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ABSTRACT

MORAIS, J. E., R. H. SANDERS, C. PAPIC, T.M. BARBOSA, and D. A. MARINHO. The Influence of the Frontal Surface Area and Swim

Velocity Variation in Front Crawl Active Drag. Med. Sci. Sports Exerc., Vol. 52, No. 11, pp. 2357–2364, 2020. Purpose: The aims of this

study were to 1) compare active drag (Da) calculation between a single land-based measurement of frontal surface area (FSA) and in-water

FSA measures obtained at key events of the arm pull (1, right upper-limb catch; 2, right upper-limb insweep; 3, right upper-limb exit and left

upper-limb catch; 4, left upper-limb insweep; and 5, left upper-limb exit and right upper-limb catch) at front crawl swimming, and 2) compare

mechanical power variables computed based on these two approaches.Methods: Seventeen swimmers (11, male; 6, female; 16.15 ± 0.94 yr

old) were recruited. The FSA was measured based on two approaches: (i) nonvariation, that is, assuming a constant value, and (ii) variation,

that is, calculated in each key event of the front crawl swim. Active drag based on a nonvariation of the FSA was measured using the Velocity

Perturbation method. Active drag based on a variation approach was measured in each key event of the front crawl according to the law of

linear motion. Paired t-test (P ≤ 0.05), simple linear regression models, and Bland–Altman plots between assessment methods (variation vs

nonvariation) were computed. Results: The FSA (variation) was higher than when assuming a nonvariation (0.1110 ± 0.010 vs

0.0968 ± 0.010 m2, Δ = 15.69%, t = 4.40, P < 0.001, d = 0.95). Active drag (variation) was also significantly higher than when assuming

a nonvariation (88.44 ± 25.92 vs 75.41 ± 15.11 N, Δ = 16.09%, t = 3.66, P = 0.002, d = 0.61). Conclusions: Besides the FSA, swim velocity

also changes during the front crawl arm pull. The variation of both variables had a significant effect on the active drag measurement and con-

sequently on mechanical power and total power input variables. Key-words: SWIMMING, DRAG, DYNAMIC VERSUS STATIC

MEASUREMENTS

Thehydrodynamics of swimming is a challenging scien-
tific field for researchers, for both data collection and
analysis, because of the complex behavior of water.

To complete a given swimming distance in minimum time,
swimmers may increase their forward velocity by increasing
propulsion and/or decreasing hydrodynamic drag (1). Propul-
sion is produced by upper- and lower-limb actions such as arm
stroking and leg kicking (2). Hydrodynamic drag is a force act-
ing opposite to the relative motion of any object moving with

respect to the aquatic environment (3), and it can be estimated
based on Newton’s law of linear motion as:

D ¼ 1
2
ρv2 � FSA� CD ½1�

where D is the hydrodynamic drag (in newtons), ρ is the den-
sity of the water (assuming 997 kg·m−3), FSA is the frontal sur-
face area (in square meters), v is the swim velocity (in meters per
second), and CD is the drag coefficient (dimensionless).

FSA (Equation 1) corresponds to the swimmer’s maximal
cross-sectional area in a plane transverse to the direction of
forward motion (4). The FSA can be estimated based on an-
thropometric features such as the chest perimeter and chest
sagittal diameter (5), or measured directly by numeric data in
static or dynamic conditions using digital video cameras (6)
and digital photogrammetry (7). FSA is usually obtained from
measurements of the swimmer on land assuming a streamlined
position because this is a simple and less time-consuming
method than measuring FSA while swimming (5). When the
swimmer is gliding through the water without arm and leg ac-
tions, the hydrodynamic resistance is termed “passive drag”
(8). In that case, the FSA does not change because there are
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no dynamic movements from the upper limbs’ actions (4).
Hence, researchers use a constant value (i.e., nonvariation)
for FSA when calculating passive drag. When swimming with
arm stroking, the hydrodynamic resistance is termed “active
drag” (Da) (9). In this case, FSA is a variable that changes dur-
ing the swimming stroke because of postural changes associ-
ated with arm actions, body roll, and kicking.

