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Abstract: Given the unique challenges faced by manual wheelchair users, improving methods to
accurately measure and enhance their participation in community life is critical. This study explores
a comprehensive method to evaluate the real-world community mobility and participation of manual
wheelchair users by combining GPS mobility tracking, heart rate, and activity journals. Collecting
qualitative and quantitative measures such as the life space assessment, wheelchair user confidence
scale, and physical performance tests alongside GPS mobility tracking from ten manual wheelchair
users provided insight into the complex relationship between physical, psychological, and social
factors that can impact their daily community mobility and participation. This study found sig-
nificant, strong correlations between the recorded journal time outside of the home and the GPS
mean daily heart rate (r = −0.750, p = 0.032) as well as between the upper limb strength assess-
ments with cardiovascular assessments, physiological confidence, and GPS participation indicators
(0.732 < r < 0.884, 0.002 < p < 0.039). This method of manual wheelchair user assessment reveals the
complex relationships between different aspects of mobility and participation. It provides a means of
enhancing the ability of rehabilitation specialists to focus rehabilitation programs toward the areas
that will help manual wheelchair users improve their quality of life.

Keywords: community mobility; community participation; manual wheelchair user; wearable
sensors; activity journal; life space assessment

1. Introduction

Wheelchair users comprise a substantial proportion of the world’s population, with
3.3 million living in the United States [1]. Regular wheelchair use can significantly impact
an individual’s community mobility and participation (CMP). Ensuring clinicians have
an effective means of accurately and quickly assessing the CMP of manual wheelchair
users (MWUs) is crucial for improving their lives. Community mobility is the ability of
an individual to move around within the community and engage in various activities.
In contrast, community participation is an individual’s involvement in societal activities
within the community [2]. Community mobility allows wheelchair users to engage in
physical activities that help maintain their physical health and fitness and improve their
functioning, confidence, and general community participation [3,4]. CMP has been shown
to play a crucial role in the physical and mental well-being and quality of life of wheelchair
users [5–7].

Due to a typically sedentary lifestyle [8,9], regular movement and physical activity
are essential in preventing secondary health issues for MWUs, such as pressure sores,
cardiovascular disease, and musculoskeletal problems [3,4]. This is especially important to
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MWUs as they have an increased rate of injury risk when compared to powered wheelchair
users [10–12]. Rehabilitation specialists must be able to effectively and easily monitor their
patients’ CMP to best assign treatments and therapy for recovery.

One of the typical ways that the CMP of MWUs has been assessed is through in-clinic
tests for self-propelled velocity, strength, physical fitness, and exercise, all of which are
indicators of CMP [2]. Physical fitness is evaluated through tests like the 6-min push test
(6MPT) for MWUs, where the MWU propels themselves as far as they can in 6 min [13]. The
test provides insights into cardiovascular health and overall fitness levels, essential for daily
functioning and mobility [14]. Muscle strength and endurance are often evaluated through
an isokinetic dynamometer, which measures strength during specific movements [11].
Researchers have used this to evaluate the upper body strength of wheelchair users, which
is essential for propelling the wheelchair and performing daily activities [11,15]. However,
while in-clinic measurements are precise, they only represent a moment in time and do
not always reflect the real-world day-to-day life of the participant. They are also often
conducted in controlled environments, which may not fully reflect the challenges and
facilitators presented in daily life.

An alternative to in-clinic testing is remote measurement, which can be done via self-
surveys, activity journals, and questionnaires such as the Life Space Assessment (LSA) [16]
and Wheelchair Use Confidence Scale (WheelCon) [17]. The LSA asks questions about
where the individual has been active, and how far away from their home they have traveled
recently [16]. The WheelCon asks questions regarding how confident the individual is
when maneuvering in their wheelchair in different situations as well as their confidence
in their social and professional life [17,18]. However, self-surveys and activity journals
lack both precision and reliability due to the participant’s “limitations in recall ability and
possibilities of perception bias” [2,19]. The advantage of remote assessment is that it allows
for easier assessment without the need for patients to come into the clinic. Furthermore,
remote assessment better reflects the conditions and challenges faced in the day-to-day life
of MWUs [2].

Another means of remote measurement comes in the form of accelerometer and GPS
devices, which have been shown to provide promising real-world data [20–22]. Previous
research has demonstrated that CMP indicators can be tracked with a GPS device in healthy
people through a study conducted during the COVID-19 pandemic over ten months [23].
Additionally, one previous study used GPS and accelerometer data to monitor the daily
activity of four children with cerebral palsy using assistive devices over a week [24].
However, what these studies share is that they were limited to only detect the general
location of the participants, giving no information about their actual engagement in the
community, who they interacted with, how many, and what type of locations they visited,
or how their environment may have impacted their CMP [25]. Table 1 lists existing methods,
and their identified weaknesses and proposed aims in order to address them in this study.

Table 1. Related methods and their limitations.

Existing Methods and
Sensor Technology Weaknesses Aims of This Study

6MPT [13,14]
Only captures a moment
in time, does not reflect
day-to-day life

Supplementing data with strength
assessment, daily activities, and
self-reported mobility and
participation metrics.

Isokinetic Dynamometer
[11,15]

Only captures a moment
in time, does not reflect
day-to-day life

Supplementing data with 6MPT
variables, daily activities, and
self-reported mobility and
participation metrics.
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Table 1. Cont.

