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Abstract

Background: Manual wheelchair propulsion is often associated with pain in the upper
extremities. Recording spatio-temporal parameters can optimize movement patterns and
prevent injuries. This study compares a marker-based camera system with inertial mea-
surement units to validate their use in wheelchair propulsion on a test stand. Methods:
Spatio-temporal parameters of 27 manual wheelchair users propelling at three self-selected
speeds (slow, normal, fast) were simultaneously recorded using a marker-based camera
system and inertial measurement units, and subsequently compared between both systems.
Results: A high correlation was observed among all spatio-temporal parameters (p > 0.992).
The biases for the start time of hand contact with the pushrim (—0.02 = 0.02 s), hand release
from the pushrim (—0.02 £ 0.01 s), and push length (—0.45 £ 21.45 ms) were slightly
overestimated, while recovery length (0.54 =+ 21.02 ms), cycle speed (2.37 & 2.67°/s), and
push angle (1.75 £ 4.14°) were slightly underestimated. No bias was found for propulsion
frequency. Conclusions: The spatio-temporal parameters recorded using inertial measure-
ment units are suitable for the evaluation of manual wheelchair propulsion and can be
used in a clinical context. The low acquisition costs and simple installation process may
increase the use of inertial measurement units in the future.

Keywords: spinal cord injury; wearable sensor; inertial measurement unit; motion captur-
ing; manual wheelchair

1. Introduction

Using a manual wheelchair can lead to injuries in the upper extremities, including pain
in the wrist and shoulder. Among manual wheelchair users, carpal tunnel syndrome occurs
in 49-63% [1-4] and shoulder pain in 31-73% [5-7] of cases. The risk of injury and pain is
increased by using inefficient propulsion patterns [8-10]. Following Boninger et al. [11],
among the four existing stroke patterns during wheelchair propulsion, the double looping
over propulsion and semicircular patterns are easy on the joints due to their low frequency.
The semicircular pattern is particularly recommended [12], as its elliptical shape minimizes
abrupt directional changes, thereby reducing the likelihood of injuries. The semicircular
pattern also maintains a high proportion of time in the push phase over a wide range of
speeds, allowing the tangential force applied to the pushrim to be distributed over a longer
period, reducing force peaks and stress on the shoulder and wrist.
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To record spatio-temporal parameters of movement analysis in laboratory or clinical
settings, it is necessary to determine the start and end of the push and recovery phases for
each propulsion cycle. Various measurement systems can be used for this purpose, includ-
ing marker-based camera systems, wearable inertial sensors, and the SmartWheel. The
Smartwheel is an instrumented wheel that is often used for monitoring manual wheelchair
propulsion [13]. It measures forces and torques applied to the pushrim, enabling the start
and end of the push phase to be detected. However, to our knowledge, the SmartWheel is
no longer available as a commercial product.

With marker-based camera systems, different methodological approaches can be used
to identify the propulsion phases. Hiremath et al. [14] determined the duration of push and
recovery phases using a marker placed on the third metacarpophalangeal joint (3. MCP).
The marker was used to detect the two changes in anteroposterior direction of the hand
during each propulsion cycle. However, changes in hand direction can occur before the
start of the push phase and after the end, resulting in a delay relative to the actual times.
This timing is highly dependent on the propulsion patterns of the participants. Morgan
et al. [15] measured the distance between the wheel axle and the 3. MCP. This distance
represents approximately the radius of the wheel. A change in this radius marks the
transition to the recovery phase. However, it is important to note that different individuals
grip the pushrim in different ways, which may result in different distances between the
wheel axle and the 3. MCP, even for the same wheel radius. This has the potential to result
in an inaccurate determination of push and recovery phases. Salm et al. [16] calculated the
duration of push and recovery phases using markers positioned on the wheelchair wheels,
to measure their axial acceleration. The zero crossings of the acceleration data determined
the start and end of push phases.