Nevertheless, for convenience of calculation, researchers
usually assume FSA to be a constant value during free swim-
ming and do not take into account the dynamic movements
(i.e., variation) of the swimmer’s body and limbs. The one
study to date that did consider varying FSA in front crawl used
estimated active drag measures, and such measurements are
usually calculated from a mean swimming velocity (7). In-
deed, swim velocity (v) is another major drag determinant
(Equation 1). Active drag increases whenever the swim veloc-
ity increases, but this was shown during the entire stroke cycle
(10). Drag force is proportional to squared swim velocity.
Thus, using a mean swim velocity in the drag calculation, in-
stead of its instantaneous value, might lead to a measurement
bias. Moreover, one may argue that this bias is even larger as-
suming a mean FSA over the cycle. In front crawl, there are
five key events of the arm pull: 1) right upper-limb catch,
2) right upper-limb insweep, 3) right upper-limb exit and left
upper-limb catch, 4) left upper-limb insweep, and 5) left
upper-limb exit and right upper-limb catch (7,11). At each of
these key events, the FSA differs from the FSA when in the
streamlined position (7), and the swim velocity is also differ-
ent (12). Consequently, this will affect active drag.

In addition to adopting different postures throughout the
stroke cycle, reflected in differences in FSA between the iden-
tifiable events, the postures may differ because of asymmetries
in the stroke patterns of individual swimmers. During motion
forward, swimmers roll their body about the longitudinal axis
while performing the arm pull (13). Because the human body
is not symmetrical and swimmers may not perform each arm
pull (i.e., right and left upper limb) with an equivalent
spatial-temporal movement pattern (14), FSA might be mean-
ingfully different during each phase of the stroke. Therefore, it
seems to be of major importance to assess the influence of
FSA on active drag during those key events of the arm pull,
and not only as a mean and constant value. Furthermore, there
are mechanical power and total power input (i.e., energy expen-
diture) variables that are usually computed/estimated based on
the active drag output. Such variables reflect the swimmer’s
power to promote displacement while swimming, with power
and hence energy expenditure being of major interest for re-
searchers and practitioners (15,16).

Given that the FSA may change dynamically (i.e., varia-
tion) during the swimming stroke, there is a need to evaluate
whether a single measure of FSA is adequate for obtaining es-
timates of active drag and mechanical power. Therefore, the
aims of this study were to 1) compare Da calculation between
a single land-based measurement of FSA and in-water FSA
measures obtained at key events of the arm pull at front crawl
swimming, and 2) comparemechanical power variables computed

based on these two approaches. It was hypothesized that 1)Da

would be different when FSA is determined dynamically (var-
iation) than when it is single land-based measured, and 2) me-
chanical power variables and energy expenditure calculated
based on a variation approach would be different from when
measured based in a nonvariation.

METHODS

Participants

The sample comprised 17 adolescent swimmers (11, male;
6, female; 16.15 ± 0.94 yr old; 66.62 ± 7.76 kg of body mass;
1.73 ± 0.08 m of height; 1.79 ± 0.11 m of arm span), including
national record holders, age-group national champions, and
other swimmers involved in a talent identification program
(584.18 ± 55.49 and 636.33 ± 105.60 Fédération Internationale
de Natation points at the 100-m freestyle event in short-course
meter for males and females, respectively). The swimmers
had more than 5 yr of competitive experience and trained six
to seven swimming sessions per week. Parents or guardians,
and the swimmers themselves signed an informed consent
form. All procedures were in accordance to the Declaration of
Helsinki regarding human research, and the University Ethics
Board approved the research design.

Frontal surface area (nonvariation). The FSA assum-
ing a nonvariation during the stroke cycle was computed as
being the largest area in the transverse plane of the swimmer’s
body while in a streamlined position (4). The swimmers, while
standing upright on land and simulating the hydrodynamic
position, were photographed from above at a height of 2.5 m
with a digital camera (Alpha 6000; Sony, Tokyo, Japan).
The hydrodynamic position is characterized by the upper
limbs being fully extended above the head, one hand above
the other, fingers also extended close together, and head in
neutral position (5). They wore their regular textile swimsuit
and cap. On the camera-shooting field was a calibration frame
with 1-m length at the height of the xiphoid process. After-
ward, the FSA was measured from the swimmer’s digital pho-
tograph with a specific software (Universal Desktop Ruler,
AVPSoft, Pittsburgh, PA) by two expert evaluators (intraclass
correlation coefficient = 0.989) (17).