Existing Methods and
Sensor Technology Weaknesses Aims of This Study

Self-Surveys [2,16–19] Limited by self-report
bias and recall ability

Compare against recorded typical
mobility and participation activity.
Augment by in-clinic strength and
mobility assessments.

Activity Journals [2,19] Limited by self-report
bias and recall ability

Compare against recorded locations
visited and activity time. Augment
by in-clinic strength and mobility
assessments.

Accelerometers [20–22,24,25]

No locational
information or data on
social engagement or
participation

Compare with recorded locations
visited and self-reported daily
activities and social participation.

GPS [20–25]

No social context for
visited locations and no
data on engagement or
participation

Compare with self-reported
locations visited, social engagement
and participation. Augment by
measured mobility metrics.

Previous studies have focused on individual aspects of the CMP or have utilized
individual specific tools for collecting data on CMP. However, to our knowledge, there has
been no comprehensive, multi-layered study conducted in a real-world setting. Our study
aims to fill this gap by combining GPS mobility tracking, heart rate monitoring, and activity
journals to provide a holistic understanding of MWU mobility and participation in their
daily environment. This approach aims to address the limitations of previous methods
and offer a multi-faceted assessment of a patient’s real-world mobility, while taking into
account the social and societal context of their CMP.

2. Materials and Methods
2.1. Participants

Prior to recruitment, the study protocol was approved by the University of Wisconsin–
Milwaukee Institutional Review Board (protocol #24.059). The trials took place in the
summer and early fall when the weather was generally warm with no extreme weather
conditions present during the study. A convenient, consecutive sample of 10 MWUs
(7 male, 3 female, aged 34 ± 9 years, BMI 28.8 ± 7.1 kg/m2) were recruited for this
study, 8 participants were tested at the University of Wisconsin–Milwaukee, while 2 were
tested at the University of Wisconsin–Whitewater following the same study protocol. All
participants were to meet the following inclusion criteria: all participants were to be age
18 and older, regularly use a manual wheelchair for daily commuting, can propel and
transfer themselves independently, and had reported no history of shoulder injury within
the past year. All participants were provided with written informed consent prior to
participation. The demographic characteristics of the participants, including age, gender,
BMI, injury type, and their wheelchair propulsion pattern are presented in Table 2.

Table 2. Participant demographics. SCI—spinal cord injury, BMI—body mass index, C—cervical,
T—thoracic, L—lumbar.

ID # Gender Age BMI Injury Type Propulsion
Pattern Occupation Residence

Type

1 Male 41 23.6 L3 Incomplete Injury Semicircular Engineer Apartment

2 Male 26 32.4 T10 Incomplete Injury Semicircular Health and Human
Services Apartment

3 Male 32 40.8 Sacral Spina Bifida, Incomplete SCI Arc Student Apartment



J. Sens. Actuator Netw. 2024, 13, 70 4 of 16

Table 2. Cont.

ID # Gender Age BMI Injury Type Propulsion
Pattern Occupation Residence

Type

4 Male 39 29.7 T8 Complete Injury Arc Unemployed Apartment

5 Male 38 19.4 T6 Complete Injury Arc Student Apartment

6 Female 22 23.3 Neuromuscular Autoimmune Injury Semicircular Unemployed House

7 Female 22 39.5 Spina Bifida L3, 4, 5 Semicircular Manager Apartment

8 Male 47 28.2 C6/C7 Incomplete Arc Unemployed House

9 Female 43 28.3 Spina Bifida T12 Semicircular Administration House

10 Male 30 22.9 Spinal Cord T10-12 Incomplete Semicircular Head Coach Apartment

2.2. Data Collection Procedures

To comprehensively assess the CMP of MWUs, a combination of quantitative and
qualitative data collection tools was employed, as will be detailed below.

2.2.1. Strength Assessment

An isokinetic dynamometer was used to assess the strength of the participants. The
Biodex System 4 Pro Isokinetic Dynamometer (Biodex Medical Systems, Inc., Shirley, NY,
USA) and the HUMAC NORM Isokinetic Machine (HUMAC NORM by CSMi, Stoughton,
MA, USA) were used to measure muscle strength and endurance of the upper body
(see Figure 1A). Isokinetic dynamometers are considered the gold standard for strength
assessment [26] and both the Biodex and HUMAC NORM systems have been shown to
produce similar results [27]. The dynamometers were calibrated before each data collection
session. A concentric/concentric bilateral shoulder and elbow strength assessment for each
participant at a constant speed of 60◦/s and 120◦/s were performed. For this assessment,
each participant was instructed to perform 5 repetitions of the 8 following muscle groups
with maximum voluntary effort: the shoulder and elbow flexors, extensors, shoulder
internal and external rotators, and shoulder abductors, and adductors. The participants
rested for 5 min between each exercise. The torques of each isokinetic contraction at both
speeds were measured. The strength assessments can provide insights into the users’
physical capabilities, which are essential for wheelchair propulsion and navigation in the
community [11,15].
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2.2.2. Mobility Performance

The 6MPT was conducted to assess the endurance and physical fitness of the partici-
pants by measuring the distances traveled in 6 min while propelling their wheelchair (see



J. Sens. Actuator Netw. 2024, 13, 70 5 of 16

Figure 1C). The participants were instructed to propel themselves as far and as fast as they
could in 6 min while wearing inertial measurement unit sensors and a heart rate monitor
(see Figure 1B). This data has been described in detail in our previous paper [28].

