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Abstract

This study investigated upper-lower body coordination during the
swimming start. Coupling angle mapping was applied to assess
segmental dominance, coupling angle, and coupling angle varia-
bility across four dive-start phases in elite and sub-elite swim-
mers. Data were collected from twenty swimmers (ten elite and
ten sub-elite), based on their three fastest maximal-effort dive
starts. The continuous entry movement from air to water was cap-
tured in detail using a high-speed multi-camera system positioned
above and below the water. Results demonstrated that coordina-
tion patterns varied across the four phases, with high similarity
when the thigh dominated, such as during the flight phase. Nota-
bly, coordination during the on-block phase differed significantly
prior to hand-off. Elite swimmers exhibited greater trunk domi-
nance in the entry phase, facilitating a more horizontal dive-in,
whereas sub-elite swimmers showed trunk dominance later, dur-
ing the transition phase. In conclusion, the time required to reach
a specific distance or phase does not necessarily indicate superior
start performance. Swimmers must balance drag minimization
during the dive-in trajectory with rapid entry to initiate stroking.
All swimmers maintained a streamlined posture and predomi-
nantly employed thigh-dominant strategies, while variations in
trunk-dominant coordination were observed during entry and
transition phases. Occasional high coupling angle variability in

elite swimmers may reflect individualized coordination strategies.

These findings highlight the importance of individualised training
to optimize start performance.

Key words: Coordination pattern, Biomechanics, Swimming
start, Coupling angle mapping, Segmental dominance.

Introduction

The swimming start is crucial in competitive swimming, as
the maximum horizontal velocity during the start can reach
approximately 4m/s, more than twice the velocity of free
swimming(Kiuchi et al, 2010). Trembley and
Fielder(Trembley and Fielder, 2001) reported that optimal
swim-starts are achieved through a quick block push, a
long aerial distance, and a clean entry with powerful un-
derwater propulsion. Unlike track and field, where athletes
must accelerate from zero to full speed, swimmers can en-
ter the water faster than their average swimming speed.
Studies have shown that the start to 15m accounts for
0.8%-26.1% of the total race time, highlighting the im-
portance of a strong start (Arellano et al., 1996; Cossor and
Mason, 2001; Mason et al., 2007; Seifert et al., 2010a;
Thayer and Hay, 1984; Vantorre et al., 2010a). As compe-
tition rules evolve, so does the swimming start technique,

with increasing emphasis on its importance in training to
assess athlete performance and technique (Slawson et al.,
2013; Takeda et al., 2012; Tor et al., 2015).

The dive start was typically divided into block
phase, flight phase, entry phases and glide phase (Vantorre
et al., 2014). Swimmers often use different strategies in the
flight and entry phases (Vantorre et al., 2010b). The "flat"
start, with a lower velocity and flat aerial trajectory, aims
for a quick entry and earlier stroking. In contrast, the "pike"
style involves a longer push-off and shorter entry distance,
creating a smaller hole to minimize aquatic resistance, re-
sulting in a longer aerial trajectory (Vantorre et al., 2014).
Elite swimmers also use distinct start styles, such as the
Volkov start, named after the swimmer who pioneered the
arm swing during the block and flight phases (e.g., Caeleb
Dressel), and the flight style, where the arms are positioned
in front of the head (e.g., Sun Yang)(Vantorre et al., 2014).
Defining the best dive start remains a challenge.

However, according to constraint-led approach
(Bartlett et al., 2007; Powell et al., 2021; Seifert et al.,
2010a) the answer may not be best start style, but the best
strategies suit the specific swimmer according his/her
strength and conditioning, event, and skills level. The com-
petitive swimming research about dive start using under-
water cameras were mainly based on the data direct from
biomechanical measurements, such as time, joint angle,
distance, force, and velocity (Tor et al., 2015). However,
these data seem not evident to provide the coordination pat-
tern required for swimming dive start. Compared to tradi-
tional biomechanical measurement, the quantified coordi-
nation pattern would be more event-specific and individu-
alised. Needham et al. (2020) proposed a method for quan-
tifying movement coordination between two segments, cal-
culating coupling angle (CA) based on the angle-angle data
of two interested segments.

