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Introduction
Most people with disabilities use wheelchairs that need to be pro-
pelled manually for activities of daily life and to participate in 
sports. The need to use their upper limbs instead of their lower 
limbs for activities is a paradigm shift in the lives of people with dis-
abilities. This shift brings about several adaptations, including phys-
iological [33], biomechanical [10, 19], and motor control [28] 
changes. This causes wheelchair users to constantly require evalu-
ation in rehabilitation [3] (Collinger et al., 2008) and physical con-
ditioning training [18, 32] in order to bear the workloads imposed 
on joints [11, 24] and muscles that are directly or indirectly involved 
in propulsion. For this type of demand in rehabilitation, it is neces-
sary to have specific equipment for the evaluation of kinetic and 
kinematic qualities of manual wheelchair propulsion.

Electronic resources [2] and cylinder systems [30] are common-
ly used with video analysis to determine the dynamic characteris-
tics of propulsion.

Few rehabilitation centers have equipment that can complement 
the information collected by electronic sensors (e. g., smart wheels) 
for simulating the wheelchair propulsion and rolling resistance under 
controlled conditions. This type of equipment is known as an iner-
tial dynamometer [30]. It provides oversized models, complex cali-
bration [5], and a braking load increase feature. It operates similarly 
to ergometric equipment and can influence the handling form and 
ergonomic contribution to the propulsive movement.

Equipment with mechanical or electromagnetic braking mech-
anisms imposes a greater energy demand on subjects than the ex-
isting resistance on the rolling course imposed by the equipment 
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ABStr ACt

The equipment for evaluating the propulsion of a wheelchair 
is very complex and expensive. To validate a new dynamometer 
prototype for assessing the propulsion capacity of wheelchairs, 
21 healthy subjects (age: 20.9 ± 2.4 yr; weight: 68.9 ± 7.9 kg; 
height: 174.0 ± 7.1 cm; BMI: 22.7 ± 2.5 kg · m − 2) who do not 
normally require wheelchairs performed a sprint protocol for 
20 s after a 1-min warm-up. The power and rotation data ac-
quired by the prototype (both right and left sides) were com-
pared with those of a reference system via high-speed videog-
raphy (240 fps). The results showed high levels of accordance 
(95 % CI), excellent values for the intraclass correlation coeffi-
cient (ICC: .99; P < 0.00), no significant differences in the rota-
tion (P = 0.91) and power (P = 0.94) between the methods. The 
proposed equipment met the validation criteria and thus can 
be applied as a new tool for assessing wheelchair propulsion.
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itself. Ergometers with these characteristics have been validated 
by other researchers [6]. Exerting a load that opposes the move-
ment has the main objective of developing a cardiovascular and 
metabolic overload for individuals who use wheelchairs for physi-
cal training and sports [29].

However, people suffering from certain types of severe disabil-
ities such as dystrophies, cerebral palsy, and quadriplegia may not 
be able to perform maximal or even submaximal effort protocols 
[15, 23]. This equipment with load imposition characteristics is too 
costly for purchase in less developed countries or regions, which 
have significant numbers of people with disabilities who use man-
ual wheelchairs. Thus, this group of people is assisted by public 
health services, which do not have specific instruments for this type 
of evaluation.

Recently, open-source development platforms have been de-
veloped to minimize the costs of programming and automation 
development. In the rehabilitation field, some tools have been pro-
duced and are increasingly being used in medical centers [16, 17]. 
Examples of these tools include the Arduino® (available at www.
arduino.cc) and Raspberry pi® (available at raspberrypibra.com) 
platforms, which have the technology for numerous applications 
involving sensor interaction and the interpretation and presenta-
tion of data arising from the physical world or environment.

Based on the need for cost reduction, easier data acquisition, 
and the possibility of evaluating kinetic aspects (muscle strength 
and power) in people with different disabilities who use wheel-
chairs, the objectives of this research were as follows: a) to propose 
a new low-cost and compact method for the dynamometric evalu-
ation of wheelchair users and b) to validate the acquisition system 
as well as the sampling of the rotation and power data.