2.2.3. Self-Report Questionnaires

The WheelCon short form questionnaire was given to the participants to assess their
confidence in their ability to use a wheelchair effectively in various environments. The
total scores for the WheelCon rating were combined from the social and physical sections,
with higher scores representing higher confidence with manual wheelchair use. Next, the
LSA questionnaire was provided to the participants to evaluate the extent and frequency of
the participants’ movements within their living space, home, and community. The LSA
asks the participant to mark 1 for “Yes” and 2 for “No” when answering questions on their
activity, so a lower score indicates a higher level of mobility and participation.

2.2.4. Activity Journal

Participants were given a journal in paper or electronic format, according to their
preference, and were instructed to fill out the journal entries every day for a week. They
were instructed to fill out the activity journal and answer all the questions therein upon
arrival at home, and at the end of the week they were instructed to return the journal. For
remote measurement, five days of data is considered to be sufficient to obtain a reliable
representation of a MWU’s typical physical activity [29]. The qualitative data from the
journal provided contextual information about the participants’ experiences, complement-
ing the qualitative GPS data. The participants were instructed to document the following
entries and questions for each day: Date, Start Time, End Time, Locations Visited, Activity,
How do you feel about your ability to participate in activities? Were you interacting with
anyone? How did you get there? Did you encounter any barriers? How were you able to
overcome those barriers? Comments or Observations.

2.2.5. GPS and Heart Rate Data

Participants were provided with a Garmin Forerunner 735XT GPS watch (Garmin
Ltd., Olathe, KS, USA) (see Figure 1B). They were instructed to wear the Garmin watch
and activate its recording function as soon as they left home and keep it active until they
returned back home. Participants were also contacted mid-week of the study to ensure
that the at-home portion of the trial was going well and that the participants were properly
using the provided watch. Participants recorded their location when traveling outside of
the home as well as their heart rate using the Garmin watch and saved the data every day.
Upon return, the watch was connected to the Garmin Connect app via Bluetooth and the
data was downloaded to a personal computer.

2.3. Data Processing

Data processing was performed using custom algorithms in Matlab software version
R2023b (MathWorks Inc., Natick, MA, USA). The following sections specify as to how
the different parameters used for assessing mobility and participation in the community
were calculated.

2.3.1. Isokinetic Arm Strength Testing Analysis

The measured torques were analyzed to assess the arm strength of the following
muscles: shoulder and elbow flexors, extensors, shoulder internal and external rotators,
and shoulder abductors and adductors. The max peak torque and the mean peak torque of
the test repetitions were computed and used for statistical analysis.
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2.3.2. Questionnaire Analysis

The WheelCon and the LSA scores were summed up to assess the scale of the partici-
pants’ self-reported confidence in wheelchair use and their extent of community participa-
tion. Scores were compiled and combined for statistical analysis.

2.3.3. 6MPT Analysis

The following parameters, including laps completed, distance, cadence, speed, and
heart rate from the 6MPT were analyzed as previously described and used for further
statistical analysis and comparison [28]. The inertial measurement unit (IMU) on the wrist
was used to calculate the cadence, and the IMU on the wheelchair to detect turns during
the test.

2.3.4. Activity Journal Analysis

The journal entries were manually analyzed for the participation of the participants in
the community via the recorded visit frequency, activities, interactions, and typical barriers
that impede mobility from the journal.

2.3.5. GPS and Heart Rate Analysis

The geographical representation of the recorded GPS points was mapped using the
latitude and longitude functions in MATLAB. This visualization provided simple insight
into the mobility pattern of the participants and their activity in the community. The velocity
of the participants was calculated based on the distance between measured GPS locations
and the time intervals between them. This calculation provided a continuous profile of
velocity values throughout the recorded journey, allowing for a detailed examination of the
mobility speed variations.

A threshold of 9 m/s was applied to differentiate between self-propelled wheeling
and driving. The threshold was selected to identify all data points where the participant
was moving beyond the maximum wheeling speed of a MWU [30]. Speed exceeding this
threshold was categorized as driving and speed below this threshold was categorized as
self-propelled wheeling. The GPS points were compared with the participants’ activity
journal entries and the GPS mapping to refine the classification between self-propelled and
driving. This comparison helped in cases of ambiguity where slower speeds were recorded,
and it was unclear from the GPS mapping whether the participant was self-wheeling or
driving. The journal entries were consulted to clarify the context of specific periods. For
instance, when the GPS recorded the participant visiting an open mall location at a slow
pace, cross-referencing with the journal revealed activities such as drive-through banking
which provided the justification to mark the segment as driving. The recorded mean heart
rate was calculated for each recorded trip to investigate its relationship with speed and
recorded activities from the activity journal.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS software (version 28, SPSS Inc.,
235 Chicago, IL, USA). The descriptive statistics were calculated across all participants. The
measurement variables were assessed for normality using the Shapiro–Wilk test. To reduce
the data and combine the left and right side of the torque values from the isokinetic testing,
a paired t-test was performed and revealed no significant differences in the peak torque
between the left and right arm for all recorded muscle movements (p > 0.05). Therefore,
the mean peak torque of both arms was calculated to represent the overall upper limb
strength [31,32]. Bivariate correlation using the Pearson correlation test was performed with
the measured variables of the GPS data, journal, questionnaire, and isokinetic testing to
determine if there is a relationship between the measured variables. Statistical significance
was determined using the significance of a p-value less than 0.05 and a correlation coefficient
greater than 0.7, indicating a strong correlation following existing guidelines and related
research [33,34].
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3. Results

Descriptive statistics of all ten participants for the muscle isokinetic strength testing
and the 6MPT are presented in Tables 3 and 4, respectively.