Active drag (nonvariation). The active drag (Da), as-
suming a nonvariation, and the coefficient of active drag
(CDa) were computed based on the Velocity Perturbation
method (18). It is a procedure with several advantages in com-
parison to other techniques to measure active drag: 1) it can be
used in all swimming strokes; 2) it has a better traction as far as
ecological validity is concerned; 3) it requires an easy setup
before testing; 4) it is a straightforward procedure, that is, less
time consuming and more affordable than other techniques;
and 5) it can be used to assess active drag in a broad range
of ages and competitive levels (19,20).

Swimmers performed two 25 mmaximal front crawl swim-
ming trials with a push-off start after a standardized warm-up
(21). One trial performed at maximal front crawl, and the other
at maximal front crawl while towing a hydrodynamic body
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(i.e., a perturbation device). This hydrodynamic body was
attached to the swimmer’s waist with a belt at a distance of
8 m (to minimize drafting effects of the perturbation device
in the wake of the swimmer) (18).

The Da was computed as:

Da ¼ Dbvbv2

v3 − v3b
½2�

where Da (in newtons) is the swimmer’s active drag at maxi-
mal velocity, Db (in newtons) is the resistance of the hydrody-
namic body computed from the manufacturer’s calibration of
the buoy-drag characteristics and its velocity, and vb and v
(in meters per second) are the swimming velocities with and
without the perturbation device. The CDa was computed as:

CDa ¼ 2Da

ρ� FSA� v2
½3�

where CDa is the coefficient of active drag (dimensionless),Da

is the active drag (in newtons), ρ is the density of the water
(997 kg·m−3), FSA is the swimmer’s FSA (in square meters),
and v is the swim velocity (in meters per second).

Kinematics and active drag variation. The following
data were retrieved during the trial without the perturbation
device previously described. To measure the swim velocity,
a speedo-meter string (Swim speedo-meter; Swimsportec,
Hildesheim, Germany) was attached to the swimmer’s waist
(15). The velocity of the swimmer’s waist was deemed appro-
priate as an indication of the velocity associated with produc-
tion of drag. The velocity of the waist closely reflects the
motion of the swimmer’s trunk segment, that is, the body seg-
ment in which the largest FSA occurs and which therefore has
the largest influence on Da. An in-house built software
(LabVIEW®, v. 2010) was used to acquire (f = 50 Hz) and
display speed–time data over each trial. Data were exported
from the speedo-meter to interface by a 12-bit resolution ac-
quisition card (USB-6008; National Instruments, Austin,
TX). Then, it was imported into a signal processing software
(AcqKnowledge v. 3.9.0; Biopac Systems, Santa Barbara,
CA). High frequencies of the signal were removed using a
Butterworth fourth-order low-pass filter (cutoff, 5 Hz). The
mean swim velocity (v, in meters per second) was then mea-
sured between the 11th and 24th meters. A video camera
(Sony FDR-X3000, Tokyo, Japan) was attached to a rail on
the edge of the swimming pool at a depth of 20 cm filming
(f = 60 Hz) the swimmers in the transverse plane. This was

synchronized to the swim velocity signal to retrieve the instanta-
neous swim velocity in each phase of the arm pull (for further
measurements). The stroke frequency (SF) was calculated as
the number of cycles per unit of time, from the time it takes to
complete one full cycle (f = 1/P, where P is the period), and after-
wardconverted tohertz (intraclasscorrelationcoefficient=0.990).
The intracyclic variations (whenever appropriate) were calculated
with the coefficient of variation (CV): CV = SD/mean � 100,
where CV is the coefficient of variation and SD is 1 SD. Hence,
the intracyclic variation of the swim velocity (dv) was calculated
as being the CV.