Methods

Ethical Research and Presumptions
All research procedures were properly documented, and the re-
search was registered with the Ethics Committee for Research on 
Humans of the University of Pernambuco (protocol no. 078/2011). 
All specified procedures followed national law. All research was con-
ducted within the framework of the Declaration of Helsinki and has 
been performed in accordance with the ethical standards proposed 
by Harriss and Atkinson (2016) [37].

Development of Prototype
Mechanical parts
The compact dynamometer (i. e., DYNACOM) is a mechatronic sys-
tem developed by researchers at the School of Physical Education 
in partnership with the Center for Remote Education, both of which 
are from the University of Pernambuco/Brazil. The main objective 
of this system is to evaluate a wheelchair’s propulsive power, which 
allows it to be used as an instrument for locomotion and sports 
training. To accommodate the total weight of the subject and 
wheelchair, 2 systems of cylinders (Easy Scroll, Campinas, Brazil) 
were arranged in parallel and joined by lateral support rods. Each 
system comprised 3 cylinders separated by 2 distinct distances (0.1 
and 0.2 m) so that higher (0.2 m) and lower (0.1 m) resistances 
could be produced on the bearing during use. The wheelchair 

should be placed between 2 cylinders for testing, which may hap-
pen at a higher or lower rolling resistance. The resistance to the 
bearing constituted the force opposing the rotating motion of the 
wheels on a given surface [20], which increased with the inter-cyl-
inder distance (0.2 m). The central cylinder was considered to be 
the instrumentation cylinder (CIN), where 2 metal circular objects 
were connected to drive the rotation sensors. Each cylinder had a 
length of 0.45 m, circumference of 0.24 m, and mass of 1.6 kg.

Electro-electronic parts
The rotation data for the cylinders were collected by using 2 induc-
tive-type rotation sensors (Sensorbrás, São Paulo, Brazil). For the 
transmission and interpretation of the electronic signs, we used 
the Arduino® open-source hardware and software (Arduino Mega, 
Atmega 2586, Italy), which were specially programmed to be a 
physical interface that makes use of information from various 
sources. The board was properly programmed to perform meas-
urements at intervals of less than 0.001 s. These readings were si-
multaneously transmitted to a personal computer for sampling and 
storage in XLSX or XLS files (MS Office 2007, Excel for Windows). 
The communication between the Arduino® board and Excel was 
realized with the PLX-DAQ software (Parallax, United States).

▶table 1 (Appendix) provides a complete description of this 
system, including all parts and the equipment used for the proto-
type assembly, along with the technical specifications and their ac-
tual values. Note that the parts were purchased at their average 
prices in Brazil when the equipment was assembled. The machine 
had a total estimated cost of approximately USD 450.00, did not 
weigh more than 40 kg, and could be transported to training sites 
for the rehabilitation of wheelchair users.

Determination of propulsive power
To determine the propulsive power, the following relation between 
the load and rotational movement was used:

PO (W)
F d n

t


 

 

(1)

where W is the power (in watts), F (kg or kp) is the braking load 
opposing the motion supported by an individual, d is the horizon-
tal distance traveled by the instrumentation cylinder, n is the num-
ber of revolutions per minute (rpm), and t is the time required to 
move the horizontal distance. Note the difference between the con-
cept for the prototype and the protocols of ergometry with respect 
to the support of the braking loads [26], in which case the dy-
namometer procedures are set at the maximal capacity for produc-
ing the maximal external load (kilogram or kilopound) by the dy-
namic or isometric action of the muscle forces. Thus, the mathe-
matical expressions for defining these measurement methods are 
similar. However, for the dynamometer, the differential was as-
sumed to be the external load that the subject must overcome in 
order to generate power. The external load is the force that oppos-
es the rotational or linear motion.