In recent years, inertial measurement units (IMUs) have become an increasingly pop-
ular alternative for analyzing manual wheelchair propulsion [17]. In several studies, the
IMU sensor was attached to the hand [18-20]. For example, Fathian et al. [20] utilized
an IMU mounted on the hand to identify the moments of hand contact and hand release
during wheelchair propulsion. The technique combined a continuous wavelet transform for
time-frequency analysis of acceleration data with a peak detection algorithm to determine
the relevant events. Another approach [21] uses accelerometers on the upper arm, wrist
and under the wheelchair seat to record the stroke number and propulsion frequency.
Sensor placement under the seat showed the lowest accuracy for both parameters. Similar
to Salm et al. [16], Vries et al. [22] measured the axial acceleration of the wheelchair wheels,
but employed wheel-mounted IMUs instead of optical markers. Their measurements
were conducted during overground propulsion outside of a laboratory setting and were
directly compared to data obtained using a SmartWheel. The angular velocity measured
around the wheel axis clearly shows an increasing trend during the push phase and a
decreasing trend during the recovery phase. Using peak detection, the start and end of
each phase can be identified with precision. The comparison revealed that the push phases
measured with IMUs are found to be longer in duration compared to measurements ob-
tained with a Smartwheel. This discrepancy can be attributed to additional accelerations of
the wheelchair wheels caused by trunk movements during propulsion, which extend the
detected end of the push phase and/or to the “real-life” movements (i.e., turns, accelera-
tion and deceleration phases, as well as ascents and descents) considered in the average
push duration.

A direct comparison between IMUs and marker-based motion capture systems in
wheelchair propulsion analysis has not been conducted to date. This is surprising, however,
given that both systems are used. To assess the extent to which IMUs offer an alternative to
a marker-based motion capture system for, e.g., clinical applications, this study investigates
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the validity of IMUs for spatio-temporal parameters during wheelchair propulsion on a
test stand, with a focus on identifying the start and end times of hand—pushrim contact. To
calculate these start and end times, we use an approach similar to Vries et al. [22,23] and
Salm et al. [16], where axial wheel acceleration is recorded using either IMU- or marker-
based measurements. It is hypothesized that there will be no difference between the two
measurement systems in detecting these events during wheelchair propulsion.

2. Materials and Methods
2.1. Subjects

A total of 27 participants were included (Table 1). Each participant used their own
wheelchair. Participants were required to be 18-65 years old and able to propel a wheelchair
over a distance of 100 m with a consistent movement pattern. Prior to participation, written
informed consent was obtained from all subjects. This study was approved by the ethics
review board of the Friedrich-Alexander University Erlangen-Ntirnberg, Germany (23-20-B;
14 February 2023) and was in accordance with the Declaration of Helsinki.

Table 1. Participants’ characteristics.

Mean + SD
Age [years] 46.78 = 14.98
Sex [f/m] 2/25
Weight [kg] 82.37 £19.08
Arm length [cm] 55.48 + 4.25
Duration of wheelchair dependency [years] 16.10 £ 13.90

2.2. Protocol

This study was conducted at Klinikum Bayreuth GmbH, Bayreuth, Germany. Prior to
data collection, all participants were informed of the test setup and experimental procedure.
The wheelchair was securely mounted on a test stand and fixed in place to prevent any
unintentional movement (Figure 1). Participants were given a short familiarization period
to adapt to the test setup before data collection started. The recording phase consisted of ten
propulsion cycles at three different self-selected speeds: normal, fast, and slow. Movement
data were captured using a camera system and IMUs.

2.3. Data Collection

A marker-based camera system (VICON, Oxford, UK) was used to monitor the move-
ment of the wheelchair wheels. Three reflective markers were attached to each wheel (left
and right). One marker was positioned on the wheel axle and two additional markers
were mounted on the spokes using fixation plates (Figure 1). The system recorded marker
positions using ten cameras at a sampling rate of 200 Hz. The accuracy of the camera
system was assessed using Vicon Nexus calibration metrics. The mean world error, defined
as the average deviation between reconstructed and expected 3D marker positions, was
0.30 mm (range across the ten cameras: 0.15-0.51 mm). The mean image error, defined
as the average deviation between detected and predicted marker locations in the camera
image, was 0.09 pixels (range: 0.07-0.14 pixels). These results indicate high calibration
quality and spatial accuracy of the motion capture system.
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Hand trajectory

. Push phase

. Recovery phase

Figure 1. Detailed representation of the measurement systems: wheelchair on a test stand in a
laboratory setting including 10 cameras, showing markers attached to the spokes and axle and an
IMU attached to the spokes (white rectangle); the vectors 4. and Aref (marked in orange) are used
to determine the angular acceleration based on the calculated angle ®. Note: only one of the spoke
markers is required to calculate ®; the second marker is used solely for gap filling when occlusions
occur due to hand movement.