The Froude efficiency (ηF, in percent) was calculated as:

ηF ¼ 0:9v
2π� SF� l

� �
2
π
� 100 ½4�

where ηF is the Froude efficiency (in percent), v is the mean
swim velocity (in meters per second), SF is the stroke fre-
quency (in hertz), and l is the shoulder to hand average dis-
tance (in meters) (22). The l distance was measured by
digital photogrammetry (between the acromion and tip of
the third finger) (17).

Frontal surface area (variation). To assess the FSA as
a changing variable (FSA_variation), five distinct key events
of the arm pull were considered: 1) right upper-limb catch,
2) right upper-limb insweep, 3) right upper-limb exit and left
upper-limb catch, 4) left upper-limb insweep, and 5) left
upper-limb exit and right upper-limb catch (7). The images
for the FSAmeasurement in each one of such phases were ob-
tained by the projected image of the camera toward which the
swimmer was swimming (Fig. 1, panels 1–5). Afterward, each
FSAwas computed by digital photogrammetry as described in
the anthropometrics section. Because the swimmers did not
present the same duration of the stroke cycle, the stroke time
was expressed in percentage of total duration (0%–100%).
The values during the arm pull (for each swimmer) were
interpolated by means of cubic spline from which the values
of FSA were calculated in every percentage point (each 5%)
of the stroke (Fig. 2, panel 1). The intracyclic variation of
the FSA (dFSA) was calculated as being the CV.

The instantaneous swim velocity in each one of the five key
events of the arm pull was retrieved from the velocity–time
curve (Fig. 2, panel 2). The CDa was retrieved from the drag
section (measured with the velocity perturbation method).
This was considered not to change as a function of swim
velocity as reported elsewhere (7,23). Afterward, the active

FIGURE 1—The five key events of a full stroke cycle: right upper-limb catch (panel 1), right upper-limb insweep (panel 2), right upper-limb exit and left
upper-limb catch (panel 3), left upper-limb insweep (panel 4), and left upper-limb exit and right upper-limb catch (panel 5).
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drag as a changing variable (Da_variation; Fig. 2, panel 3) was
computed in every percentage point of the stroke (as the
FSA) based on Equation 1, and the mean value was used for
further analysis. The intracyclic variation of active drag (dDa)
was calculated as being the CV.

Mechanical Power

The mechanical power variables were computed twice: (i)
based on the drag without variation and (ii) based on drag var-
iation. The power to overcome drag (Pd) was computed as:

Pd ¼ Dav ½5�

where Pd is the power to overcome drag (in watts), Da is the
swimmers’ active drag at maximal velocity, and v is the swim
velocity (in meters per second) (18). From these data, it was
possible to compute the external mechanical power (Pext)
and the mechanical power to transfer kinetic energy to water
(Pk) (15). The Pext was computed as:

Pext ¼ Pd

ηF
½6�

where Pext is the external mechanical power (in watts), Pd is
the power to overcome drag (in watts), and ηF is the Froude ef-
ficiency (dimensionless) (24). The Pk was computed as:

Pk ¼ Pext − Pd ½7�

where Pk is the mechanical power to transfer kinetic energy to
water (in watts), Pext is the external mechanical power (in
watts), and Pd is the power to overcome drag (in watts). The
total power input (Ėtot; in watts) was estimated as:

Ė tot ¼ Pd

ηm ηF
½8�

where Ėtot is the total power input (in watts), Pd is the power to
overcome drag (in watts), ηF is the Froude efficiency (dimen-
sionless), and ηm the mechanical efficiency (dimensionless)
(15). It was assumed an average value of 0.2 for the ηm as re-
ported elsewhere (25).

Statistical Analysis

Nonsignificant Shapiro–Wilk and Levene tests showed that
the assumptions of normality and homoscedasticity, respec-
tively, were not violated. The mean plus 1 SD and the 95%
confidence interval (95CI) were computed as descriptive
statistics.