Table 3. Descriptive statistics of the upper limb strength. SD—standard deviation of the mean,
Flex/Ext—flexion/extension, ABD—abduction/adduction, INT—internal/external rotation.

Variable Testing
Speed (◦/s)

Mean
(Nm) SD Min

(Nm)
Max
(Nm)

Elbow Flex/Ext Max Peak Torque
60 59.85 14.19 38.60 80.07

120 51.93 10.12 37.90 65.00

Elbow Flex/Ext Mean Peak Torque
60 47.34 12.97 32.17 76.22

120 41.39 8.33 30.26 51.39

Shoulder Flex/Ext Max Peak Torque
60 79.89 21.44 41.70 123.05

120 77.64 12.94 54.30 100.30

Shoulder Flex/Ext Mean Peak Torque
60 62.72 15.93 32.88 85.85

120 61.53 9.37 40.28 72.33

Shoulder ABD Max Peak Torque
60 80.79 15.49 46.80 98.75

120 85.62 16.16 66.10 106.35

Shoulder ABD Mean Peak Torque
60 61.89 11.99 37.99 77.22

120 67.33 14.00 48.76 93.38

Shoulder INT Max Peak Torque
60 50.54 14.39 27.80 71.45

120 51.11 13.19 33.60 70.25

Shoulder INT Mean Peak Torque
60 38.67 8.85 23.83 48.89

120 38.28 8.41 25.11 49.21

Table 4. Descriptive statistics of the 6MPT data. HR—heart rate.

Variable Mean SD Min Max

Laps 24.60 4.12 17 29

Distance (m) 794.00 130.82 557 955

Cadence (cycles/min) 57.69 12.73 32.3 80.3

Mean Speed (m/s) 2.21 0.36 1.55 2.65

Mean HR (bpm) 121.06 17.94 98.6 150.5

Max HR (bpm) 153.44 19.08 112 179

Final Mean HR (bpm) 135.511 26.96 84.1 170.9

No GPS or activity journal data for participant 10 were collected as they did not
complete the at-home portion of the trial. The mean number of locations visited by every
participant as reported in their activity journal, as well as the mean number of hours
they spent outside of the home, is shown in Figure 2. According to their activity journal,
participant 5 spent the majority of the testing period at home. A pie chart displaying the
journal-recorded types of locations visited and how often they were visited by all partici-
pants can be found in Figure 3. Similarly, a bar chart of the journal-recorded interactions
and barriers encountered by the participants during the trial can be found in Figure 4. The
types of barriers that were reported in the journal were all physical in nature, ranging from
poor conditions of pavements to some locations lacking accessibility routes.
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Figure 4. Data on social interactions and barriers by the percentage of participants who reported
them in the activity journals.

The participants’ recorded GPS data for a week is presented in Table 5 for nine of the
ten participants. The table shows the total time the participants recorded their activity via
the Garmin watch, how much of that was spent wheeling, the number of locations they
visited during the study, and their mean heart rate during wheeling. Contrary to what they
had recorded in their activity journal, the GPS recorded continuous time spent outside the
home for participant 5. The GPS recorded the routes of each participant during the study,
both where they went and the routes they took to get there. An example from day 2 of
participant 2’s recorded activity is shown in Figure 5, with the participant’s heart rate and
speed shown in Figure 6, while the percentage of GPS total time which was spent wheeled
and the mean daily heart rate for all participants is displayed in Figure 7.

Table 5. GPS and heart rate data for 9 participants. HR—heart rate.

ID# GPS Mean Daily
Total Time (h)

GPS Mean Daily
Wheeled Time (h)

GPS Mean Daily
Locations Visited

Mean Daily Wheeled
HR (bpm)

1 1.11 1.11 0.3 127

2 2.23 2.00 1.8 104

3 2.67 2.44 1.3 88

4 5.14 3.97 2.6 96

5 1.41 1.40 0.5 —

6 3.51 2.29 4.0 93

7 5.57 5.33 2.7 99

8 5.74 4.49 2.3 89

9 5.15 3.19 1.4 84
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Figure 6. Sample speed and heart rate data for participant 2’s wheeled route on day 2 of the week,
with marked locations visited. W—Wheeled travel time.
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Figure 7. Total daily time spent outside the home with the percentage of daily wheeled time and
mean heart rate, all recorded by the GPS watch for all participants.

Table 6 shows the result of the LSA and WheelCon scores. The WheelCon higher
scores represent higher confidence in using a manual wheelchair, and for the LSA, lower
scores indicate a higher level of mobility and participation. Participants with scores of
(9), such as participant 8 and 9, demonstrate the highest levels of community mobility,
while scores of (13), such as participants 3, 4, and 10, show the lowest levels of mobility
and participation.

Table 6. Participants’ LSA and WheelCon questionnaire scores.

Participant ID# 1 2 3 4 5 6 7 8 9 10

LSA Score 12 11 13 10 10 11 11 9 9 13

WheelCon Score 170 210 195 188.5 184 128 185 140 179 210

Physical 115 130 120 124 111 72 124 84 112 130

Social 55 80 75 64.5 73 56 61 56 67 80

The total WheelCon scores range from 128 to 210, and LSA scores from 9 to 13 across
participants. Participants 2 and 10 have the highest WheelCon scores (210), indicating the
highest levels of confidence. Participant 6 has the lowest WheelCon score (128), indicating
the lowest confidence in using a manual wheelchair.