Under ideal locomotion conditions, only the inertial forces act-
ing on the motion interfere with the efficiency of the motor ges-
ture, excluding the physiological condition of the subject [31]. The 
physical magnitude that defines the inertia in rotational motion is 

E120



Oliveira FM et al. Development of a Compact and Low-Cost Wheelchair Dynamometer… Sports Medicine International Open 2017; 1: E119–E127

the moment of inertia (MI), which is the analog of the linear mo-
tion. In a rotational motion, the MI is considered to be the force op-
posing the motion [13]. We chose to develop a calibration mecha-
nism that uses the MI in opposition to the load (kg) according to 
the method described by Pupo and Ziemath [27]. An object of 
known mass and attached to one of the cylinders by an inextensi-
ble nylon thread is raised to a height of 0.45 m and then released. 
The dynamic force of its mass moving relative to the ground is 
transmitted directly to the cylinder, which turns until the moment 
of its stabilization. Based on the elapsed time for the entire wire to 
be unwound from the cylinder, the moment of dynamic inertia of 
the cylinder can be calculated, as shown in Eq. 2. This procedure 
was repeated in our laboratory with a difference of 24 h before data 
collection, and consistent results (ICC) of MI were found in both 
moments for both sides (right: 0.94 and left: 0.95). The value ob-
tained in Eq. 2 can then be used in Eq. 3 to determine the propul-
sive power:

MI
1
2
M R2 

 

(2)

PO (W)
MI 0.24 RPM

1


 

 
(3)

where PO (Watts) denotes the gross propulsive power, MI is the 
MI measured before the test, 0.24 is the distance in centimeters 
traveled by the CIN for a complete revolution, and RPM is the num-
ber of rotations performed in the given interval of time (1 s, multi-

plied by 60). Although the measure is in RPM, because the meas-
urement is performed in one-second intervals, its representation 
can also be provided in Hz. Note that, during the first phase of the 
test, the rolling resistance values for the subject–wheelchair sys-
tem were not considered because of the need to first test the ap-
plicability of the rotation sensors. This needed to be tested because 
the algorithms that determine the propulsive power depend on the 
rotation values and/or angular velocity acquired from the sensors. 
▶Fig. 1 shows the assembled prototype.

Sample
The subjects in this study consisted of 21 healthy male volunteers 
(age: 20.9 ± 2.4 yr, body mass: 68.9 ± 7.9 kg, height: 174.0 ± 7.1 cm; 
BMI: 22.7 ± 2.5 kg · m2). We chose only men to avoid changes in the 
circadian cycle caused by menstrual periods in females. The mini-
mum required number of subjects was estimated a priori through 
a pilot study with 6 volunteers prior to the full-scale experiment. 
We used the G * POWER software (version 3.0.1, Faul, Germany). 
For this calculation, a power of 0.80 for an alpha error of 0.05 was 
used. The minimal sample size was estimated to be 11 subjects.

None of the recruited volunteers were wheelchair users, which 
complied with the guidelines set out in previous studies [22]. Non-
wheelchair users were selected to increase the forces applied on 
the prototype and consequently produce higher levels of motion 
and acceleration for recording by the rotation sensors relative to 
those produced by people with disabilities, especially those affect-
ed by paraplegia or tetraplegia.

▶table 1 Descriptions of the components and accessories used to assemble DYNACOM.

Equipment/Parts Specifications Picture Value (U$)

Arduino board (Atmega 
2586)

Microcontroller: ATmega2560; operating voltage: 5 V; input 
voltage (recommended): 7–12 V; input voltage (limit): 6–20 V; 
digital I/O pins: 54 (15 provide PWM output); analog input pins: 
16; current per I/O pin: 40 mA; DC for 3.3 V pin: 50 mA; flash 
memory: 256 kB of which 8 kB used by bootloader; SRAM: 8 kB; 
EEPROM: 4 kB; clock speed: 16 MHz

121.59

Rotation sensors Format: cylindrical; diameter: 18 mm; sensing Distance: 5 mm; 
supply voltage: 10–30 V DC; housing: brass threaded; signaling: 
LED; number of wires: 2; connection: 2 m cable; maximum load 
current: 200 mA; ambient temperature:  − 10 °C to  + 70 °C; degree 
of protection: IP67; maximum operating frequency: 500 Hz; 
hysteresis: 5 %; standard target (steel or iron): 18 × 18

