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Abstract

In wheelchair racing, measuring pushrim kinetics such as propulsion forces and moments is paramount for
improving performance and preventing injuries. However, there is currently no instrumented racing wheel
that records 3D pushrim kinetics wirelessly and at a high sample rate, which is necessary for accurately
analyzing wheelchair racing biomechanics. In this work, we present an instrumented wheel that measures
3D kinetics at 2500 Hz. Bidirectional wireless communication is used to interface the wheel through a smart
phone. The wheel was tested with a world-class racing athlete who propelled at maximal acceleration and
maximal speed on a training roller. During acceleration, the peak total force increased continuously from
186 N to 484 N while the peak tangential force was constant at 171 N + 15 N. At higher speeds, a
counterproductive tangential force was measured during the first 15% and the last 25% of the push phase,
peaking at -78 N. This wheel may be of great value for both coaches and athletes to help with planning and
validating training programs and adaptations to the wheelchair such as positioning. This wheel also has
very high potential for further research on wheelchair racing biomechanics and on preventing shoulder

pathologies associated with this sport.
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Introduction

Wheelchair racing is a popular adaptive sport that was first studied in the late 1980s, mainly to understand
how better kinematics could lead to improved performance [1,2]. Since then, wheelchair racing has
undergone drastic changes, with the wheelchair’s design finally taking on its current elongated, three-
wheeled shape by the end of the 1990s. Due to major differences in both geometry and speed, wheelchair
racing is a unique task that is biomechanically very different from propelling a standard wheelchair.
Biomechanical analysis, especially measuring pushrim kinetics, is paramount for improving performance and
preventing injuries [3]. For example, performance is related to the amplitude, direction and duration of the
pushrim force. Wheelchair racing is also known to cause shoulder overuse injuries [4,5]. Minimizing shoulder
moments may be beneficial for wheelchair racers, those moments being correlated with the risk of shoulder
pathologies in wheelchair users [6].

Previous studies have calculated shoulder moments during standard wheelchair propulsion using either
inverse dynamics [7-10] or musculoskeletal modelling [11-13] but this has not yet been done in wheelchair
racing. In fact, these calculations require 3D pushrim kinetics data obtained from instrumented wheels.
However, the most prevalent instrumented wheelchair wheels (SmartWheel, OutFront LCC; Optipush, Max
Mobility LCC) are only suitable for standard wheelchair propulsion. Yet, kinetics data from racing
wheelchairs is vital for determining the musculoskeletal biomechanics underlying performance and athletes’
shoulder pathologies.

Dedicated instrumented wheels are necessary for wheelchair racing for the following main reasons: (1) they
usually have a larger diameter than standard wheelchair wheels; (2) their pushrims are smaller in diameter;
(3) the duration of the push phase is much shorter, therefore requiring a high sampling rate; (4) force
amplitudes and rates of rise are larger; and (5) the hand-wheel contact force area is not only limited to the
pushrim, but also to the lateral face of the wheel near the pushrim [14,15].

Various attempts have been made to collect racing wheelchair kinetics data using instrumented wheel
prototypes. Goosey-Tolfrey et al. [16] measured 2D hand contact forces using a custom-built instrumented
racing wheel for six athletes who propelled at constant speeds of 4.70 m/s and 5.65 m/s on a roller. However,
the instrumented wheel could not measure 3D kinetics, which is necessary for conducting inverse dynamics
and musculoskeletal modelling. Limroongreungrat et al. [17] built a 3D instrumented racing wheel using a
commercial 3D load cell. However, their wheel was tethered to a computer using a slip ring, which prevented
kinetics data from being recorded in real-field conditions. In a preliminary work on rigid vs. soft gloves,
Rice et al. [18] used a modified SmartWheel to measure the push kinematics of nine racers who propelled
at maximal acceleration and three constant speeds of 5.36 m/s, 6.26 m/s and 7.60 m/s on a roller. Their
wheel was, however, limited to a sampling frequency of 240 Hz and to our knowledge, no further details
were later published on their work. Recently, Miyazaki et al. [19] presented a wireless instrumented pushrim
to measure pushrim kinetics on a roller in a wind tunnel facility. That pushrim, tested with three racers
who propelled at a constant speed of 5.56 m/s was, however, limited to 2D kinetics (tangential and radial
forces).