Comparative analysis between the nonvariation and varia-
tion measurements (FSA, Da, Pd, Pext, Pk, and Ėtot) included
the following: (i) mean data comparison, (ii) simple linear re-
gression between values, and (iii) Bland–Altman plots (26).
For the mean data comparison, the Student’s t-test paired sam-
ples (P ≤ 0.05), the mean difference (Δ), and the magnitude of
the effect size (Cohen d) were computed. This effect size in-
dex was interpreted as follows: (i) small if d < 0.2, (ii) moder-
ate if 0.8 > d ≥ 0.2, and (iii) large if d ≥ 0.8 (27). Simple linear
regression models between assessment methods (variation vs
nonvariation) were computed. Trendline equation, determina-
tion coefficient (R2), adjusted determination coefficient (Ra2),
standard error of estimation (SEE), and 95CI and 95% predic-
tion intervals (95PI) were calculated. As a rule of thumb and
qualitative interpretation, the relationship was defined as fol-
lows: very weak if R2 < 0.04, weak if 0.04 ≤ R2 < 0.16, moder-
ate if 0.16 ≤ R2 < 0.49, high if 0.49 ≤ R2 0.81, and very high if
0.81 ≤ R2 < 1.0.

The Bland–Altman analysis included the plot of the mean
value assuming a nonvariation of the FSA versus assuming
an FSA variation (28). It was adopted as limits of agreement
a bias of ±1.96 SD of the difference. For qualitative assess-
ment, it was considered that the analytical modeling data were
valid and appropriate if at least 80% of the plots were within
the ±1.96 SD of the difference (95CI).

RESULTS

Table 1 presents the descriptive statistics (mean ± 1 SD) for
all variables measured. The FSA (nonvariation) had a mean
value of 0.0968 ± 0.010 m2 (Table 1). Figure 2 (panels 1– 3)
depicts the variation of the FSA 1), v 2), andDa 3) during a full
stroke cycle. The FSA (variation) had a mean value of
0.1110 ± 0.010 m2 (variation). The lowest value was verified
in key event three (0.0806 ± 0.012 m2) and the highest in key

FIGURE 2—Variation during a full stroke cycle of the FSA (panel 1), swim velocity (panel 2), and Da (active drag, panel 3) (1, right upper-limb catch; 2,
right upper-limb insweep; 3, right upper-limb exit and left upper-limb catch; 4, left upper-limb insweep; 5, left upper-limb exit and right upper-limb catch).
Solid line represents the mean, dash line represents the 95% confidence interval (95CI).
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event four (0.1378 ± 0.017 m2), with a dFSA of 18.57% ± 1.98%
(Table 1; Fig. 2, panel 1).

The v showed a mean value of 1.57 ± 0.13 m·s−1. The low-
est value occurred in key event five (1.37 ± 0.12m·s−1) and the
highest in key event two (1.76 ± 0.15 m·s−1), with a dv of
8.60% ± 1.44% (Table 1; Fig. 2, panel 2). The Da_variation

showed a mean value of 88.44 ± 25.92 N. The lowest value
was verified in key event five (48.60 ± 14.70 N) and the
highest in key event four (130.47 ± 36.77 N), with a dDa of
32.50% ± 3.21% (Table 1; Fig. 2, panel 3).

The t-test comparison between the variables assessed based
in a nonvariation and variation revealed a significant differ-
ence for all pairwise (Table 2). The FSA presented a relative
difference of Δ = 15.69% (t = 4.40, P < 0.001; d = 0.95) and
a moderate relationship (R2 = 0.22, Ra2 = 0.17, P = 0.055)
with an SEE of 0.013 m2. The Da presented a relative differ-
ence of Δ = 16.09% (t = 3.66, P = 0.002, d = 0.61) and a high
relationship (R2 = 0.76, Ra2 = 0.75, P < 0.001), with an SEE of
13.01 N.

As for the Bland–Altman analysis, in all variables assessed,
only one dot was located beyond the 95CI agreement (Fig. 3).
Therefore, the Bland–Altman analysis showed that more than
80% of the plots for all variables were within the 95CI agree-
ment (Fig. 3).