60.80

Bike rollers Galvanized steel cylinders: 3 in (diameter: 76.2 mm width: 45 cm); 
rolling bearings; wheelbase: adaptable for 26- and 29-in bike rims 
of MTB and speed bike; side steel (1/4 in  × 1 1/4 in); coated with 
electrostatic epoxy paint

243.17

Other components for 
connection and logistical 
purposes (e. g., screws, 
bolts, wires, and connectors)

Metal screws and lock nuts following the specifications of the 
training rollers; security locks; metal double bearing pulleys (for 
the calibration system); metal rings as a detection surface; 1 mm 
thick nylon yarn to calibrate the mass support.

30.40

Abbreviations: mA: milliampere; MTB: mountain bike; kB: kilobyte
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We considered the following criteria for inclusion in the experi-
mental procedures: a) the subjects were not under medical super-
vision or specific healthcare treatment that would prevent partici-
pation in procedures with maximal stress; b) if any of the subjects 
reported pain or discomfort in the upper limbs, they were exclud-
ed from participation and the protocols of physical effort; c) the 
subjects had to be at least 18 years old; and d) they had to be male. 
Subjects who exhibited some impairment in the upper limbs dur-
ing the data collection procedures were excluded from the sam-
pling and analysis. After the anthropometric data were collected, 
each subject was positioned in a standard wheelchair with the cam-
ber axle set at 0 ° and pre-calibrated wheels with a maximal tire 
pressure of 60 psi (as indicated by manufacturers) to avoid the pos-
sible effects of unintended braking during the tests [20]. After the 
subjects were positioned in the DYNACOM, the wheelchair-subject 
set was securely fastened in the prototype with inelastic bands to 
avoid possible lateral or longitudinal displacements that could un-
balance the subjects.

Procedures
Validation protocol for prototype with healthy subjects
The validation protocol followed the principle of the maximal stress 
that could be generated in the system for the acquisition and in-
terpretation of electronic data. After all of the preparatory proce-
dures were completed, the subjects were allowed 1 min to warm 
up and become familiar with the prototype. Each subject chose a 
propulsion frequency comfortable to them individually. After this 
period, the subjects were instructed to perform a sprint at the high-
est speed possible of 20 s. During both time periods (warm-up and 
sprint), the selected propulsion strategy was synchronous: the sub-
jects propelled both sides with simultaneous bilateral movements.

Data collection and system of real reference
During the validation protocol, the electric and electronic system 
was triggered to collect rotation readings from the right and left 
sensors simultaneously. Before the test began, the sensors were 
positioned at point zero, which was determined when the indica-
tor LEDs were powered (connected). Before the tests, the MI was 

▶Fig. 1 Left panel: top view of compact dynamometer with parts: a Dynamic inertia calibration system, b instrumentation cylinders, and c digital-
analog converter board. Right panel: demonstration of how the subjects were positioned for testing with DYNACOM
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determined by the calibration method model, obtaining values of 
0.013 N • m for both sides of the equipment. This procedure was 
repeated in all situations. The rotation data were immediately 
stored in Excel spreadsheets for further transformations in power 
(PO) by using the mathematical model shown in Eq. 3. The rotation 
values of the prototype were compared to the results produced by 
a reference mechanical system that simultaneously collected the 
actual rotation through videography (Samsung WB2000, Japan) at 
an image acquisition speed fixed at 240 fps; a video camera was 
positioned in the posterior region of the dynamometer at a dis-
tance that enabled the simultaneous recognition of both cylinders 
in the dynamometer (right and left). To guide analysis of the vide-
os, reflective markers were attached to the instrumentation cylin-
ders and in the lateral region of the dynamometer to identify the 
exact moment of a complete rotation. The video files were analyzed 
by using the open-source software VLC 2.0.1 Twoflower, Windows 
version (available at www.videolan.org, accessed on December 12, 
2015). For temporal synchronization of the video recordings and 
dynamometer measurements, a mathematical procedure (Eq. 4) 
was used to divide the time of the videos according to the propor-
tionality between the actual time and shooting time:

TR (s)
TVd(s)

8
 







 

(4)

where TR is the actual time (s) after correction using the image 
acquisition speed (240 fps), TVd is the time (s) of the original video 
analyzed by the researchers, and the value of 8 is the correction 
constant to account for the differences in signal acquisition from 
using the 2 procedures (240 ÷ 30). To compare the actual (video) 
and experimental (prototype) values, we considered the number 
of rotations (ROT) and power (PO) accumulated during the first 10 s 
of the protocol based on the time range required to reach the max-
imal sprint speed in specific protocols for wheelchair users [6].

Statistical analysis
First, the data were analyzed in terms of their normality by using 
the Shapiro–Wilk test. As validation criteria, the Bland-Altman 
method, the intraclass correlation coefficient and the comparison 
test of means were defined. The latter was used if there were sig-
nificant differences between DYNACOM and the reference method 
(high-speed cam). Next, to check the assumptions of concurrent 
validation, we used the Bland–Altman plotting procedures with a 
confidence interval of 95 %. The right and left sides of the proto-
type were compared between DYNACOM and high-speed camera. 
Due to the non-observance of the normal criterion for the right side 
of the prototype, we chose to use the Wilcoxon test for compari-
son of the right data, and the paired t-test for the data on the left.

In addition, as a criterion for the observation of the proportion-
ality between the 2 methods in their absolute measures of rotation 
(i. e., DYNACOM and high-speed camera), the intra-class correla-
tion coefficient (ICC) was verified by using the “one-way with fixed 
effects” model [34, 35]. The data were analyzed by using the Graph-
Pad Prism version 5.0 software. In addition, the effect size was cal-
culated for all analyses using the G * POWER® software and accord-
ing to Hopkins [14], as verified in previous studies [4]. For all of the 
analyzed conditions, a significant P-value of less than or equal to 
5 % (P  ≤  .05) was established.

Results
▶table 2 lists the individual power output values obtained with 
both methods: high-speed camera and DYNACOM.

▶Fig. 2 shows the Bland-Altman plots, comparing DYNACOM 
and the reference method (high-speed cam). All values were with-
in the limits of accordance established by the method with a con-
fidence interval of 95 % for both sides of the prototype. We empha-
size that only the right side of the equipment observed the lower 
and upper limits of agreement, considering that the left side of the 
equipment presented identical measures of rotation and power in 
comparison with the method using a high-speed cam (actual rota-
tion). The bias values   of both the variables for the right side (rota-
tion: .14 and power: .00) were considered insignificant based on 
the hypothesis test for reference samples (P > 0.05).

In terms of the concurrent validity, the values obtained from the 
intra-class correlation coefficient were excellent (i. e., higher than 
0.9), in agreement with the recommendations in [1]. Significant 
values were observed for both the rotation data and power on both 
sides of the prototype (right and left p < 0.00). Similarly, no statis-
tically significant differences were observed when the number of 
rotations and the power were analyzed. Both were measured after 
10 s of the protocol for sprinting at maximal speed, as shown in 
▶Fig. 3.

▶table 2 Individual values of the power output acquired with DYNACOM.