Table 7 lists the Pearson correlation analysis results from the testing between the
strength measurements, the 6MPT, GPS, heart rate, journal, and questionnaire variables.
The journal-recorded time outside of the home was found to have a significant, strong,
positive correlation with the GPS-recorded wheeled time (r = 0.782, p = 0.022), and a
significant, strong, negative correlation with the mean daily heart rate (r = −0.750, p = 0.032)
as well as the mean peak torque during elbow flexion/extension at 120◦/s (r = −0.736,
p = 0.037).

The GPS-recorded mean daily locations visited was found to have a significant, strong,
negative correlation with the mean peak torque measured during elbow flexion/extension
at 120◦/s (r = −0.733, p = 0.025) in addition to the maximum peak torque measured during
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shoulder flexion/extension (r = −0.704, p = 0.034) and the shoulder abduction/adduction
(r = −0.807, p = 0.009) at 60◦/s.

Table 7. Summary table of significant correlations between pairs of variables. HR—heart rate,
Flex/Ext—flexion/extension, ABD—abduction/adduction, INT—internal/external rotation.

Variables Correlation p-Value

Journal Time
Outside Home

GPS Wheeled Time 0.782 * 0.022

Mean Daily HR −0.750 * 0.032

Elbow Flex/Ext Mean Peak Torque (120◦/s) −0.736 * 0.037

GPS Mean Daily
Locations

Elbow Flex/Ext Mean Peak Torque (120◦/s) −0.733 * 0.025

Shoulder Flex/Ext Max Peak Torque (60◦/s) −0.704 * 0.034

Shoulder ABD Max Peak Torque (60◦/s) −0.807 * 0.009

Mean Daily HR

Shoulder Flex/Ext Max Peak Torque (60◦/s) 0.808 * 0.015

Shoulder Flex/Ext Max Peak Torque (120◦/s) 0.732 0.039

6MPT Mean HR (bpm) 0.820 * 0.013

WheelCon
Physical Score

6MPT Final Mean HR (bpm) 0.756 * 0.018

6MPT Mean HR (bpm) 0.708 * 0.033

6MPT Mean HR

Shoulder Flex/Ext Max Peak Torque (60◦/s) 0.835 ** 0.005

Shoulder Flex/Ext Mean Peak Torque (60◦/s) 0.732 * 0.025

Shoulder Flex/Ext Max Peak Torque (120◦/s) 0.793 * 0.011

Shoulder Flex/Ext Mean Peak Torque (120◦/s) 0.752 * 0.020

6MPT Final Mean
HR bpm Shoulder Flex/Ext Max Peak Torque (60◦/s) 0.731 * 0.025

6MPT Max HR

Shoulder Flex/Ext Max Peak Torque (60◦/s) 0.837 ** 0.005

Shoulder Flex/Ext Max Peak Torque (120◦/s) 0.884 ** 0.002

Shoulder Flex/Ext Mean Peak Torque (120◦/s) 0.803 ** 0.009
Notes: * Significance at the 0.05 level (2-tailed). ** Significance at the 0.01 level (2-tailed).

The mean daily heart rate was found to have significant, strong, positive correlations
with the mean heart rate measured during the 6MPT (r = 0.820, p = 0.013), and the max peak
torque measured during the shoulder flexion/extension at both 60◦/s (r = 0.808, p = 0.015)
and 120◦/s (r = 0.732, p = 0.039).

The physical score recorded from the WheelCon questionnaire was found to have a
significant, strong correlation with both the mean heart rate measured during the final
minute of the 6MPT (r = 0.756, p = 0.018) and the mean heart rate from the 6MPT (r = 0.708,
p = 0.033).

The mean heart rate measured during 6MPT was found to have significant, strong,
positive correlations with both the max and mean peak torques measured during shoulder
flexion/extension at 60◦/s (0.732 > r > 0.835, 0.005 < p < 0.025) and 120◦/s (0.752 < r < 0.793,
0.011 < p < 0.020). Similarly, the heart rate measured during the final minute of the 6MPT
was found to have a significant, strong, positive correlation with the max peak torque
measured during the shoulder flexion/extension at 60◦/s (r = 0.731, p = 0.025). Finally, the
max heart rate from the 6MPT was found to have significant, strong, positive correlations
with the max peak torque measured during the should flexion/extension at both 60◦/s
(r = 0.837, p = 0.005) and 120◦/s (r = 0.884, p = 0.002) as well as the mean peak torque during
the shoulder flexion/extension at 120◦/s (r = 0.803, p = 0.009).

All other correlations were not found to be significant and are therefore not re-
ported here.
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4. Discussion

Through the combination of GPS and heart rate sensors, activity journals, question-
naires, as well as in-clinic strength and mobility assessments, this study aimed to show
the viability and effectiveness of combining typical measurement methods for CMP. The
correlation analysis reveals several important insights into the relationship between mo-
bility, cardiovascular performance, and upper limb strength in MWUs. There is a strong
correlation between the time participants recorded spending time outside their home and
GPS-indicated wheeled time (r = 0.782, p = 0.022). This suggests that participants’ self-
reported data is consistent with objective GPS measurements. It also suggests that the
more time the participants reported being outside on their journal, the more time they
were actively wheeling themselves, indicating more physical activity, a higher level of
community mobility, better physical health, and a higher quality of life.