To assess the rotational dynamics of the wheels, IMUs (Cometa, Bareggio, Italy) were
attached to the spokes of both the left and right wheels using fixation plates (Figure 1).
These IMUs then record the rotation around the wheel axes. The propulsion force exerted
by the subject on the pushrim can be decomposed into a radial and a tangential force.
The tangential force contributes to the forward motion of the wheelchair [24], thereby
generating angular velocity around the wheelchair’s axle. The angular velocity profile was
recorded in degrees per second, with the sampling rate of 142 Hz.

2.4. Data Processing

The raw data of the marker-based camera system and the IMUs were filtered using a
second-order Butterworth filter with a cutoff frequency of 6 Hz [25]. The data processing
was conducted using Python (version 3.13.4) within the Integrated Development Environ-
ment PyCharm (JETBRAINS, Prague, Czech Republic). The angular acceleration of the
wheels was determined by calculating the angle (®) based on one vector 4 rotating around
the wheel axis (Figure 1) and one positioned vertical reference vector a,. [16]. This calcula-
tion was performed using Equation (1). Zero crossings of the angular acceleration were
then used to identify the start times of hand contact (fcontact) with and hand release (f,}¢45¢)
from the pushrim. To ensure precise tracking, two markers were placed on the spokes
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of each wheel, although only one was required. An additional marker was positioned to

compensate for potential occlusion caused by hand movements.
- =
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The gyroscope data of the IMUs (Figure 2) were processed based on an approach

® = cos™
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%
01 @ ref

proposed by Vries et al. [22]. The local minimum corresponds to tcontact. Following this,
the angular velocity increases, with the local maximum indicating t,,je;5, and the start of
the recovery phase. Based on teontact and tyye55 Various spatio-temporal parameters were
calculated (Table 2).

teontact aNd treease identification

® start of push

350 end of push
300
250
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Time [s]

Angular velocity [deg/s]

Figure 2. Example of angular velocity (10 push phases) measured with an IMU mounted on the
spokes of the right wheel, marked in green for tcoutqct (minima) and orange for ty,,,¢, (Maxima).

Table 2. Detailed description of measured spatio-temporal parameters in wheelchair propulsion.

Parameter Description
teontact Point in time of initial hand contact with pushrim
trelease Point in time of hand release from pushrim
Push length Duration of hand contact during the push phase
Recovery length Duration between hand release and initial hand contact
Cycle speed Average speed of one propulsion cycle
Propulsion frequency Number of propulsion cycles per second
Push angle Angle between hand contact and release on the pushrim

2.5. Statistical Analysis

Statistical analyses were performed using the PyCharm (JETBRAINS, Prague, Czech
Republic) development environment. The characteristics of the subjects were described
using the mean and standard deviation (SD). Various statistical methods were applied to
compare the measurement systems. The Shapiro-Wilk test was used to assess the normal
distribution of all propulsion parameters. The Spearman correlation was calculated to
analyze the agreement between the measurements. In addition, bias (mean difference
between measurement systems) and absolute relative error were determined. To visualize
the agreement between the measurement systems, Bland—Altman plots were generated
showing the mean difference and the confidence interval (95%) of the differences.
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3. Results

The accuracy of the parameter obtained from the two measurement systems is shown
in Table 3. From the perspective of the IMUs, the parameters fcontact and tye1005, Were system-
atically overestimated, with a bias of —0.02 s. The push length was also overestimated with
a bias of —0.45 ms. The biases of the parameter’s recovery length (0.54 ms), cycle speed
(2.37°/s), and push angle (1.75°) were underestimated. Propulsion frequency showed
no systematic deviation between the two measurement systems. The largest absolute
relative errors occurred for the push length (4.05%), recovery length (2.27%), and push
angle (3.49%). In accordance with this, these propulsion parameters also showed lower
correlations compared to the other recorded parameters (push length p = 0.994, p < 0.001;
recovery length p = 0.998, p < 0.001; push angle p = 0.992, p < 0.001).

Table 3. Comparison of spatio-temporal parameters of wheelchair propulsion measured with a
marker-based camera system and IMUs.

