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ABSTRACT

The aim was to compare the mechanical power and energy cost of an elite wheelchair sprinter in
the key-moments of the stroke cycle. The wheelchair-athlete system was 3D scanned and then

ARTICLE HISTORY
Received 21 September 2017
Accepted 16 July 2018

computational fluid dynamics was used to estimate the drag force. Mechanical power and energy

cost were derived from a set of formulae. The effective area in the catch, release and recovery
phases were 0.41 m?, 0.33 m? and 0.24 m?, respectively. Drag increased with speed and varied
across the key-moments. The catch required the highest total power (range: 62.76-423.46 W),
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followed-up by the release (61.50-407.85 W) and the recovery (60.09-363.89 W).

Introduction

In wheelchair racing, propulsive forces play an import-
ant role in the athlete’s performance. Propulsive forces
are produced by pushing the wheel’s handrim periodic-
ally over a race (Forte et al. 2015). In a 100 m sprint,
world-ranked wheelchair racers can perform about 40
full cycles of pushing the handrim (Barbosa and Coelho
2017). After each push, the athlete must reposition the
hands on the handrim to perform another cycle (Forte
et al. 2015; Barbosa and Coelho 2017). So, it is possible
to breakdown each stroke cycle in two main phases: (i)
propulsive phase and (ii) recovery phase. The propul-
sive phase is split-up in catch phase (the first contact of
the hand on the handrim) and release phase (the
moment the hand breaks off contact with the handrim).
During the recovery phase, athletes usually perform an
elbow flection and hyperextension of the shoulder to
bring back the upper-arms forward and prepare a new
push (Barbosa and Coelho 2017).

A sprinter aims to reach the resultant maximal vel-
ocity as soon as possible, and retain it throughout the
race. The wheelchair-athlete system is considered
more efficient if it can deliver less mechanical power
and/or energy cost of transportation for a given vel-
ocity or pace (Forte et al. 2015; Barbosa et al. 2016;
Hoffman et al. 2003). To reach the maximal velocity,

energy is required to generate motion and overcome
the resistive forces (Forte et al. 2015; Barbosa and
Coelho 2017), thus:

2 Ein_Eoss
y = [ AEin=Eios) 1)
m

where v is the wheelchair velocity, E;, the athlete
delivered energy, Ej.s the lost energy by the system
and m the mass. The difference between E;, and Ejy
encompasses the kinetic energy of the system
(Barbosa et al. 2016).

In wheelchair racing, the main forces of energy lost
(resistive forces) are the rolling friction and the drag
force (Barbosa et al. 2016; Fuss 2009). Coaches and
sports analysts aim to reduce the resistive forces as
much as possible, to improve the final race time
(Barbosa et al. 2016; Fuss 2009; Barbosa et al. 2014;
Forte et al. 2016). Small shifts in the rider’s position
and the garments used can also help reducing the
drag by about 10% (Barbosa et al. 2016; Forte et al.
2016; Rushby-Smith and Douglas 2012; Martin 1996;
Forte et al. 2015). Nevertheless, the athlete’s position
varies over the stroke cycle. To produce propulsion,
the athlete must bend the upper-body (i.e. torso and
head) from a reasonably vertical to horizontal pos-
ition, looking forward and arms pushing the handrim

CONTACT Pedro Forte @ pedromiguelforte@gmail.com e Convento de Santo Anténio, University of Beira Interior, 6201-001 Covilha, Portugal

© 2018 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/10255842.2018.1502277&domain=pdf
http://orcid.org/0000-0003-0184-6780
https://doi.org./10.1080/10255842.2018.1502277
http://www.tandfonline.com

586 (&) P.FORTE ET AL.

between the 12 and 18h positions (these are known
as the catch and release phases, respectively) (Forte
et al. 2015). After the release, the athlete performs the
recovery phase. The arms are back overstretched and
will flex forward to prepare a new catch phase.
Concurrently, the upper-body may do an extension
reaching a slightly vertical position. The change in
the upper-body and arms’ position over the entire
cycle is going to affect the drag force acting on the
wheelchair-racer system (Forte et al. 2015; Forte
et al. 2016).