The negative correlation found between journal-reported time outside the home and
mean daily heart rate (r = −0.750, p = 0.032) suggests that higher mobility is associated with
lower mean daily heart rate. Figure 7 supports this correlation, showing that participants
who spend more time outside home had lower average heart rates. This could be due to
several reasons. More time spent outside home could mean more commute time or more
rest time at locations outside home, which could have lowered the average heart rate. It
is also possible that a better level of cardiovascular fitness results from more time spent
outside, which aligns with research showing that increased physical activity can improve
cardiovascular health [35].

Shoulder flexion/extension and abduction/adduction peak torques at different speeds
(60◦/s and 120◦/s) show varying degrees of correlation with the other mobility metrics
examined in this study. For example, shoulder flexion/extension max peak torque at
60◦/s correlates negatively with GPS daily locations (r = −0.704, p = 0.034), and positively
with 6MPT mean heart rate (r = 0.835, p = 0.005), pointing to the complex interplay be-
tween muscle strength and mobility patterns, but showing that a relationship does exist
between in-clinic strength assessments, in-clinic mobility assessments, and real-world
community participation.

The mean heart rate recorded during the 6MPT shows strong correlations with several
upper limb strength measurements. For instance, shoulder flexion/extension max peak
torques at 60◦/s correlates strongly with the 6MPT mean heart rate (r = 0.835, p = 0.005)
and the mean heart rate measured during the final minute of the 6MPT (r = 0.731, p = 0.025).
This points to shoulder flexion/extension strength having a close relationship with the
cardiovascular fitness of MWUs. Additionally, these results agree with and strengthen the
findings of other studies which have examined the role of upper limb strength in effective
wheelchair propulsion [36–38].

The questionnaires from the WheelCon physical score correlates positively with 6MPT
heart rate metrics, suggesting that a higher reported confidence in wheelchair use can pro-
vide an indicator of the cardiovascular fitness of a MWU (0.708 > r > 0.756, 0.018 < p < 0.033).
Participants with lower LSA scores (indicating higher mobility) generally have higher
WheelCon scores. For instance, participant 2 had an LSA score of (11) and a WheelCon
score of (210), suggesting a high level of mobility and confidence. Conversely, those with
higher LSA scores (indicating lower mobility) often have lower WheelCon scores. Par-
ticipant 6, with an LSA score of (11) and a WheelCon score of (128), exemplifies lower
mobility and confidence. The analysis shows a clear relationship between community
mobility (LSA scores) and wheelchair confidence (WheelCon scores). This relationship
underscores the importance of both physical mobility and psychological confidence in
achieving greater community participation. The findings align with previous research
indicating that confidence in mobility aids, such as wheelchairs, is crucial for independent
living and active participation in daily activities [3,4].

The qualitative data from the journals provided contextual information about the
participants’ experiences, complementing the quantitative GPS data. This approach offered
a nuanced understanding of how environmental and social factors influenced the CMP of
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the participants during the study, which would have been missed otherwise. As seen in
Figure 3, the journal records where the participant went and what activities they partici-
pated in. These records provide invaluable context to other recorded data from the GPS,
clarifying the number and type of locations visited when the recorded daily routes entered
areas such as enclosed malls where GPS signal was poor. The journal also gave insights
into the participants’ social circle as well as how often they interact with the people in their
life, as seen in Figure 4. These insights provide examples and vital context to go alongside
the WheelCon social confidence scores recorded from the questionnaire. Finally, the journal
highlighted the environmental barriers that the participants faced during the trial which
could have an impact on their CMP. The barriers that were reported were overwhelmingly
physical barriers, such as poor pavement conditions and lack of accessible routes. These
barriers can have a significant impact on CMP and align with our previously established
international classification of functioning, disability and health model of factors affecting
CMP for MWUs [2], and should not be ignored when assessing MWUs.

This study has some limitations that should be considered when interpreting the re-
sults. Firstly, the sample size is relatively small. Replicating this study with a larger sample
size could help improve the generalizability of this study’s findings. Larger studies could
also explore the variability in responses among different demographic groups, geographical
locations, and distinctions between rural and urban environments. Another limitation is
the potential loss of GPS and heart rate data. This could arise from technical issues like
an uncharged battery or signal loss in certain environments like densely built-up outdoor
areas or indoor areas, which could have resulted in incomplete or inaccurate location and
heart rate data. Future research could incorporate a redundant system that combines GPS
with other technology like inertial measurement units to improve data coverage reliability
in environments where GPS signals are weak or unavailable. Integrating advanced tech-
nologies like mobile health applications can enhance the precision of data collection and
offer real-time monitoring of mobility patterns in the community.

This study leverages the strength of GPS technology in objectively quantifying mobility
patterns such as distance traveled and frequency of community outings. This allows for
detailed mapping of real-world movement, highlighting the accessibility and navigability of
different environments of MWUs. The activity journal and the questionnaires complement
this by providing a qualitative insight into the types of activities engaged in, the contexts of
these activities, and the personal experiences and barriers faced by MWUs. With the use of
the background data from the dynamometer strength testing and the 6MPT performance,
this combination ensures a balanced analysis where the quantitative mobility data is
enriched by the qualitative participation data providing a nuanced understanding of both
the physical movement and social engagement of MWUs. It has the potential to provide
the capability to better understand an individual’s mobility and participation, which could
help healthcare providers tailor rehabilitation programs to meet their specific needs and
goals [2,5,39].