Parameter Marker Value ! IMUs Value ! Bias + SD Abs. Error (%) 2 p3

teontact (S) -4 -4 —0.02 £ 0.02 0.36 1.000
tretease (S) -4 -4 —0.02 +0.01 0.28 1.000
Push length (ms) 415.50 £ 14293  415.96 £+ 156.51 —0.45 £+ 21.45 4.05 0.994
Recovery length (ms) 73924 £289.31  738.70 £ 278.72 0.54 £ 21.02 2.27 0.998
Cycle speed (°/s) 172.31 £121.16  169.94 £ 119.42 2.37 £2.67 1.76 1.000
Propulsion frequency (Hz) 0.99 £ 0.37 0.99 £ 0.37 0.00 £ 0.01 0.66 1.000
Push angle (°) 66.25 £ 24.91 64.50 £ 22.74 175+ 4.14 3.49 0.992

1 Mean value =+ SD; 2 Absolute relative error; 3 Spearman correlation coefficient p; * teontact and tyejgnse are points in

time, no mean values provided.

Figure 3 illustrates the agreement between the two systems for various propulsion
speeds. The propulsion parameters show a dependency on different speeds. As the
velocity increases, the push length (R? = 0.402), cycle speed (R? = 0.422), propulsion
frequency (R? = 0.000), and push angle (R? = 0.277) increase, while the recovery length
(R? = 0.254) decreases.
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Figure 3. Cont.
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Figure 3. Bland-Altman plots visualize spatio-temporal parameters of wheelchair propulsion
((@) teontact, (b) trerenses (€) push length, (d) recovery length, (e) cycle speed, (f) propulsion frequency,
(g) push angle), showing the mean difference (red dashed line), regression line (black dashed line),
and the confidence interval with an agreement of 95 % (between the two gray dashed lines) for two

systems (marker-based camera system/IMU) for three different speeds (slow, normal, fast).

4. Discussion

The aim of this study was to validate the measurement of the IMUs using the marker-
based camera system. In general, the spatio-temporal parameters as determined by the
IMU system showed a high degree of agreement with the reference system. However,
systematic deviations were observed in some measured variables. For instance, the IMU
system slightly overestimated fcoutact and tyepezs.- The push length was overestimated the
most and had the highest absolute relative error, followed by the push angle, which was
underestimated. However, the recovery length was underestimated, resulting in the third
largest deviation value. The cycle speed was slightly underestimated, while no deviation
between the two measurement systems could be determined for the propulsion frequency.
Despite these minor deviations, the very high correlation coefficients (Table 3) across
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all parameters indicate that both systems capture the same underlying spatio-temporal
characteristics of wheelchair propulsion with a high degree of consistency.

Wheel-mounted IMUs were compared in a recent study with data obtained from a
SmartWheel [22]. However, Vries et al. [22] focused on distance covered by the wheelchair,
linear velocity of the wheelchair, and number and duration of pushes. They observed a
significantly different duration of the push phase whereas the push durations derived from
the IMU data were longer than those from the SmartWheel data. Vries et al. [22] attributed
these large differences to the trunk and arm movements during the pushing processes. A
resulting acceleration of the wheelchair can occur after the push phase has been completed,
which can lead to a delay of tcontact and tyepeqse [26].

In clinical settings, movement analyses for wheelchair users are often performed on test
stands (Figure 1). One advantage of such test stands is that they allow manual wheelchair
users to perform steady, repeatable propulsion in a small space over extended periods of
time. When measurements are taken on a test stand, accelerations of the wheels caused by
trunk and arm movements, as observed in the overground study by Vries et al. [23], cannot
occur. In this setup IMUs could present an attractive alternative to marker-based motion
capture systems. While optical systems are considered the gold standard for kinematic
analysis, they require specialized laboratory environments, extensive setup time, and expert
operation, making them costly and labor-intensive. Moreover, they are prone to occlusion
issues, which can lead to data loss and time-consuming post-processing. Outside of a
laboratory setting, the use of wheel-mounted IMUs is not yet entirely clear (see comments
above). However, an improvement in analytics outside the laboratory could lie in Fathian
etal.’s calculation method [20]. They identify the moments of hand contact and hand release
during wheelchair propulsion utilizing an IMU mounted on the hand. Their technique
combined a continuous wavelet transform for time-frequency analysis of acceleration data
with a peak detection algorithm to determine the relevant events. In addition to IMUs,
alternative sensor systems, such as pressure sensors attached to the wheelchair user’s
middle fingers, have also been explored to detect contact time with the pushrim during
propulsion [27] and could be used for overground studies.