The aim of our project was to design and build an instrumented racing wheel that addresses the technical
limitations encountered with previous designs. The wheel prototype measures 3D forces exerted on the
pushrim and the lateral wheel face. Its design is similar to a standard racing wheel in that it can be easily

installed on the user's own wheelchair. The wheel is controlled and accessed wirelessly but it does not need



to be in the wireless range while acquiring data. Sampled data were recorded and analyzed with a world-
class racing athlete for validation purposes.

Wheel design

Mechanical design

A cross-sectional view of the mechanical design of the instrumented wheel is shown in Fig. 1. A design
similar to the wheel described in Limroongreungrat et al. [17] was chosen, using the same commercially
available six-axis load cell (45E15A, JR3 Inc.). This sensor was proven to give high linearity and low error
in racing kinetics measurements [17]. A thin, rigid, carbon fiber layered core cell disc was firmly affixed to
the load cell connection; this disc mimicks the lateral face of a standard carbon racing wheel. The pushrim
was firmly connected to this disc. Hence, the wheel can measure hand forces exerted either directly on the
pushrim and/or anywhere on the disc surface.
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Figure 1 Cross-sectional view of the instrumented wheel mechanical sub-assemblies

Figure 2 Pictures of the instrumented wheel: (a) installed on a racing wheelchair and training roller; (b)
instruments and circuits under the force transfer disc



No slip ring or wires were used for data transfer. This therefore required a thicker wheel design to
accommodate for electronic circuit boards and batteries. A core cell and carbon construction was used to
house these components, ensuring sufficient stiffness to prevent the wheel from contacting the wheelchair
structure under the racer’s weight and push forces. A custom axle allowed the wheel bearing to be placed
inside the load cell. This allowed the wheel to fit on a normal racing wheelchair without modifying the
position of the pushrim relative to the user. The total weight of the wheel is 4.1 kg (for comparison, the
weight of a standard disc-shaped wheel is about 1.3 kg). A picture of the instrumented wheel is shown in
Fig. 2.

Electronics

Three electronic boards were used as shown in Fig. 3. Board 1 is a power regulation circuit that generates
the required stable tension from two 7.4V LiPo batteries. To prevent low voltage, which could damage the
batteries, a hardware comparator LED signals low-battery status by blinking for a few minutes, before
turning off the electronics completely.

Board 2 is an amplification and digital conversion circuit. The amplification stage amplifies the six analog
inputs with a very low gain error of 0.05% and a maximal distortion of 0.00025% (AD8273, Analog Devices).
This stage also includes a differential amplifier to monitor the battery voltage via software. Amplifier
outputs are routed to an 8-channel, 16-bit analog-to-digital converter (ADC) with a serial peripheral
interface (SPI), which has a very low integral non-linearity of +3 LSB (LTC1859, Linear Technology).

Board 3 is an off-the-shelf Raspberry Pi 3 computer that is stacked under board 2. The Raspberry Pi 3
controls the ADC via SPI and communicates via Wi-Fi.
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Figure 3 Instrumented wheel electronics



Firmware

The only programmable circuit is the Raspberry Pi 3 computer. The wheel uses a stock Raspbian
distribution where all graphical applications and unused servers were removed to save solid state drive
(SSD) space, CPU cycles and memory. The network interface automatically connects to a standard router
when available. The wheel runs its own Apache web server, which allows interfacing via a web browser.
Since the control interface is simple and adapts to the screen, data acquisitions can be started and reviewed
with a portable device such as a smart phone. Once acquisition is started, data is continuously written onto
the onboard SSD instead of being streamed, which allows the racer to leave the Wi-Fi range without losing
data.

Both data acquisition and control interfacing are achieved using Python scripts. When recording, each ADC
input is time-multiplexed at the maximal speed allowed by the ADC and SSD. After each complete pass of
every input signal, the ADC values are appended to a tab-delimited text file. To account for the non-
constant sampling rate due to the non-real-time Linux system used on the Raspberry Pi, a time stamp is
also recorded with each sample. Based on different acquisitions, the time difference between two samples
was found to be 398 pus + 46 ps, which corresponds to an approximative sampling frequency of 2500 Hz.
For comparison purposes, the sampling rate of the most prevalent instrumented wheel for standard
wheelchairs (SmartWheel) is 240 Hz.