5. Conclusions

Assessing CMP is essential for setting effective rehabilitation goals for MWUs. It allows
for personalized and effective rehabilitation planning, monitoring progress, enhancing
quality of life, promoting social inclusion, and supporting long-term health outcomes. By
combining GPS mobility tracking, heart rate, and activity journals to capture a holistic view
of MWUs’ mobility and participation in their daily environment, our study enables a robust
and comprehensive analysis that not only quantifies the extent and nature of community
mobility but also contextualizes it within the lived experiences of MWUs. Our approach
enabled our study to find multiple strong correlations between variables from the GPS,
6MPT, isokinetic dynamometer, and questionnaires. These findings point to relationships
between in-clinic measurements and real-world metrics which, to our knowledge, has not
been shown in previous research. This approach facilitates more targeted and effective
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rehabilitation strategies that can address physical capabilities, psychological components,
and environmental barriers associated with the CMP of MWUs.
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2. Fasipe, G.; Goršič, M.; Rahman, M.H.; Rammer, J. Community Mobility and Participation Assessment of Manual Wheelchair

Users: A Review of Current Techniques and Challenges. Front. Hum. Neurosci. 2024, 17, 1331395. [CrossRef] [PubMed]
3. Sakakibara, B.M.; Miller, W.C.; Routhier, F.; Backman, C.L.; Eng, J.J. Association Between Self-Efficacy and Participation in

Community-Dwelling Manual Wheelchair Users Aged 50 Years or Older. Phys. Ther. 2014, 94, 664–674. [CrossRef]
4. Francisco, P.; Pinheiro, J.; Martins, A. Psychosocial Impact of the Wheelchair in Social Participation of Its User: Contributions to

Reduce Disability Adjusted Life Years. Eur. J. Public Health 2019, 29, ckz034.089. [CrossRef]
5. Rössler, R.; Bridenbaugh, S.A.; Engelter, S.T.; Weibel, R.; Infanger, D.; Giannouli, E.; Sofios, A.; Iendra, L.; Portegijs, E.; Rantanen,

T.; et al. Recovery of Mobility Function and Life-Space Mobility after Ischemic Stroke: The Mobitec-Stroke Study Protocol. BMC
Neurol. 2020, 20, 348. [CrossRef]

6. Selph, S.S.; Skelly, A.C.; Wasson, N.; Dettori, J.R.; Brodt, E.D.; Ensrud, E.; Elliot, D.; Dissinger, K.M.; McDonagh, M. Physical
Activity and the Health of Wheelchair Users: A Systematic Review in Multiple Sclerosis, Cerebral Palsy, and Spinal Cord Injury.
Arch. Phys. Med. Rehabil. 2021, 102, 2464–2481. [CrossRef]

7. Hug, A.; Spingler, T.; Hensel, C.; Fichtner, S.; Daniel, T.; Heutehaus, L.; Wensing, M.; Rupp, R.; Weidner, N. Goal Attainment in
Mobility after Acute Rehabilitation of Mobility-Restricting Paralysis Syndromes with Regard to the Ambulatory Therapeutic
Level of Participation NeuroMoves. BMC Neurol. 2021, 21, 149. [CrossRef]

8. Li, Y.; Li, F.M.; Carrington, P. Breaking the ‘Inescapable’ Cycle of Pain: Supporting Wheelchair Users’ Upper Extremity Health
Awareness and Management with Tracking Technologies. In Proceedings of the CHI: Conference on Human Factors in Computing,
Hamburg, Germany, 23–28 April 2023; pp. 1–17.

9. Dunstan, D.W.; Dogra, S.; Carter, S.E.; Owen, N. Sit Less and Move More for Cardiovascular Health: Emerging Insights and
Opportunities. Nat. Rev. Cardiol. 2021, 18, 637–648. [CrossRef]

10. Silva Bertolaccini, G.; Sandnes, F.E.; Medola, F.O.; Gjøvaag, T. Effect of Manual Wheelchair Type on Mobility Performance,
Cardiorespiratory Responses, and Perceived Exertion. Rehabil. Res. Pract. 2022, 2022, 5554571. [CrossRef]

11. Ambrosio, F.; Boninger, M.L.; Souza, A.L.; Fitzgerald, S.G.; Koontz, A.; Cooper, R.A. Biomechanics and Strength of Manual
Wheelchair Users. J. Spinal Cord Med. 2005, 28, 407–414. [CrossRef]

12. Warner, M.; Mason, B.; Goosey-Tolfrey, V.; Webborn, N. Physical Activity Levels and Shoulder Pain in Wheelchair Users during
COVID-19 Restrictions. Disabil. Health J. 2022, 15, 101326. [CrossRef] [PubMed]

13. Damen, K.M.S.; Takken, T.; de Groot, J.F.; Backx, F.J.G.; Radder, B.; Roos, I.C.P.M.; Bloemen, M.A.T. 6-Minute Push Test in Youth
Who Have Spina Bifida and Who Self-Propel a Wheelchair: Reliability and Physiologic Response. Phys. Ther. 2020, 100, 1852–1861.
[CrossRef]

14. Van der Westhuizen, L.; Mothabeng, D.J.; Nkwenika, T.M. The Relationship between Physical Fitness and Community Participa-
tion in People with Spinal Cord Injury. S. Afr. J. Physiother. 2017, 73, 354. [CrossRef]