DISCUSSION

The aims of this study were to (i) compare the Da calcula-
tion between a single FSA land-based measure and FSA mea-
sures obtained at key events during the stroke cycle of front
crawl swimming, and (ii) compare mechanical power variables

computed based on these two approaches. TheDa_variation (and re-
maining variables computed based on a variation measurement)
was significantly higher than theDa, supporting the hypothesis
that the calculated values of such variables would differ be-
tween the variation and nonvariation approaches.

To the best of our knowledge, only one study reported the
importance of the FSA variation during the front crawl swim
(7). In that study, FSA was determined by digital photogram-
metry and it was shown that it changed during the arm pull.
However, Da was not measured individually in each one of
the five key events of the arm pull. It was measured as the
mean value of the entire arm pull. Therefore, a hypothetical
variation of such variable during the arm pull was not
assessed. Furthermore, the Da was estimated based on equa-
tion 1 assuming the mean value of the FSA and v. It was not
taken into consideration that FSA and v change in each key
event of the arm pull (Fig. 2). Moreover, the CDa was not mea-
sured directly but assumed to be 0.3 for all swimmers, which
might lead to an assessment bias (7). This would additionally
increase the measurement bias because the CDa also changes
based on shape and velocity (8). In the present study, the Ve-
locity Perturbation method was used to measure directly the
swimmers’ CDa (18). This allowed for the measurement
of the CDa of each swimmer individually because it changes
based on the swimmers’ shape, drag, velocity, and water den-
sity as aforementioned (8).

A number of key circumstances that might influence the
FSA within the arm pull have been identified in the extant lit-
erature: (i) the head position (29), (ii) the angle of trunk incli-
nation (23), and (iii) relative position of the upper-limb
segment’s (7). In the present study, swimmers were invited

TABLE 1. Descriptive statistics (mean ± 1 SD) for all variables assessed.

Five Key Events of the Arm Pull, Mean ± 1 SD

Nonvariation, Mean ± 1 SD Variation, Mean ± 1 SD 1 2 3 4 5

FSA, m2 0.0968 ± 0.010 0.1110 ± 0.010 0.0825 ± 0.013 0.1343 ± 0.017 0.0806 ± 0.012 0.1378 ± 0.017 0.0825 ± 0.013
dFSA, m2 18.57 ± 1.89
Da, N 75.41 ± 15.11 88.44 ± 25.92 49.53 ± 15.08 129.72 ± 34.72 51.32 ± 17.20 130.47 ± 36.77 48.60 ± 14.70
dDa, % 32.50 ± 3.21
v, m·s−1 1.57 ± 0.13 1.57 ± 0.13 1.38 ± 0.12 1.76 ± 0.15 1.42 ± 0.14 1.74 ± 0.15 1.37 ± 0.12
dv, % 8.60 ± 1.44 8.60 ± 1.44
CDa, dimensionless 0.64 ± 0.23 0.64 ± 0.23
ηF, % 30.10 ± 2.26 30.10 ± 2.26
Pd, W 118.67 ± 27.64 140.03 ± 47.68
Pext, W 396.90 ± 97.25 465.78 ± 154.15
Pk, W 278.22 ± 71.47 325.74 ± 107.98
Ėtot, W 1984.50 ± 486.27 2328.88 ± 770.74

Five key events of the arm pull: 1) right upper-limb catch, 2) right upper-limb insweep, 3) right upper-limb exit and left upper-limb catch, 4) left upper-limb insweep, and 5) left upper-limb exit and
right upper-limb catch.

TABLE 2. Comparison between the variables assessed without a FSA and swim velocity variation and with variation.

Paired Samples t-Test Simple Linear Regression

Δ, % Mean Difference (95CI) t P d R2 Ra2 SEE P

FSA vs FSA_variation 15.69 0.0142 (0.0073–0.0210) 4.40 <0.001 0.95 0.22 0.17 0.013 0.055
Da vs Da_variation 16.09 13.02 (5.47–20.57) 3.66 0.002 0.61 0.76 0.75 13.01 <0.001
Pd vs Pd_variation 16.09 21.36 (8.71–34.00) 3.58 0.002 0.55 0.85 0.84 18.97 <0.001
Pext vs Pext_variation 16.09 68.88 (27.56–110.19) 3.53 0.003 0.53 0.80 0.78 71.78 <0.001
Pk vs Pk_variation 16.09 47.52 (18.81–76.23) 3.51 0.003 0.52 0.78 0.77 52.05 <0.001
Ėtot vs Ėtot_variation 16.09 344.38 (137.79–550.96) 3.53 0.003 0.53 0.80 0.78 358.92 <0.001