At least in cycling, small variations in the bike-
rider system have a meaningful effect on the aero-
dynamic drag (Martin 1996). However, there is scarce
evidence on this matter in wheelchair racing (Barbosa
et al. 2016; Candau et al. 1999). These drag changes
in different positions of the stroke cycle may also
affect the power and energy to reach maximal speed.
At 1.80 m/s, the drag accounts to almost 5% of the
total resistive forces, and ~30% at 6.30 m/s (Barbosa
et al. 2014). The rolling resistance accounts for 95%
and 70% of the total resistive forces at 1.80 m/s and
6.30 m/s, respectively (Barbosa et al. 2014).

In wheelchair racing, it is possible to monitor the
resistive forces by experimental testing (e.g. coast-
down tests or wind tunnel), numerical simulations
(e.g. computational fluid dynamics) and analytical
models (a set of formulae) (MacLeish et al. 1993;
Barbosa et al. 2014; Forte et al. 2015). Upon measur-
ing the resistive forces and the inertial characteristics
of the system, a set of analytical procedures can be
used to estimate the mechanical work, power and
energy (Wilson 2004). Assessing the changes in the
resistive forces over the stroke cycle by any of the
above mentioned methods (experimental testing,
numerical simulations or analytical procedures), ena-
bles the estimation of the intra-cyclic variation of the
mechanical work, power and energy in the key
moments of the cycle (i.e. catch, release, recovery). As
far as our understanding goes, this has not been yet
reported in the literature. One previous study selected
the same analytical procedure, but having inputs as
data collected by coast-down technique (Barbosa et al.
2016). Nevertheless, Barbosa et al. (2016) aimed to
compare the aerodynamics, mechanical work, power
and energy at different racing positions (upright pos-
ition, racing position with neck in flexion and racing
position with neck in hyperextension) at a mean vel-
ocity of 6.298 m/s. As far as our understanding goes,
this study is the first attempt to run such analysis
based on computational fluid dynamics (CFD) and
comparing the three key-moments of the stroke cycle.

Catch Phase

Release Phase Recovery Phase

Figure 1. CAD model of the three different scanned positions:
(i) catch phase; (i) the release phase and; (iii) recovery phase
respectively.

Hence, the aim was to compare the mechanical
power and energy cost of transportation delivered by an
elite wheelchair sprinter in the key-moments of the
stroke cycle. It was hypothesized that: (i) the mechan-
ical power and energy cost will vary at different key-
moments of the stroke cycle, and; (ii) catch is the phase
that demands more power and energy cost, followed-up
by the release and then the recovery phases.

Methods
Participant

A male wheelchair sprinter competing in the T52
category was recruited for this research. He holds the
national records in the 100 m and 400 m events, was
a finalist at paralympic games and world champion-
ships in the same events and is an European medallist
in the 100 m event. He was wearing his race suit
and competition helmet. All procedures carried out in
this research are in accordance with the Declaration
of Helsinki. A written consent was obtained from the
participant.

Scanning the model

The wheelchair-athlete system (49.16kg) was 3D
scanned (Artec Group, Inc., Luxembourg) in three
different positions (Figure 1) of the stroke cycle
(catch: with the hands on the handrims in the 12h
position; release: with the hands on the handrims in
the 18h position; recovery phase: with the arms
hyperextended backwards and overstretched).

Artec studio 0.7 (Artec, U.S.A) software was used
to record, smooth and merge all the scans. The geo-
magic studio (3D Systems, U.S.A) software was used
to edit the merged scans into a single object without
surface errors and then exported as a CAD model
(*.iges) (Figure 1). Then, the model was imported in
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Fluent code (Ansys Fluent 16.0, Ansys Inc., PA,
U.S.A) to run the numerical simulations.

Boundary conditions

The entire domain featured 35 million prismatic and
pyramidal elements. The grid node separation reduction
in selected areas of high velocity and pressure, allowed to
generate an accurate model (Bixler et al. 2007; Marinho
et al. 2010). The domain was created in Ansys meshing
module (Ansys Fluent 16.0, Ansys Inc., PA, U.S.A) with
a tunnel form (3 m length, 2 m height and 1.5 m width).
The Boolean subtract action was made to separate the
wheelchair-athlete from the enclosure, this procedure
defined that the wheelchair-athlete was an object (i.e.
body) inside the tunnel. The described procedure was
repeated for three key-moments of the stroke-cycle (i.e.
catch, release and recovery phase).