15. Willig, R.M.; Garcia, I.; Silva, N.S.; Corredeira, R.; Carvalho, J. The Effectiveness of Community-Based Upper Body Exercise
Programs in Persons with Chronic Paraplegia and Manual Wheelchair Users: A Systematic Review. J. Spinal Cord Med. 2020, 45,
24–32. [CrossRef]

https://doi.org/10.1016/j.apmr.2023.09.006
https://www.ncbi.nlm.nih.gov/pubmed/37734645
https://doi.org/10.3389/fnhum.2023.1331395
https://www.ncbi.nlm.nih.gov/pubmed/38249574
https://doi.org/10.2522/ptj.20130308
https://doi.org/10.1093/eurpub/ckz034.089
https://doi.org/10.1186/s12883-020-01920-z
https://doi.org/10.1016/j.apmr.2021.10.002
https://doi.org/10.1186/s12883-021-02167-y
https://doi.org/10.1038/s41569-021-00547-y
https://doi.org/10.1155/2022/5554571
https://doi.org/10.1080/10790268.2005.11753840
https://doi.org/10.1016/j.dhjo.2022.101326
https://www.ncbi.nlm.nih.gov/pubmed/35568672
https://doi.org/10.1093/ptj/pzaa121
https://doi.org/10.4102/sajp.v73i1.354
https://doi.org/10.1080/10790268.2020.1782608


J. Sens. Actuator Netw. 2024, 13, 70 16 of 16

16. Simões, M.d.S.M.; Garcia, I.F.; Costa, L.d.C.; Lunardi, A.C. Life-Space Assessment Questionnaire: Novel Measurement Properties
for Brazilian Community-Dwelling Older Adults. Geriatr. Gerontol. Int. 2018, 18, 783–789. [CrossRef]

17. Rushton, P.W.; Miller, W.C.; Lee Kirby, R.; Eng, J.J.; Yip, J. Development and Content Validation of the Wheelchair Use Confidence
Scale: A Mixed-Methods Study. Disabil. Rehabil. Assist. Technol. 2011, 6, 57–66. [CrossRef]

18. Bayley, M.T.; Kirby, R.L.; Farahani, F.; Titus, L.; Smith, C.; Routhier, F.; Gagnon, D.H.; Stapleford, P.; Alavinia, S.M.; Craven, B.C.
Development of Wheeled Mobility Indicators to Advance the Quality of Spinal Cord Injury Rehabilitation: Sci-High Project. J.
Spinal Cord Med. 2019, 42, 130–140. [CrossRef]

19. Yin, Y.; Tan, K.W. Social Participation Performance of Wheelchair Users Using Clustering and Geolocational Sensor’s Data. In
Proceedings of the 2020 IEEE 16th International Conference on Automation Science and Engineering (CASE), Hong Kong, China,
20–21 August 2020; pp. 126–131.

20. Brusilovskiy, E.; Klein, L.A.; Townley, G.; Snethen, G.; McCormick, B.; Hiremath, S.V.; Salzer, M.S. Examining the Relationship
between Community Mobility and Participation Using GPS and Self-Report Data. Soc. Sci. Med. 2020, 265, 113539. [CrossRef]

21. Hordacre, B.; Barr, C.; Crotty, M. Use of an Activity Monitor and GPS Device to Assess Community Activity and Participation in
Transtibial Amputees. Sensors 2014, 14, 5845–5859. [CrossRef]

22. Brusilovskiy, E.; Klein, L.A.; Salzer, M.S. Using Global Positioning Systems to Study Health-Related Mobility and Participation.
Soc. Sci. Med. 2016, 161, 134–142. [CrossRef]

23. Nanda, R.O.; Nursetyo, A.A.; Ramadona, A.L.; Imron, M.A.; Fuad, A.; Setyawan, A.; Ahmad, R.A. Community Mobility and
COVID-19 Dynamics in Jakarta, Indonesia. Int. J. Environ. Res. Public Health 2022, 19, 6671. [CrossRef] [PubMed]

24. Kerfeld, C.I.; Hurvitz, P.M.; Bjornson, K.F. Physical Activity Measurement in Children Who Use Mobility Assistive Devices:
Accelerometry and Global Positioning System. Pediatr. Phys. Ther. 2021, 33, 92–99. [CrossRef] [PubMed]

25. Borisoff, J.F.; Ripat, J.; Chan, F. Seasonal Patterns of Community Participation and Mobility of Wheelchair Users over an Entire
Year. Arch. Phys. Med. Rehabil. 2018, 99, 1553–1560. [CrossRef]

26. Parraca, J.A.; Adsuar, J.C.; Domínguez-Muñoz, F.J.; Barrios-Fernandez, S.; Tomas-Carus, P. Test-Retest Reliability of Isokinetic
Strength Measurements in Lower Limbs in Elderly. Biology 2022, 11, 802. [CrossRef] [PubMed]

27. de Araujo Ribeiro Alvares, J.B.; Rodrigues, R.; de Azevedo Franke, R.; da Silva, B.G.C.; Pinto, R.S.; Vaz, M.A.; Baroni, B.M.
Inter-Machine Reliability of the Biodex and Cybex Isokinetic Dynamometers for Knee Flexor/Extensor Isometric, Concentric and
Eccentric Tests. Phys. Ther. Sport Off. J. Assoc. Chart. Physiother. Sports Med. 2015, 16, 59–65. [CrossRef]
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