Calibration

The low gain error and high linearity of the analog components of board 2 allows voltage values to be
converted into measured forces and moments using the certified calibration matrix of the force sensor,
without requiring additional calibration. This has the advantage of accounting for channel crosstalk due to
strain gauge alignment error, which is difficult to model without proper calibration equipment. Validation
of the complete acquisition chain was conducted to detect scaling errors, by applying known forces on the
pushrim in different positions and verifying the resulting forces and moments.

Calibration of the software battery indicator and evaluation of the maximal recording time was achieved
by starting a long acquisition stream with new, freshly charged batteries with a capacity of 1300 mAh. The
total recording time period was 1 hr 50 min.

Test experiment

A male, international level, class T54 Paralympic athlete was recruited for a single test experiment. This
project was approved by the Ethics Committee of the Université du Québec a Montréal. After reading and
signing the information and consent form, the instrumented wheel was affixed to the athlete’s own racing
wheelchair on his dominant side. The wheelchair was mounted on a training roller (Revolution Sports,
Clarenceville, Qc, Canada) as shown in Fig. 2. No additional inertia or resistance was added to the natural
resistance of the wheelchair roller system. After warming up, the athlete was asked to accelerate as fast as
possible from rest until maximal speed, and then attempt to maintain maximal speed for at least 15 seconds.
The instrumented wheel recorded the pushrim kinetics during the entire testing period, including a five-
second period of freewheeling immediately after the athlete stopped propelling. Since the frequency content
of wheelchair racing kinetics is still unknown, no resampling or filtering was applied to the recorded data.

The kinetics variables defined in Table 1 were measured during each push cycle. Peak values of F, Fq,
Fpea and F,, were then calculated, along with the peak values of —F,, to assess the expected
counterproductive force occurring at the beginning/end of each push cycle [15].
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Push detection was based on a double threshold on F,,; with push > 30 N and recovery < 10 N. To separate
the acceleration phase from the steady state phase, wheel speed was measured using reflective tape affixed
to the training roller and filmed at 240 fps using a high-speed camera (iPhone SE, Apple). Wheel speed was

calculated at each turn of the roller using v = 2rx01

where 0.1 was the radius of the roller (m) and At was

the time corresponding to one rotation of the roller (s). Steady state was defined as 10 consecutive pushes
after the point in time when the racer reached 90% of his maximal speed.

The noise € was calculated from the freewheeling (while no force was actually applied on the disc) and was
characterized as the root-mean-square (RMS) values of the signals measured at the hub (eg,, €Fys €yr EMys

€my,, €u,) and of the signals calculated at the point of force application (€g,, €r,,qs €rpeqs EFan)-

Table 1 Definition of the reported kinetics variables

Symbol Unit Definition Equation

Pushrim kinetics

F N Total fi lied on th
‘tot .0 al force applie oln e F2 + F2 + F?
pushrim/wheel transfer disc by the
athlete
Fraa N Radial component of the total force 2 2 2
Ftot_Fmed_Ftan
Frned N Mediolateral component of the total E

force, oriented inward

Fian N Tangential component of the total force M, /r where r is the pushrim radius

Temporal parameters

Leycle S Duration of a cycle, from the start of a push to the beginning of the next push
Lpush S Hand contact time period of a given push cycle
Lrecovery S Hand contactless time period of a given push cycle

All data processing was performed using Python and SciPy (Anaconda Python 3.7). The raw, unprocessed
kinetic data are openly available for further processing and interpretation [20].

Results

The athlete reached a maximum speed of 10.05 m/s. The acceleration phase corresponded to push cycles 1
to 16. Therefore, the steady state phase was evaluated from push cycles 17 to 27.

Figure 4 shows the kinetics and temporal parameters for the 16 push cycles of the acceleration phase. Push
time decreased with speed from 1.00 s to 0.15 s, which was expected since higher speeds decrease the amount
of time available for the hand to contact the pushrim. The recovery time was relatively constant at 0.32 s
=+ 0.03 s. The cycle time decreased with the push time (from 1.34 s to 0.52 s).

The peak total force Fy,; increased continuously from 186 N to 484 N. This increase in total force was not
accompanied by an increase in peak tangential force F,,, which remained fairly constant at 171 N £ 15 N.
Instead, this increase was accompanied by an increase in the peak radial force F,q (from 130 N to 455 N)



and in peak medial force F.q (from 115 N to 281 N). Increasing speed also increased the peak negative
tangential force —F,,, from roughly 0 N to a maximal amplitude of 81 N during push cycle 14.
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Figure 4 Pushrim kinetics and temporal parameters during acceleration from 0 m/s to 9.05 m/s

Steady state kinetics and temporal parameters are shown in Table 2. The peak tangential force (142 N) was
only 27% of the peak total force (522 N). The push time was very short (0.14 s), which highlights the need
for a high sampling rate to evaluate continuous pushrim kinetics during the push phase.