The air velocity was set in the -z direction and in
the inlet portion of the dome surface. The initial vel-
ocity of the numerical simulations was set at 2 m/s
with increments of 1.5 m/s up to 6.5 m/s. The fluent
(Ansys Fluent 16.0, Ansys Inc., PA, U.S.A), post pro-
cess, allowed the estimation of the aerodynamic drag
(Forte et al. 2015).

Numerical simulation

The CFD simulations encompassed the discretization
of the Navier-Stokes equations by the finite volume
approaches. The equations resulted from Newton’s
Second Law where, in mechanics, the fluid stress is
the sum of the diffusion of its viscosity. This diffusion
of its viscosity results from an applied pressure term
(Marinho et al. 2012; Marinho et al. 2011). The
Reynolds-averaged Navier-Stokes equation converts
instantaneous values into means. The fluid flow
behaviour (Equation 2), Reynolds stresses (Equation
3), temperature (Equation 4) and mass transfer
(Equation 5) are then solved:
Oui
axi =0
‘5¢q5;__;&fﬁﬁ(h%_W%0 3)
SR o
t X pcp a'xj 8xj
ac ac N 0 ( oC 7>

)

~+U = I

at Jaxj - 8_36] a_x] K (5)

Fluent CFD code (Ansys Fluent 16.0, Ansys Inc., PA,
U.S.A) was selected to run the above mentioned simula-
tions. To represent the domain and fluid flow around

the wheelchair-athlete system, a 3D grid or mesh with
divided cells was formed in Ansys meshing module
(Ansys Fluent 16.0, Ansys Inc., PA, U.S.A).

The realizable k-epsilon was selected as turbulence
model. This model delivered velocity histograms iden-
tical to the standard k-e model, RST and RNG k-e
model. Standard k-e, RST and RNG k-e models used
to converge after 11,876, 3208 and 2874 interactions,
respectively. Moreover, as far as computation
economy is concerned, the realizable k-epsilon is
much more efficient because the solutions converge
after 1404 interactions (Pogni and Nicola 2016).

Drag force

Total aerodynamic drag (F4) and frontal surface area
were retrieved from Fluent code (Ansys Fluent 16.0,
Ansys Inc., Pennsylvania, USA) software.

To compute the drag force, Equation (6) was used:

1
Fq = EPACDVZ (6)

where Fy is the drag force, Cp represents the drag coef-
ficient, v the velocity, A the surface area and p is the air
density. The effective area (ACp) was calculated by the
multiplying Cp by A. A was also extracted from
Fluent software.

Mechanical power and energy cost

The power to overcome drag was calculated at the
selected speeds as (Barbosa et al. 2016):

Pd = Fd.l/x (7)

where Py is the power to overcome drag, F4 the
drag force and v, the horizontal velocity.

A gross efficiency of 18% by wheelchair racers was
assumed (Barbosa et al. 2016; Candau et al. 1999). The
assumed rolling coefficient (CR) was 0.01 as reported
for this same participant in an experimental testing
(Barbosa et al. 2016; Barbosa and Coelho 2017). The
power output (i.e. energy expenditure per unit of time),
the energy cost (i.e. energy expenditure per unit of dis-
tance) and the external mechanical power delivered
were estimated as (Cooper et al. 2003):

CR.m.gv+5.A.Cp.v’

Ptot: (8)
n
CRm.g+2.A.Cp.?
C= R ©)
n
mm:Cngv+§AcDﬁ (10)

where P, is the total power, CR the rolling coeffi-
cient, m the body mass of the wheelchair-sprinter
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Figure 2. Power to overcome drag (Py), external mechanical power (P.,) and total power (P, in the three key-moments of the

stroke cycle at 2.0, 3.5, 5.0 and 6.5 m/s.

system, g the gravitational acceleration, v the mean
velocity over the race, p the air density, A is the sur-
face area and Cp the drag coefficient, C the energy
cost, P the external mechanical power and # the
gross efficiency.

