.

Table 4 shows the kinematic and physical interaction data in
the RUT, exceptthe parameters related to the torque in the z-axis,
the remaining ones presented statistically significant differences.
In terms of user and device speed, the PK group exhibited
better results. Nevertheless, for cadence, cycle time, number of
cycles, test duration, and the force impressed to the walker on
the axis, the MJF group presented higher values supporting the
previous results. However, for the y-axis force, very similar results
were obtained.

Further, as shown in Table 5, the kinematic and physical
interaction parameters presented significant differences in their
totality. For the speed of the walker and the user, the PK
group showed better results. For the parameters related to the
subject’s cycles, cadence, and trial duration, the MJF group
presented values below the remaining older adults. However,
for user-generated force and torque, the MJF group exhibited
considerably higher results.
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Regarding the TUGT, Table6 summarizes the obtained
results. Due to the nature of the test, since the user’s speed is
measured even before the user starts to move forward with the

TABLE 6 | Results obtained for the Timed Up and Go Test (TUGT).

TUGT PK MJF p-value
SW speed [m/s] 0.36 + 0.09 0.32 + 0.06 <0.01
User speed [m/s] 0.32 +£ 0.08 0.29 + 0.06 <0.01
Cadence [steps/min] 105.72 + 13.87" 110.61 + 29.58' 0.04
Cycle Duration [s] 117 £ 015 113 £ 0.29 0.05
No. Cycles 38.82 +5.16° 36.59 + 10.21 0.02
Trial Duration [s] 32.33 + 3.82 42,50 + 7.34 <0.01
Max frc_y [N] 6.65 £+ 0.67 6.68 + 1.16" 0.74
Mean frc_y [N] 1.24 £ 0.27 1.57 £ 0.31 0.22
Max. trg_z [N.m] 5.51 + 0.80° 6.07 + 1.25 0.03
Mean trg_z [N.m] 0.27 £ 0.54 0.13+0.85 0.05

The bold parameters indicate significant differences between the two groups, whereas
the asterisks indicate that the data have a normal distribution.

walker (i.e., in the standing and sitting stage), the parameters
related to these speeds presented slight differences. In contrast
to the previous tests, the cadence of the MJF group is higher than
that of the PK group. Thus, the cycle length and the number of
cycles of the group with PD are also higher. However, the PK
group managed to finish the test in less time (32.33 s) than the
other group (42.50 s). On the other hand, for the y-axis strength,
both groups presented very similar results, adding that there were
no significant differences. For the z-axis torque, which provides
information on the user’s support on the device, the PK group
presented lower values.

Figure 6 summarizes the parameters evaluated for the three
proposed tests. Figures 7-9 show the walker speed, force, and
torque behavior. For these illustrations, the data from all
participants were averaged and the SD was used.

4. DISCUSSION

In this study, there were no cases of misunderstanding of the
behavior and operation of the AGoRA SW, and no cases of
collisions were reported. Besides, it is essential to highlight that
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the sample size of this study is considered small. However,
studies of similar samples have been reported with this type of
devices, as well as, with older adults with Parkinson’s and other
diseases (Mou et al., 2012; Zhang et al., 2018; Mundt et al., 2019).
According to the results presented in the previous section, it was

10 20 30 40 50 60 70 80 90 100
Path Percentage [%]

FIGURE 9 | The behavior of the results obtained for torque. PK stands for
older adults with PD and MJF stands for a group of older adults with base,
joint, and fracture diseases. The areas highlighted in gray represent the times
when the turns were presented and the area highlighted in black represents
the time when the subjects were leaning on the device to stand up and initiate

the test. (A) RUT. (B) RDT. (C) TUGT.

observed that the physical condition of the subjects significantly
influences the participants’ performance using the device.