A comparison of the camera system and the IMU has already been carried out several
times while walking [28,29]. In the present study the parameter cycle speed is influenced
by the propulsion speed and demonstrates a comparable behavior to the results of Zahn
et al. [28], who observed a stronger deviation from the reference system at higher gait
speeds. As the propulsion speeds of the wheelchair users increases (from slow to fast), the
deviation between the two measurement systems increases, as illustrated by the Bland—
Altman plots. The duration of the gait phases behaved in opposite ways depending on
the gait speed. As the speed increased, IMUs recorded a decreased stance phase and an
increased swing phase. This discrepancy can be attributed to differences in the identification
of the beginning of the stance phase in the two systems. In this present study, the push
phases are systematically underestimated and the recovery phases overestimated with
increasing propulsion speed. One possible cause is the algorithm for recognizing tcontact
and f,,e5. based on the IMU data. At lower speeds, the wheelchair wheel nearly comes
to a standstill at the end of the recovery phase, making it difficult to identify the start of
the push phase based on the minimum in the speed curve. Instead, the phase transition is
recognized after a predefined threshold value is exceeded.

Some limitations of this present study require consideration. First, the sample con-
sisted mostly of male test subjects. A more balanced gender distribution might be advan-
tageous to extend the measurement system in terms of its applicability and validity to
different user groups. However, as our measurement system focuses on mechanical param-
eters of the wheelchair wheels (rather than user-related kinematic or physiological data)
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we believe that the influence of gender on the current results is limited. Secondly, some of
the participants pushed their wheelchairs faster than average (500-600° /s, see Figure 3).
Since these high speeds influence the regression analysis, but the speeds themselves are
not clinically relevant, this should be taken into account when using the sensors. Thirdly,
this study is limited by its exclusive use of a stationary test stand, which may not reflect
real-world overground propulsion conditions where trunk movement introduces noise.

5. Conclusions

This present study demonstrates the feasibility of using IMUs to analyze wheelchair
propulsion in manual wheelchair users on a test stand, with potential for clinical application.
Unlike marker-based motion capture systems, IMUs require minimal preparation and are
less cost-intensive. In contrast to the specialized SmartWheel, IMUs are commercially
available and more accessible, allowing for rapid and flexible data collection.

Author Contributions: Conceptualization, L.S. and R.M.; methodology, LK., L.S. and R.M.; software,
LK. and L.S;; validation, LK., L.S. and R.M.; formal analysis, L.K. and L.S.; investigation, L.K., L.S.
and R.M,; resources, R.A.; data curation, L.S. and R.M.; writing—original draft preparation, L.K.,
L.S. and R.M.; writing—review and editing, L.K,, L.S., R.A. and R.M,; visualization, L.K. and L.S.;
supervision, R.M.; project administration, R.M. All authors have read and agreed to the published
version of the manuscript.

Funding: Funded by the Open Access Publishing Fund of the University of Bayreuth.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the ethics review board of the Friedrich-Alexander University Erlangen-
Niirnberg, Germany (23-20-B; 14 February 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data as well as the IMU signal processing algorithm will be made
available upon reasonable request to the corresponding author.

Acknowledgments: The authors of the study would like to thank the subjects for their voluntary
participation and co-researchers for their continuous efforts.

Conflicts of Interest: L.S., R.A. and R.M. are employed by Klinikum Bayreuth GmbH. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References

1. Aljure, J.; Eltorai, I.; Bradley, W.E,; Lin, J.E.; Johnson, B. Carpal tunnel syndrome in paraplegic patients. Spinal Cord 1985, 23,
182-186. [CrossRef]

2. Gellman, H.; Chandler, D.R,; Petrasek, J.; Sie, I.; Adkins, R.; Waters, R.L. Carpal tunnel syndrome in paraplegic patients. J. Bone Jt.
Surg. 1988, 70, 517-519. [CrossRef]

3. Tun, C.G.; Upton, J. The paraplegic hand: Electrodiagnostic studies and clinical findings. J. Hand Surg. 1988, 13, 716-719.
[CrossRef]