Results

Figure 2 reports the Py, Pior, C and Pey, per unit of dis-
tance in the key-moments of the stroke cycle at the
selected speeds. The F4 increased with speed, ranging
between 0.72 and 8.45 N. The recovery phase showed
the lower drag intensity, followed by the release and
then the catch phases. The Fy decreased from the catch
to the release phase between 3% and 7% and, from the
release to the recovery in ~21-24%. The increase from
the recovery to catch phase was 25-31%. The ACp, val-
ues were 0.24 m? in the recovery phase, 0.33 m? in the
release phase and 0.41 m’in the catch phase.

The power to overcome drag also increased with
speed and ranged between 1.45 and 54.93 W. The
recovery phase presented the lower power to over-
come the drag, followed by the release phase. The
catch phase presented the highest values. Between the
catch and release phase, P4 decreased by ~3- 7%.
Between catch and recovery phase decreased by 25-
31% and from the release to the recovery phases
between 21% and 24%.

The total power varied from 60.09 to 423.46 W
and increased with speed. The lowest values were
observed in the recovery; whereas, the highest Py
were noted in the catch phase. The differences
between the catch and release were about 3% to 7%
across selected speeds. The catch phase differed from
the recovery phase by ~8-21%. The differences

between the release and recovery phases were about
4% to 15%.

The external mechanical power values ranged from
10.82to 76.22 W across the different positions and
increased with speed. The phase showing less Py
being delivered was the recovery. The catch phase
presented the highest P.,. The catch phase differed
from the release phase by ~3-8% and from the recov-
ery phase ~7-21%. Between the release and recovery
phase, differences were ~4-15%.

The C ranged between 33.33 and 276.26 J/m
(Figure 3). The key-moment that demanded less C, at
the selected speeds, was the recovery phase; con-
versely, the catch phase demanded the highest cost.
From the catch to the release, differences were
~6-12%. From the catch to the recovery phase, C
decreased between 13% and 30%. The release phase
differed from recovery phase by ~6-21%.

Discussion

The aim of this study was to compare the mechanical
power and energy cost of transportation delivered by
an elite wheelchair sprinter in key-moments of the
stroke cycle. The main findings were that: (i) the
mechanical power and energy cost of transportation
varied in the different key-moments of the stroke
cycle; (ii) the catch was the phase that required more
power and energy cost followed-up by the release and
then the recovery phases.

A wheelchair for team sports was noted as having
a CR between 0.015 on a carpet, and 0.005 on wood
floor (Chua et al. 2010). A standard wheelchair had a
different CR on hard surface, smooth surface and car-
pet, depending of the wheel’s type (0.001 in soft caster
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Figure 3. Energy cost in the three key-moments of the stroke cycle at 2.0, 3.5, 5.0 and 6.5 m/s.

on hard and smooth surfaces and 0.007 of solid tire
on a carpet) (Sauret et al. 2012). Similar CR was
reported for five different types of wheelchairs on
linoleum and carpet (0.0013 on linoleum for a racing
wheelchair and 0.0212 of a folding wheelchair on
linoleum) (McLean et al. 1994). Our assumption was
a CR of 0.01 as measured by experimental testing on
this same participant early on (Barbosa and Coelho
2017; Barbosa et al. 2016; Hoffman et al. 2003). Other
assumptions were a temperature of 15°C and density
of 1.225kg/m’. This same temperature and density
were also noted by Blocken et al. (2016) for road
cycling. Indeed, this environmental conditions are
Fluent’s default values (Ansys Fluent 16.0, Ansys Inc.,
PA, US.A) (ANSYS, 2013). Gross efficiency was
assumed to be 18% as noted in the literature (Cooper
et al. 2003; Vanlandewijck and Thompson 2011). For
example, Cooper et al. (2003) tested 12 elite wheel-
chair racers on a computer monitored wheelchair
dynamometer. The authors reported a gross mechan-
ical efficiency of 18% as well. Vanlandewijck and
Thompson (2011), also reported a gross mechanical
efficiency of wheelchair racers between 15% and 23%.