4.1. Physical Condition Assessment
The results shown in Table 2 indicate that the adults with PD
were in better condition. For the hip strength, there was a
considerable reduction in the MJF group compared to the PPK.
Although PK group was expected to have lower hip strength
(Inkster et al., 2003; Skinner et al., 2019), our results are
supported by the fact that there are joint disorders (such as
osteoarthritis and osteoporosis), which in advanced stages, affect
and weaken the hip extensor and flexor muscles (Jerez-Mayorga
et al., 2019). In Rydevik et al. (2010) and Judd et al. (2014),
similar results were obtained, where a group of older adults with
osteoarthritis exhibited a 10-25% deficit in hip muscle strength.
In terms of knee flexion and extension, the average deficit in
this joint is less than that in the hip for the PK group. Moreover,
the PK group flexion-extension outcomes were considerably
higher than the MJF group. Such an increase was of more than
40% and statistically significant differences were found for the left
limb flexion, mainly due to an older adult who had a fracture
of the tibial plate in the MJF group. As presented in Gaston
et al. (2005), when these types of fractures have not been given
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sufficient time for recovery, significant impairment of muscle
movement and function can occur.

For the SFTs, the results presented in Table 3 were relevant to
determining the participants’ overall functional capacity, agility,
dynamic balance, aerobic endurance, and upper and lower
extremity muscular strength. The PK group exhibited better
results in the Sit to Stand Test SST and significant differences
were found (refer to Figure 5). These results are related to those
previously obtained in the strength tests since the older adults
in the MJF group showed a considerable reduction. Similarly, in
Zijlstra et al. (2012) it is shown how Parkinson patients exhibit
acceptable performance in this type of test.

Upper limb strength and endurance is another fitness
parameter that was measured with the ACT. As shown in
Figure 5, despite the slight increase in the number of repetitions
in the test by MJE there were no significant differences. Some
older adults in this group who had osteoporosis and epicondylitis
may have influenced the obtained results. Epicondylitis is an
injury characterized by pain in the external aspect of the elbow,
in the region of the epicondyle (Walz et al., 2010). Whereas,
osteoporosis is a bone disease characterized by a decrease in the
density of bone tissue and resulting in an exaggerated fragility
of the bones (on Osteoporosis et al., 2001). In this sense, very
similar results to those shown in Adamo et al. (2015) were
obtained, indicating that participants with these pathologies
show a significant deficit, compromising their physical abilities.

There was not much discrepancy in the mean values obtained
for the CSRT results. However, significant differences were found
in this parameter (refer to Figure 5). As in the previous test, this
one presents values below normal. Additionally, these results are
supported by the fact that older adults with Parkinson’s present
a direct relationship between the degree of stiffness their body
experiences, generated by the disorder and the passing of years
(Inkster et al., 2003).

In the opposite case, the MJF group presented better results
for the BST, despite not showing significant differences (refer to
Figure 5). Regarding the 6MWT the results were as expected.
Even though, the PK group covered a slightly greater distance,
there were no significant differences (refer to Figure 5). This last
could be related to the fact that adults with PD cannot maintain a
constant pace when making very long trips. As presented in Falvo
and Earhart (2009), the Parkinson’s group obtains similar results
because of the subjects’ impaired balance and predisposition to
falls. For this reason and as presented in Mou et al. (2012),
Zhang et al. (2018), and Wu et al. (2020), devices such as SWs
can help reduce the risk factors for falls and help to maintain
constant kinematic parameters such as speed and cadence of the
participant in very long distances.

4.2. Kinematic and Physical Interaction

As for the Ramp Up Test (RUT), the PK group presented
better results concerning user speed (refer to Figure 6), walker
speed (refer to Figures 6, 7), and cadence (refer to Figure 6).
In contrast, the MJF group obtained higher values in the
cycle time, the number of cycles, and test duration (refer to
Figure 6), meaning an inferior performance. This type of test

involve muscles such as the glutes, hamstrings, and quadriceps
(Lindemann et al., 2017), thus the flexion-extension results of the
PK group support their better performance in the RUT. These
results can also be seen in the force exerted by the users (refer
to Figure 8), due to the considerable effort that the older adults
in the MJF group had to make. This significant increase is also
supported by the low performance in the hip and knee strength
tests by this group. Given the weakened lower limbs in the MJF
group, the participants felt the need to rely on the device to
compensate for this deficit. However, there were no significant
differences in the torque values as shown in Figures 6, 9, which is
consistent with the nature of the test (i.e., the majority of the test
with straight sections).

These results might classify the AGoRA SW as a potential
tool for gait retraining and rehabilitation. Considering the
participant’s effort and the natural deterioration of their lower
limbs, the implemented admittance controller could be adjusted
to emulate a lighter or heavier platform according to the
requirements of the subject.