4. Davidoff, G.; Werner, R.; Waring, W. Compressive mononeuropathies of the upper extremity in chronic paraplegia. Spinal Cord
1991, 29, 17-24. [CrossRef]

5. Wylie, EJ.; Chakera, T.M. Degenerative joint abnormalities in patients with paraplegia of duration greater than 20 years. Spinal
Cord 1988, 26, 101-106. [CrossRef]

6.  Curtis, K.A,; Drysdale, G.A.; Lanza, R.D.; Kolber, M.; Vitolo, R.S.; West, R. Shoulder pain in wheelchair users with tetraplegia and
paraplegia. Arch. Phys. Med. Rehabil. 1999, 80, 453—457. [CrossRef]

7.  Pentland, W.E,; Twomey, L.T. The weight-bearing upper extremity in women with long term paraplegia. Spinal Cord 1991, 29,
521-530. [CrossRef]

8. Boninger, M.L.; Impink, B.G.; Cooper, R.A.; Koontz, A.M. Relation between median and ulnar nerve function and wrist kinematics

during wheelchair propulsion. Arch. Phys. Med. Rehabil. 2004, 85, 1141-1145. [CrossRef]


https://doi.org/10.1038/sc.1985.31
https://doi.org/10.2106/00004623-198870040-00006
https://doi.org/10.1016/S0363-5023(88)80132-1
https://doi.org/10.1038/sc.1991.3
https://doi.org/10.1038/sc.1988.20
https://doi.org/10.1016/S0003-9993(99)90285-X
https://doi.org/10.1038/sc.1991.75
https://doi.org/10.1016/j.apmr.2003.11.016

Sensors 2025, 25, 4676 10 of 10

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Mercer, ].L.; Boninger, M.; Koontz, A.; Ren, D.; Dyson-Hudson, T.; Cooper, R. Shoulder joint kinetics and pathology in manual
wheelchair users. Clin. Biomech. 2006, 21, 781-789. [CrossRef]

Collinger, J.L.; Boninger, M.L.; Koontz, A.M.; Price, R.; Sisto, S.A.; Tolerico, M.L.; Cooper, R.A. Shoulder biomechanics during the
push phase of wheelchair propulsion: A multisite study of persons with paraplegia. Arch. Phys. Med. Rehabil. 2008, 89, 667-676.
[CrossRef]

Boninger, M.L.; Souza, A.L.; Cooper, R.A; Fitzgerald, S5.G.; Koontz, A.M.; Fay, B.T. Propulsion patterns and pushrim biomechanics
in manual wheelchair propulsion. Arch. Phys. Med. Rehabil. 2002, 83, 718-723. [CrossRef]

Paralyzed Veterans of America Consortium for Spinal Cord Medicine. Preservation of Upper Limb Function Following Spinal
Cord Injury: A Clinical Practice Guideline for Health-Care Professionals. J. Spinal Cord Med. 2005, 28, 434-470. [CrossRef]
Cooper, R.A. SMARTWheel: From concept to clinical practice. Prosthet. Orthot. Int. 2009, 33, 198-209. [CrossRef]

Hiremath, S.; Ding, D.; Koontz, A M. Estimating Temporal Parameters of Wheelchair Propulsion based on Hand Acceleration. In
Proceedings of the RESNA 2008 Annual Conference, Pittsburgh, PA, USA, 29 June 2008.

Morgan, K.A.; Tucker, S.M.; Klaesner, ].W.; Engsberg, ].R. A motor learning approach to training wheelchair propulsion
biomechanics for new manual wheelchair users: A pilot study. J. Spinal Cord Med. 2017, 40, 304-315. [CrossRef]

Salm, L.; Schreff, L.; Benker, C.; Abel, R.; Miiller, R. The effect of a cognitive dual-task on the control of wheelchair propulsion.
PLoS ONE 2025, 20, e0317504. [CrossRef]

Weizman, Y.; Baumker, L.; Fuss, EK. Application of Sensor Technology in Wheelchair Sports for Real-Time Data Collection during
Training and Competition and for Assessment of Performance Parameters: A Systematic Review and Future Directions. Sensors
2024, 24, 6343. [CrossRef]