Subjects right side (power, W) Left side (power, W)

High-speed 
camera

DYNACOM High-speed 
camera

DYNACOM

1 0.15 0.15 0.20 0.20

2 0.17 0.17 0.24 0.24

3 0.13 0.13 0.18 0.18

4 0.19 0.18 0.23 0.23

5 0.12 0.12 0.20 0.20

6 0.16 0.16 0.19 0.19

7 0.16 0.16 0.19 0.19

8 0.13 0.13 0.13 0.13

9 0.16 0.16 0.17 0.17

10 0.21 0.21 0.16 0.16

11 0.19 0.19 0.23 0.23

12 0.16 0.16 0.19 0.19

13 0.28 0.28 0.25 0.25

14 0.15 0.15 0.15 0.15

15 0.18 0.18 0.20 0.20

16 0.19 0.19 0.22 0.22

17 0.16 0.16 0.20 0.20

18 0.19 0.19 0.22 0.22

19 0.20 0.20 0.21 0.21

20 0.17 0.17 0.21 0.21

21 0.21 0.21 0.26 0.26

Average 0.17 0.17 0.20 0.20

Standard 
deviation

0.04 0.03 0.03 0.03

Effect size for the differences between the number of revolutions, 
real (high-speed) and measured (prototype) = 1.11
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▶Fig. 2 Bland-Altman plots of cumulative rotation and power for the 10 s sprint on the right and left sides of the prototype: cumulative rotation 
and power output on the right side (panels a and b); cumulative rotation and power output on the left side (panels c and d). N = 21;  * p < 0.00; High-
speed: high-speed camera; Prototype: DYNACOM.

▶Fig. 3 Average and standard deviation of rotation and power for both analysis methods: average a rotation and b power output of the 2 methods 
on the right side; average c rotation and d power output of the 2 methods on the left side. p: results of Wilcoxon test between both methods on right 
side (panels a and b); High speed: high-speed camera; Prototype: DYNACOM; N = 21; effect size for the comparisons between the rotation values of 
high-speed videography and the DYNACOM = 0.05; effect size for the comparisons between actual (high-speed videography) and measured rotation 
(DYNACOM) = 0.00
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Discussion
The aim of the present study was to develop and validate new 
equipment for measuring and evaluating the propulsive power of 
wheelchair users. One aspect of particular interest in the scientific 
literature on performance evaluation is related to the validity of the 
scientific methods and techniques available in several areas. When 
designing and testing protocols for the functional assessment of 
disabled subjects, the validity of the data is a key component that 
provides professionals with accurate information about phenom-
ena related to ergonomics and movement efficiency. Thus, know-
ing the actual scientific conditions associated with specific equip-
ment enables evaluators to make safe decisions without interpret-
ing measurements above or below the actual values.

In the present study, the Bland-Altman method [7, 25] was cho-
sen as the main tool for verifying the validity and reliability of the 
information. The previously mentioned statistical process allowed 
simultaneous analyses of both methods with different definitions 
for the limits of accordance. At a confidence interval of 95 %, the 
data for both motion sensors (left and right) were within the ac-
cordance limits determined by the method. In addition, for the sen-
sor on the right side, the bias did not show a statistically significant 
difference in the analysis of the hypothesis test (P > 0.05).

Aspects of particular interest in this field are the factors that may 
be influencing rolling resistance. In our study, this variable was not 
analyzed because it is an ancillary aspect of manual propulsion ca-
pacity evaluation procedures. However, studies have shown that 
rolling resistance is an inherent aspect of the subject and wheel-
chair assembly [30, 31].

Recently, Terran and Ueda [36] observed a proportional rela-
tionship between velocity, acceleration, and rolling resistance, sug-
gesting the need to control the factors that may influence this con-
dition, while attenuating the negative influence and potentiating 
the positive contributions of this aspect to locomotion in wheel-
chairs.

For one subject, the right-side sensor presented rotation values 
that were less than the actual values with differences of up to 2 ro-
tations. Some hypotheses can be given to explain this phenome-
non. First, this was a prototype that included a weight support sys-
tem (subject + wheelchair) and an electronic system for measuring 
and verifying the power. Specifications such as the console for ac-
cessing the dynamometer and the accommodation platform for 
the front wheels of the chair still need to be modeled based on the 
individual needs of each subject, for example, by adding ramps to 
smooth mobility cylinders. In the experimental sessions, this sup-
port was provided with adapted platforms; this factor undoubted-
ly made the balance and movement of the subjects during the tests 
slightly more difficult.