Regarding the Ramp Down Test (RDT), the PK group also
obtained better results. When comparing the behavior of the
kinematic and physical interaction parameters during both ramp
tests, similar results were observed in terms of user and walker
speed (refer to Figures 6, 7). Slight changes were obtained in
cadence, gait cycle time, and the number of cycles. These results
are supported by the fact that uphill walking resulted in slower
speeds because of the natural effort of the test. In addition,
the peak force and torque (refer top Figures 8, 9, respectively)
exerted by the users were considerably higher in the downhill
ramp tests. Because the device exhibited higher moments of
inertia during the downhill tests, subjects required greater efforts
to perform the mid-ramp turn. These results are supported by
the ACT (refer to Table 3), since adults with PD presented a 7.1%
reduction in this test, indicating the natural deterioration of the
lower limbs. For this reason, and unlike the previous test, there
are significant differences in the torque generated in the z-axis.
Similar results were obtained in Lindemann et al. (2017). In this
study, they highlight how a SW reduces under-performance in
subjects’ gait and shows how the kinematic parameters (cadence,
speed, cycles) are substantially reduced in the downbhill tests.

Finally, during the TUGT, users were asked to lean on the
device to stand out of the chair. To prevent the admittance
controller from generating velocities, the device motors were
remotely deactivated. This leaning event was observed as an
initial spike in the force and torque signal. As seen in Figures 6,
8, the force signals did not exhibit many discrepancies, and
there was no evidence of significant differences. Regarding
the torque, it is essential to highlight that the MJF group
showed higher values (refer to Figures 6, 9). These findings
suggest that users saw in the intelligent walker a possibility to
compensate for this deficit in the musculature (Judd et al., 2014).
Moreover, compared to the previous tests, which required more
physical effort from the subjects, the TUGT showed lower force
(refer to Figure 6) and torque (Figure 6) values. This indicates
the efficiency and usefulness of the admittance controller in
emulating a lighter platform.
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5. CONCLUSIONS AND FUTURE WORK

This study presented the assessment of the AGoRA SW in
daily life scenarios with two groups of older adults. One
group had PD and the other group had underlying diseases,
joint diseases, and fractures. Physical validation tests were
performed and relevant results were found in the relationship
between this condition and the performance in tests with the
walker. One of the main findings of this study is related to
the relationship between users’ pathologies and their physical
condition. As previously discussed, PD is a brain disorder
that causes progressive cognitive and motor deterioration
producing tremors, rigidity and difficulty in walking, balance,
and coordination. However, it was found that pathologies such
as osteoarthritis in advanced stages can further affect the physical
condition of the subjects and their performance in activities of
daily living.

Interesting results related to the kinematic and interaction
parameters during the RUT were found. Although the RUT
demands that the user has to apply a more significant effort even
to the point of opposing the movement intention, it could induce
muscle training during rehabilitation processes. In addition, this
test could be complemented by adjusting the level of assistance
of the AGoRA SW to meet the specific needs of each user. More
resistive assistance levels induce slower gait patterns compared
to studies reported in the literature. This could be interpreted as
a safety strategy, as slower gait patterns could help users avoid
collisions and stumbling while walking. In addition, the strength
data collected during the RUT provided information on potential
muscle training applications. Furthermore, as evidenced in the
TUGT, the AGoRA SW can guarantee a natural and adequate
interaction in scenarios where no significant effort is required
from the users. This can be evidenced in the force values, as
there were slight discrepancies but no significant differences. This
indicates that despite the participant’s physical condition and
pathology, the AGoRA walker can assist efficiently.

One of the main limitations of this study is that it lacks EMG
information that provides insights related to the participants
physical interaction and evolution with this technique in the
different tests. As mentioned before, another limitation of this
research is the sample size. However, this study is the first
approach to comparing the performance of two groups of older
adults with different physical and cognitive characteristics.

Finally, future study will be focused on evaluating at AGoRA
SW with a bigger group of participants. The MJF group will
include older adults with other pathologies that significantly
affect their gait patterns. Besides, standardized scales will be
included to determine the stage of the disease and how this
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