Aissaoui, R.; de Lutiis, A.; Feghoul, A.; Chénier, F. Handrim Reaction Force and Moment Assessment Using a Minimal IMU
Configuration and Non-Linear Modeling Approach during Manual Wheelchair Propulsion. Sensors 2024, 24, 6307. [CrossRef]
Fasipe, G.; Gorsi¢, M.; Zabre, E.V.; Rammer, ] .R. Inertial Measurement Unit and Heart Rate Monitoring to Assess Cardiovascular
Fitness of Manual Wheelchair Users during the Six-Minute Push Test. Sensors 2024, 24, 4172. [CrossRef]

Fathian, R.; Khandan, A.; Rahmanifar, N.; Ho, C.; Rouhani, H. Feasibility and Validity of Wearable Sensors for Monitoring
Temporal Parameters in Manual Wheelchair Propulsion. IEEE ]. Biomed. Health Inform. 2024, 28, 5239-5246. [CrossRef]

Ojeda, M.; Ding, D. Temporal parameters estimation for wheelchair propulsion using wearable sensors. BioMed Res. Int. 2014,
2014, 645284. [CrossRef]

de Vries, W.; van der Slikke, R.; van Dijk, M.P,; Arnet, U. Real-Life Wheelchair Mobility Metrics from IMUs. |. Sens. 2023, 23, 7174.
[CrossRef]

de Vries, W.; Eriks-Hoogland, I.; Hertig-Godeschalk, A.; Koch-Borner, S.; Perret, C.; Arnet, U. Variation in Daily Wheelchair
Mobility Metrics of Persons with Spinal Cord Injury: The Need for Individual Monitoring. Appl. Sci. 2024, 14, 11087. [CrossRef]
Robertson, R.N.; Boninger, M.L.; Cooper, R.A.; Shimada, S.D. Pushrim forces and joint kinetics during wheelchair propulsion.
Arch. Phys. Med. Rehabil. 1996, 77, 856-864. [CrossRef]

Cooper, R.A.; DiGiovine, C.P; Boninger, M.L.; Shimada, S.D.; Koontz, A.M.; Baldwin, M. A. Filter frequency selection for manual
wheelchair biomechanics. J. Rehabil. Res. Dev. 2002, 39, 323-336.

van Dijk, M.P; van der Slikke, R.; Berger, M.; Hoozemans, M.; Veeger, H. Look mummy, no hands! The effect of trunk motion on
forward wheelchair propulsion. ISBS Proc. Arch. 2021, 39, 80.

Fuss, E; Tan, A.; Weizman, Y. The Effect of Arm Movements on the Dynamics of the Wheelchair Frame during Manual Wheelchair
Actuation and Propulsion. Actuators 2024, 13, 183. [CrossRef]

Zahn, A.; Koch, V.; Schreff, L.; Oschmann, P.; Winkler, J.; Gainer, H.; Miiller, R. Validity of an inertial sensor-based system for the
assessment of spatio-temporal parameters in people with multiple sclerosis. Front. Neurol. 2023, 14, 1164001. [CrossRef]

Kluge, F.; Gafiner, H.; Hannink, J.; Pasluosta, C.; Klucken, ].; Eskofier, B.M. Towards Mobile Gait Analysis: Concurrent Validity
and Test-Retest Reliability of an Inertial Measurement System for the Assessment of Spatio-Temporal Gait Parameters. Sensors
2017, 17,1522. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.clinbiomech.2006.04.010
https://doi.org/10.1016/j.apmr.2007.09.052
https://doi.org/10.1053/apmr.2002.32455
https://doi.org/10.1080/10790268.2005.11753844
https://doi.org/10.1080/03093640903082126
https://doi.org/10.1080/10790268.2015.1120408
https://doi.org/10.1371/journal.pone.0317504
https://doi.org/10.3390/s24196343
https://doi.org/10.3390/s24196307
https://doi.org/10.3390/s24134172
https://doi.org/10.1109/JBHI.2024.3407525
https://doi.org/10.1155/2014/645284
https://doi.org/10.3390/s23167174
https://doi.org/10.3390/app142311087
https://doi.org/10.1016/S0003-9993(96)90270-1
https://doi.org/10.3390/act13050183
https://doi.org/10.3389/fneur.2023.1164001
https://doi.org/10.3390/s17071522

	Introduction 
	Materials and Methods 
	Subjects 
	Protocol 
	Data Collection 
	Data Processing 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