The drag ranged between 0.72 and 8.45 N. These
results seem to match the range reported using cost-
down techniques (Barbosa et al. 2016; Hoffman et al.
2003). Hoffman et al. (2003) noted an ACp of 0.37 m>.
Barbosa et al. (2016) studied the ACp of a racing wheel-
chair in three different racing positions by cost-down
and photogrammetric techniques. The ACp ranged
between 0.1456 and 0.1747 m*. In cycling and wheelchair
racing it is noted that small variations in the rider’s posi-
tions may influence drag by about 10% (Rushby-Smith
and Douglas 2012 and; Martin 1996; McLean et al.
1994). The ACp, ranged between 0.24 and 0.41 m?. These
values seem to be in accord with findings by Hoffman

et al. (2003). Even so, in our research, at 6.5 m/s, the dif-
ferences between the ACp and the values reported by
Barbosa et al. (2016), at a racing position was almost
0.2 m’. The difference can be explained by the testing
techniques selected (numerical simulations vs cost-
down), testing conditions (comparison of the key-
moments in the stroke cycle vs comparison of different
racing positions) and inputs or assumptions (e.g. differ-
ent climacteric conditions selected as inputs). The ACp
values in our study are dependent of athlete’s anthro-
pometry and individual characteristics. The catch phase
showed the highest Fy. It differed from the release
between 3% and 7% and from the recovery between 25%
and 31%. The release phase had higher values than
recovery in about 21% to 24%. These differences can be
explained by the surface area in the different phases of
the stroke cycle. The catch phase had a larger surface
area when compared to the release; whereas, the release
phase had a larger surface in comparison to the recovery
phase. The increase in surface area in the catch phase
might be due the arms position (elbow flection and with
lateral projection). In the release phase, the subject
upper-limbs were stretched and closed to the handrims.
In the recovery phase, the upper limbs were over-
stretched backwards.

The power to overcome the resistive forces had been
studied in wheeled vehicles (Barbosa et al. 2016;
Hoffman et al. 2003; Candau et al. 1999). In cycling, the
P4 ranged between 10 W at 1.2 m/s and 80 W at 5.5 m/s
(Candau et al. 1999). In wheelchair racing, Barbosa
et al. (2016) reported that less power was needed to
overcome the drag in the racing positions with the neck
in hyperextension (22.19 W). In this study, in a similar
position and at 6.5 m/s the power to overcome the drag
was 54.93 W. Firstly, the relationship between power
and speed is cubed (P4 = D,v = k.v*, v=k.v*). Secondly,
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the ACp, reported by these authors was smaller than the
one obtained in this study. The chair and garment used
by the athlete was different in both studies. Others
aimed to assess the resistive forces by coast-down in dif-
ferent types of wheelchairs (Hoffman et al. 2003). In a
racing wheelchair at 5 m/s, P4 was 35 W. However, after
the acceleration the subject placed the hands on his
knees and the torso was kept in the upright position
(Hoffman et al. 2003). This position increases the sur-
face area and hence, the P4. Despite the difference, and
considering that the subject was not in a racing pos-
ition, the results seem to match ours. At 5 m/s, the Py
was 25.59 W, 24.45 W and 19.67 W in the catch, release
and recovery phases, respectively. Between positions,
the catch phase had the highest P4, followed by the
release and then the recovery phase. Py is dependent on
the speed and Fy (Equation 6). Thus, a poor aero-
dynamic position will require an increase in the Py.

Barbosa et al. (2016) reported a total power
between 602.55 W and 630.71 W at 6.238 m/s in dif-
ferent racing positions. Pelland-Leblanc et al. (2013)
noted the power transfer evaluated by an optical
encoder on a track, reporting a mean value of 555 W
at 5.34 m/s. These results seem to match what was
obtained at 6.5 m/s. Breaking down by key-moments
of the stroke phase, the catch phase demanded the
highest P, and the recovery the lowest. The catch
phase presented a higher drag due the arms position
near the handrims. The elbows flexion and abduction
in the catch phase increased the wheelchair-athlete’s
width. A higher width may lead to a higher surface
area and a higher Py is required to surpass drag. In
our study, Py, increased with speed.