Mean difference, mean difference in SI units; t, t-test; P, significance value; d, Cohen d (effect size index).
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to perform nonbreathing stroke cycles during the data collec-
tion phase (between the 11th and 24thmeters). This neutral po-
sition of the swimmer’s head allowed him/her to minimize the
effect of the head on the FSA (29). In addition, as the trials were
performed at maximal velocity, one can claim that inclination of
the trunkmay not increase the FSA, because the small inclination
of the trunk at maximum velocity does not affect the FSA (23).
Therefore, the swimmers were capable of maintaining a horizon-
tal body position at maximal swimming velocity.

The relative position of the upper limbs during the arm pull
was the major factor influencing the FSA variation during the

front crawl swimming (7). Indeed, in the present study, FSA
was significantly higher in the variation condition than in the
nonvariation one (Tables 1and 2). This was specifically noted
for the key events: 2) right upper-limb insweep and 4) left
upper-limb insweep. In such key events, swimmers have their
hand, forearm, and upper arm out of the bounds of the trunk,
leading to an FSA increase. It seems that these key events of
the arm pull were the main responsible for the difference be-
tween the FSA measured in land (nonvariation) versus in-
water (variation), enhancing that whenever FSA is measured,
its variation should not be neglected. Consequently and based

FIGURE 3—Bland–Altman and regression plots between the variables assessed without active drag variation and with active drag variation. Variation suffix,
measurement performed with variation. Regression: solid line represents the trend line, small dash line represents the 95CI, long dash line represents the 95PI.
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on this assumption, theDa_variation also presented higher values
than the nonvariation condition (Tables 1 and 2).

Indeed, it was reported that changes in the relative position
of swimmers’ upper limbs have a direct effect on their Da and
CDa (i.e., a higher FSA leads to a higher Da and CDa) (30).
However, whenever the Da is measured, researchers tend to
use a mean swim velocity of the full stroke cycle (8). That
is, swim velocity is not measured in each key event of the
arm pull. This leads to measurement bias because drag is not
linearly related to the swim velocity; that is, higher values of
v will have a larger effect on drag and vice versa (10). As dur-
ing the full stroke cycle changes in FSA and v are verified,
these results enhance the importance of computing both the
FSA and v in each key event of the arm pull so that the drag
measurement does not present a bias.

Assuming the Da_variation as the “true” value for drag during
the arm pull, it should be highlighted that whenever the Da is
measured without FSA and v variation, an assessment bias ex-
ists. Neglecting FSA and v variation led to an underestimation
of the Da, mechanical power (Pd, Pext, and Pk), and Etot (also
known as energy expenditure) variables. In time-based sports,
such as competitive swimming, velocity depends on the power
input and energy cost of transportation:

v ¼ Ė tot

C
½9�

where v is the swim velocity, Ėtot is the total power input, and
C is the energy cost of swimming. Ėtot is the sum of the contri-
butions by the three energetic pathways:

Ė tot ¼ Ė aer þ Ėanaer‐la þ ĖATP‐PCr ½10�

where Ėtot is the total power input, and Ėaer is the energy con-
tribution by the aerobic system, Ėanaer-la by the anaerobic lactic
system, and ĖATP-PCr by the anaerobic alactic system. Con-
versely, C depends on the work to overcome drag force and
the system’s efficiency:

C ¼ wd

ηm ηF

½11�

where C is the energy cost, wd is the mechanical work to over-
come drag, ηm is the mechanical efficiency, and ηF is the
Froude efficiency. Studies reported that a larger power input
would be related to faster swims and also to swimmers of bet-
ter competitive level (24,25,31). Total power input (Ėtot) can
be estimated by Equation (8), requiring the power to overcome
drag, Froude efficiency, and mechanical efficiency as inputs.
Also, studies noted that less energy cost of swimming was re-
lated to faster swims or higher competitive levels (24,31).