Table 2 Kinetics and temporal parameters, mean and standard deviation, at maximal speed (10.05 m/s)

Parameter Mean (SD)
Fior peak (N) 522 (50)
Fraq peak (N) 491 (46)
Finea peak (N) 227 (46)
Fian peak (N) 142 (16)
—Fan peak (N) 78 (21)

teyele (8) 0.53 (0.02)
tpush (S) 0.14 (0.01)
trecovery (S) 0.39 (0.02)

Figure 5 shows the pushrim kinetics at maximal speed, normalized between 0% and 100% of the push phase.
Negative tangential forces were measured not only during the first 15% of the push phase, but also (albeit
to a lesser extent) during the last 25% of the push phase. This highlights the importance of optimizing the
transition phases of hand contact and release. The most mechanically efficient portion of the push was
during 30% to 60% of the push phase, which corresponds to a plateau of maximal tangential force.
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Figure 5 Pushrim kinetics profile during steady state propulsion at 10.05 m/s, with a push time of 0.14 s
4 0.01 s. Shaded areas indicate the standard deviation over the 10 pushes.



The measurement noise is provided in Table 3. The noisiest variable is F,; with an RMS error of 18.5 N,
and the least noisy variable is F,, with an RMS error of 3.1 N.

Table 3 Noise measurement (RMS)

At the hub At the point of force application
Ery 140 N € ot 185 N
€py, 11.3 N €Faq 177N
€r, 43N €Fimed 4.3 N
€M, 4.58 Nm € Fian 31N
€my 3.16 Nm
Em, 0.58 Nm

Discussion

Figures 4 and 5 showcase the great potential of the presented instrumented wheel for performance
enhancement. As mentioned in the Introduction, performance is affected by the amplitude, direction and
duration of the exerted pushrim force. Since the instrumented wheel measures all these variables, it could
be of great value for coaches and athletes to help plan and validate training programs, adaptations to the
wheelchair or new athlete positioning.

This instrumented wheel also has high potential for research and assistance in injury prevention. Although
it is still unclear which of the recommendations for standard wheelchair propulsion [21] are applicable to
wheelchair racing, several factors related to musculoskeletal disorders could be monitored using the
instrumented wheel, such as total force, rise time of total force and pushing cadence.

In wheelchair propulsion, particularly wheelchair racing, the relatively low mechanical efficiency of the
exerted force, expressed as the ratio between F,, and Fy, is sometimes explained by the need for frictional
forces to drive the wheels, since the athletes affect the wheels with their gloves without grabbing the
pushrims [16]. A certain amount of non-tangential force is thus required to keep the glove from slipping.
However, since F,, did not increase with speed, the increase in F,,q and F.q may not be related to friction.
Instead, we believe these forces increased to maintain the impulse required to accelerate the upper body
upward at the end of the push phase. This is consistent with the decreasing push time available to generate
this impulse; this also coincides with Fig. 5 where at maximal velocity, the prevalent force F,,q is maximal
towards the end of the push phase, approximately when the hand is at its lowest point. Miyazaki et al. [19]
also observed this peak in F,q at the end of the push phase. This new hypothesis will need to be verified in
subsequent research using the instrumented wheel.

Rice et al. (2015) is the only other study that has measured kinetic and temporal parameters at maximal
speed using a modified SmartWheel system. Our peak total force was much higher than theirs, with F, of
522 N compared to 272 N. We believe these discrepancies can be explained by the differences between the
athletes, but maybe also by the different mechanical designs of the wheels. With the SmartWheel, the forces
can only be measured by the pushrim, and not by the wheel itself. Since the SmartWheel's instrumentation



housing is prominent and near the pushrim [22], it is possible that some forces may have directly transferred
to the wheel without being measured.

Contrary to Goosey-Tolfrey et al. [16], Limroongreungrat et al. [17] and Miyazaki et al.’s [19] works where
the athletes propelled at comfortable velocities of about 5 m/s, we chose to record propulsion at maximal
acceleration and maximal speed (10 m/s) performed by a world-class athlete. This allowed us to determine
the force range and minimal sampling frequency of future prototypes: we now know that an instrumented
racing wheel must be able to measure, at the very minimum, 500 N in the wheel’s plane, 250 N perpendicular
to the wheel’s plane, and have a sampling frequency that encompasses a very short push phase of 0.14 s.