The energy cost reported by Barbosa et al. (2016)
ranged between 95.67 and 100.14 J/m. Abel at al.
(2003) assessed the energy cost on handbiking and
wheelchair racing by spirometry in an endurance test.
At almost 6 m/s, the C was on average
95.55+19.14 J/m. These results seem to be in tandem
to our data (Figure 3). Therefore, our estimation
seems to be a good approximation. At 5 m/s the C
ranged between 142.98 and 115.99 J/m, depending on
the position adopted. The catch phase imposed the
highest energy cost in comparison to release and
recovery phases. The recovery phase led to the lowest
energy cost. As there is no propulsion being applied
on the handrim, one may argue that the C should be
almost null, or at least, neglectable. Nevertheless, the
wheelchair-athletes system keeps its motion due to
inertia. Thus, the system’s motion will not stop unless
the resistive forces overcome the inertial force. At
each propulsive phase, the inertial force increases,

keeping the wheels in motion during the recovery
phase. In our study, the C increased with speed. Also
in handbiking, the C increased with speed (Abel et al.
2003). In cycling, it was possible to observe that dif-
ferent positions lead to a higher or lower energy cost
(Ryschon and Stray-Gundersen 1991). The standing
position presented a higher energy cost compared to
a sitting position when monitored by the measure-
ment of the oxygen uptake. The standing position
presented a larger surface area and a higher energy
cost. In our study the position with the largest effect-
ive area also denoted the highest energy cost.

The external mechanical power ranged between
10.82 and 76.22 W. Barbosa et al. (2016), noted a
variation between 108.51 and 113.59 W for different
racing positions. It is important to point out that the
authors presented a higher P.,, in comparison to our
results. In a study on basketball wheelchairs, the Py
was evaluated on a roller ergometer in two different
time periods (Theisen et al. 1996). The mean P, was
calculated for 15 cycles in each stage and was com-
puted by the momentary torque and angular velocity
in the rear wheels. The exercise test was continuous
with stages of 3min. The subjects started at the tests
at 0.58 m/s with increments of 0.28 m/s. The subjects
did not reach their maximal capacity in the same
stage, four reached 1.94 m/s, six reached 2.22 m/s and
one was able to continue up to 2.50 m/s. P, values
ranged between 12 and 63 W over the incremental
protocol. The mean P.,, values were 50.92+6.02 W
and 50.73 £5.74 W. In our study, P.,, ranged between
10.82 and 11.30 W at 2 m/s, which might be
explained by the fact that racing wheelchairs require
less power to reach a higher speed. The maximal
speed reached in basketball wheelchair was 2.5 m/s
and in racing wheelchair almost 7 m/s.

Altogether, the ACp and speed play important
roles in F4, Py, Py, C and P (Equations 6-10)).
The evaluated variables increased with speed. This
was expected since Fg, Py, Py, C and Py, are speed
dependents. The variables also varied at different key-
moments of the stroke cycle that was explained by
the effective area differences between positions.
Positions with higher surface area and effective area
lead to higher drag and required a higher Py, Py, C
and P,y to surpass the resistive forces.

Athletes’ technique and muscle strength are deter-
minants to deliver maximal power. So, they must be
advised to enhance muscular strength and power, to
perform explosive pushes in each stroke cycle
(Barbosa and Coelho 2017). In the 100 m event in the
T52 category, it is hard to reach the maximal
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muscular power and speed due to the athletes’ handi-
cap. Thus, they must start the race performing, faster
and explosive pushes (Barbosa and Coelho, 2017). For
instance, these results may help coaches and athletes
to design training sets at the required muscle power
for a given speed or pace (i.e. sets of 155 at 423 W).

The main limitations of this study were: (i) a set of
assumptions were used to run the calculations (the roll-
ing resistance, temperature, density and gross efficiency);
(ii) the participant recruited is only representative of
world-class athletes and not counterparts of other tiers;
(iii) a comparison of mechanical power and energy cost
estimation by numerical simulations and experimental
testing (e.g. wind tunnel) is suggested.

Conclusion

The resistance acting upon the wheelchair racing
sprinter increased with speed and varied across the
different key-moments of the stroke cycle. The mech-
anical power and energy cost increased with speed.
The phase demanding more power and energy cost
was the catch phase, followed-up by the release and
then the recovery phases. Athletes should maintain a
proper body alignment and synchronization during
the stroke cycles, enabling to reach and keep a max-
imal speed with a lower energy cost. Coaches and
other practitioners can use these findings to carry out
and evidence-based practice helping the athletes to
improve their efficiency.
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