To have a better insight into the amount of power to over-
come drag that a swimmer is able to produce, it is convenient
to assess the external mechanical power and the mechanical
power to transfer kinetic energy to water. If the latter two
are large enough, one can argue that there is room to improve
the power to overcome drag (i.e., by enhancing the Froude
efficiency) and therefore the swim velocity. As such, the es-
timation of a comprehensive set of mechanical power

variables enables a more holistic assessment of the potential
room for improvement by the swimmer. Because the me-
chanical power variables and energy expenditure (Ėtot) are
estimated based on the Da, all of them presented a significant
relative difference of 16.09% (higher) when assuming an
FSA, v, and Da variation. Nonetheless, for all variables, a
moderate–very high relationship with a high concordance
was noted between assessments (Table 2, Fig. 3). Therefore,
in the impossibility of assessing such variations to measure
the Da and other variables related to it, practitioners are ad-
vised to use a correction value to minimize the difference be-
tween assessments (26).

Overall, it was verified that the FSA variation during the
front crawl arm pull affects Da. Therefore, one might claim
that minimizing the FSA throughout the stroke cycle would
lead to a decrease in Da. As depicted in Figure 1 (panels
1–5), swimmers used a “propeller”movement where an elbow
flexion is noted to improve the mechanical advantage of mov-
ing the hand through the water. However, this is a very contro-
versial issue. For instance, a study by Loebbecke and Mittal
(32) indicated that using a deep catch (i.e., without a meaning-
ful flexion of the elbow during the insweep) would result in a
lower FSA (due to a lower extension of the shoulder) and a
higher thrust than when using the propeller technique with a
shallower catch. Indeed, it was indicated that swimmers’ an-
thropometrics and technique could explain the differences in
drag (33).

Like FSA variation, the swim velocity variation also deter-
mines the Da measurement. Studies reported that velocity
varies within a cycle because of the various propulsive and re-
covery phases (12,34). However, such studies did not indicate
how such variation affects drag. The results of the present
study indicate that Da measurement is highly dependent on
FSA and swim velocity variation. Altogether, Da_variation and
consequently the mechanical power variables computed based
on this approach were higher than in a nonvariation approach.
Despite the latter approach (i.e., nonvariation) being the most
practiced (simpler and less time-consuming), researchers and
practitioners should be aware of the possibility of significant
differences between outcomes.

As for future research, it could highlighted that: 1) given
that the propulsive phases in key events 2 and 4 (Fig. 1) repre-
sent the largest propulsion but also drag force (Table 1; Fig. 2,
panel 3), researchers should investigate the effect of body and
limb positions on propulsive and drag forces. Such outputs
may allow coaches on giving technical cuing and feedback
to manipulate posture and arm positioning. 2) It was selected
a constant CDa to model the active drag with variation.
Numerical simulations can test if the CDa changes during
the full stroke cycle. Upper limbs change their position over
the arm pull, and hence, it can affect the hydrodynamics.
3) One can argue that it remains to be seen if the procedures
reported here are valid for other cohorts besides young elite
swimmers. That said, it is not possible to foresee significant
differences in the validity of this technique, as the procedure
seems to be robust enough to estimate CDa across a wide
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range of swimmers. To model FSA_variation, we have selected
five standard key events of the arm pull. Besides that, the
Velocity Perturbation method is selected on a regular basis to
run hydrodynamic testing on different cohorts of swimmers.

As a conclusion, FSA and v change during the front crawl
arm pull. This variation had a significant effect on the Da, me-
chanical power, and total power input variable measurement.
This resulted in higher values in a variation approach than a
nonvariation approach because of FSA being higher in a vari-
ation condition in key events 2 and 4. Researchers and practi-
tioners should be aware that there is considerable bias when

measuring such variables assuming a nonvariation of the
FSA and v. Moreover, it should be highlighted that the variation
of FSA throughout the stroke cycle should be considered when
assessing active drag.
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