One limitation of our test experiment that is common in every other previous study, is the use of a training
roller rather than recording on a real track. A training roller often has lower inertia than the user and
wheelchair, which may have reduced the time required to reach maximal speed. Similarly, at high speed,
air drag accounts for about half of the overall drag [23]; yet air drag is not simulated on a training roller.
This could explain why Rice et al. [18] did not find differences in pushrim kinetics across three different
speeds, and why our measured F, of 142 N was similar to the 132 N to 158 N in Goosey-Tolfrey et al. [16],
102 N in Limroongreungrat et al. [17], and 131 N in Miyazaki et al. [19], with all of these studies also being
performed on training rollers but at much slower speeds.

Since the instrumented wheel is heavier than a standard wheel by about 2.8 kg, it increases the inertia of
the wheelchair and may slightly slow down the athlete during acceleration on track. However, in the current
study, this added inertia compensated for the reduced inertia of the roller, which may even be beneficial.
In any case, we do not believe the weight of the wheel had a major effect on the athlete’s propulsion.

The prototype presented in this paper is unique since it is the first instrumented racing wheel that can
measure 3D pushrim kinetics wirelessly without the need for any laboratory equipment other than a router
and a smart phone. Notwithstanding this, some aspects will need to be improved with future prototypes.

Mechanical design: With this prototype, we decided to prioritize off-the-shelf components to allow rapid
prototyping, calibration and software development. However, these choices come with drawbacks. Using an
off-the-shelf force sensor increases the thickness and weight of the wheel, compared to custom-built sensors.
Using custom strain gauge sensors as explored by Miyazaki et al. [19] should be considered with future
prototypes.

No components were included in the wheel to measure wheel rotation speed and angular position. Other
instrumented wheels such as the SmartWheel use an optical encoder to obtain the angular position of the
wheel, and then differentiate this position to obtain wheel velocity [24]. Knowing the wheel’s angle and
speed is paramount for analyzing performance and measuring other important biomechanical parameters,
such as the push angle. The wheel’s angle is also required to remove noise in the measured forces in the
wheel’s plane (F, and F,), which is caused by the weight of the pushrim disc that is always rotating relative
to the wheel [25]. In the current experiment, this noise was estimated at 11-14 N (RMS). Future prototypes
should include instrumentation to measure wheel angle and speed, either in the form of an optical encoder
or an inertial measurement unit (IMU).

Electronics: Since the off-the-shelf components used in this prototype (primarily the force sensor and
Raspberry Pi) are not designed to operate using batteries, their power consumption is not optimized. If
similar components are to be used in subsequent prototypes, proper battery management should be
considered so that the batteries can be quickly changed or charged. As a side impact of power consumption,
early experiments enlightened the need for proper heat management, mostly for the Raspberry Pi, which,
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being encased into the wheel, may become extremely hot when conducting longer data acquisitions. Other
alternative devices such as FPGA/Arm development boards may be considered to better manage energy
consumption.

Firmware: Opting for a Raspberry Pi allowed us to use a readily available operating system, Wi-Fi module
and web server. This saved considerable development work and therefore proved to be a good choice for
our application. Furthermore, although data analysis was performed offline, this analysis was completely
automatic and only used open source software (Python/SciPy/Matplotlib) that is readily available on the
Raspberry Pi. This means that future firmware iterations may easily and automatically generate graphs
such as Figures 4 and 5 and allow for immediate feedback to coaches and athletes.

Conclusion

In this work, we built an instrumented racing wheel to measure forces and moments exerted on both the
pushrim and wheel face in three dimensions, wirelessly, at 2500 Hz. The wheel was used to analyze the
kinetics and temporal parameters of a world-class racing athlete at maximal acceleration and maximal
speed. Acceleration was characterized by a decreasing push time and increasing total, radial, medial and
negative tangential forces. During the steady state phase, we measured a peak tangential force of 142 N
compared to a peak total force of 522 N. We also measured negative tangential forces during the first 15%
and last 25% of the push cycle.

This instrumented wheel has great potential for performance enhancement and could assist coaches and
athletes in planning and validating training programs.
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