Another detail of particular importance concerns the connectors 
between the inductive motion sensors and side stems of the equip-
ment. Based on the physical and mechanical specifications of these 
sensors, the minimum distance for activation and detection was 
0.01 m. Considering this small distance of activation for the sensor 
operation, vibrations produced from the manual propulsion by the 
subject may have been responsible for the loss of a small number of 
signals. As a limitation, this research lacked a console that would 
allow lower vibrations during the stress tests. For the next testing of 
the prototype, supporting materials that lower the influence of vi-

bration and unwanted movements during the stress testing will be 
used. In tests with wheelchair users, this would usually be a neces-
sary solution to avoid greater measurement errors.

With regard to the power (▶table 1), we were able to detect 
smaller values compared with other studies [8, 9, 12]. This was due 
to the differences in verification systems for the propulsive and 
power forces. The models suggested in [6, 8] used torque sensors 
mounted directly on the axes of the ergometer in addition to the 
increments of the electromagnetic brake systems. This added to 
the weight of the subject and inertia provided by the cylindrical 
framework, which generated higher values of PO compared to the 
prototype validated in this research. With regard to the differences 
between the proposed and existing prototypes to date, however, 
the main characteristic of the latter is the imposition of a load that 
breaks the propulsive movement, which consequently requires ad-
aptation by the subject being assessed during the test. The equip-
ment described in this paper works in reverse: it measures the larg-
est power generation capacity from the standardized effort and 
possible changes that may be caused by the user–wheelchair ratio.

Other models of dynamometers, such as those described in 
[5, 30], have costly and complex calibration methods that use the 
load cell instrumentation to verify the power involved in the rota-
tional movement and tachogenerators that measure the move-
ment and power of the cylinders. The mechanism developed in this 
work is based on the transmission of potential and kinetic energy 
from the free fall of a known mass [27]. This makes the assessment 
process faster and allows it to be performed repeatedly and with 
different evaluators without the need for extensive training. Note 
that the values of the MI found in this study differ from those pro-
posed in previous studies [5].

The present study was limited to the evaluation of non-wheel-
chair users. This procedure is in accordance with previous studies 
[22] that used non-disabled subjects because they are less suscep-
tible to predetermined standards of manual propulsion, which 
would require significant changes in the handling of preferred strat-
egies for each subject. Another consideration was the need for ideal 
conditions for shooting at high speed, which included the require-
ment of sufficient lighting to correct for possible decreases in the 
image resolution quality. These conditions could only be achieved 
with a significant number of subjects in the laboratory. Thus, ex-
cellent validation results were observed based on the previously 
plotted parameters (ICC and Bland–Altman plots). Future research 
should focus on determining the most suitable protocols for each 
disability and the level of physical activity or sport modality, as well 
as adapting the evaluation of the propulsive power to the required 
effort and individual efficiency of distinct groups.

Limitations of the present study include the use of an exclusive-
ly male sample and the non-assessment of rolling resistance. As 
practical implications of our findings, we can determine the possi-
bility of evaluating wheelchair users at their own training and re-
habilitation sites because of the ease of transport of the equipment. 
However, experienced kinesiologists are required to handle the pro-
totype for ensuring its proper use because other software features 
are required for data collection and recording. A simple interface 
is being developed at the moment to facilitate its use by other pro-
fessionals who work in the area of rehabilitation or physical condi-
tioning.
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Other studies need to be conducted to consider the rolling re-
sistance values for the movement during wheelchair propulsion 
[20, 21, 31]. These variables may better reflect functional informa-
tion regarding the propulsion capacity and contribute to research 
on the maneuverability, accessibility, and ergonomics of wheel-
chairs, whether for activities of daily living or sports.

Conclusion
The proposed prototype demonstrated the required scientific reli-
ability for evaluation of wheelchairs used by athletes or sedentary 
people. We therefore propose further studies be undertaken to 
verify the best effort protocols with regard to the type of wheel-
chair, degree of disability, and experience with using the wheel-
chair in order to identify the most efficient conditions for physical 
and ergonomic performance.
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