Biomechanical feedback is essential for athletes, es-
pecially after identifying their optimal coordination pat-
tern, offering new insights into swimming performance
(Glazier, 2021; Turvey et al., 1978). From the perspective
of dynamical systems theory(DST), which conceptualizes
movement coordination as emerging from the interaction
of multiple system components (i.e., neural, muscular, and
environmental constraints), Intertrial variability plays an
important role in facilitating transition from one coordina-
tion patterns of coordination to another. (Bartlett et al.,
2007; Gleim and McHugh, 1997; Gao et al., 2025). This
variability is not only an error but also reflects the muscu-
loskeletal system's adaptability to external disturbances,
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enhancing performance (Bartlett et al., 2007). Coordina-
tion pattern in swimming has been studied since Chollet et
al. (2000), who introduced the index of coordination (IdC)
to quantify arm movement coordination in swimmers.
Their research demonstrated that swimmers adjust arm co-
ordination based on swimming velocity and skill level
(Chollet et al., 2000). Seifert et al.(2007) studied arm-to-
leg coordination in butterfly stroke(Seifert et al., 2007).
while Seifert et al. (2011) explored coordination variability
in breaststroke across different skill levels (Seifert et al.,
2011). Guignard et al. (2017) focused on quantifying the
inter-segmental coordination of the upper limbs in front
crawl using the coupling angle.

The coupling angle (CA) may serve as a valuable
tool for comparing and analysing different swimming start
techniques, offering a more comprehensive understanding
of the biomechanics involved and enabling optimization of
start techniques based on individual characteristics. This
study aims to explore the movement coordination patterns
between the trunk and thigh segments during the swim-
ming dive start in elite and sub-elite swimmers, using cou-
pling angle mapping (CAM). We also examine inter-data
point range of motion (IDP-ROM), coupling angle varia-
bility (CAV), and phase-specific timing (i.e., on-block,
flight, entry, and transition) to distinguish coordination pat-
terns across these phases. We hypothesize that the thigh
dominant pattern will predominate during most of the dive-
in phases, but the distribution of segmental dominance pat-
terns will differ between elite and sub-elite swimmers.

Methods

Participants

Twenty-four male swimmers initially volunteered to par-
ticipate in this study, including 12 national/international-
level (elite) athletes and 12 regional-level (sub-elite) ath-
letes from Zhejiang Province, China. Following Matus et
al(2021), the time to cover 5 m from the starting signal was
used as an inclusion criterion for start performance. Based

on this criterion, four swimmers were excluded (two elite
athletes with slower start times and two sub-elite athletes
with faster start times). The final sample comprised 20
swimmers (elite: n = 10; sub-elite: n = 10) (Table 1).

All athletes followed the same training schedule, re-
laxation therapy, diet, and living environment during the
experiment. Participants were in healthy physical condi-
tion, with no musculoskeletal injuries or related diseases
within the previous six months, and reported no muscle
soreness or fatigue on the day of testing. All tests were
completed within a single day. Prior to data collection, par-
ticipants were fully informed of the study procedures, po-
tential risks, and benefits, and provided written informed
consent. The study was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics Com-
mittee of Ningbo University (RAGH20220815).

Experimental Protocol and Procedures

Four Zcam E2 underwater cameras (Zcam E2, CHN) were
used to capture video at a sampling frequency of 60Hz.
Three cameras were positioned along the edge of the pool
at distances of 2.5m, 7.5m, and 12.5m from the starting
block. The fourth camera was placed on the poolside, 2.5m
from the starting block, to capture aerial views of the start-
ing phase. The cameras were synchronized using the com-
puter’s synchronization function to ensure temporal align-
ment of the video data (Figure 1). To ensure accurate data
integration, a custom-designed calibration device was
combined with a machine learning-based algorithm to au-
tomatically merge the video footage from the four cameras
without visible seams.

The test was repeated five times for each participant
following a 15-minute warm-up, with a minimum rest in-
terval of 10 minutes between each test to ensure full phys-
ical recovery for the swimmers (Slawson et al., 2013;
Takeda et al., 2012). During the tests, the coach observed
and guided the swimmers’ starting movements to meet the
test requirements. Finally, the best three out of five trials
were selected as the final experimental data for analysis.

Table 1. Mean (£ SD) values of main characteristics of the swimmers.

Groups Sample size Age Weight (kg) Height (cm) % of WR FINA points
Elite 10 19.8+2.5 80.6£5.6 186 +9.7 90.4+3.3 924 £ 15
Sub-elite 10 18.6+1.4 75.4+6.2 180 £ 6.1 80.2+24 810+ 11

SD = standard deviation; WR = World Record; FINA = Fédération Internationale de Natation (International Swimming Federation).
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Figure 1. Equipment layout diagram regarding camera set-up.
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The Motion videos captured during the tests were cali-
brated and analysed using the Kinovea software to deter-
mine the trunk and thigh angles relative to the horizontal
(Karpinski et al., 2020). The software's automatic tracking
feature was used, and the Root Mean Squared Error
(RMSE) was calculated to compare with the manual digi-
talization. The intra-class correlation (ICC) was employed
to assess the reliability and consistency of angle tracking
between three experienced researchers.

A custom-made aluminium rectangular calibration
frame (0.8m*3.3m) with a triangular base was placed at the
intersection of every two cameras to merge the four sepa-
rate videos into one cohesive video. The calibration frame
centre was placed aligned with the centre black line at the
bottom of the swimming pool. Distance calibration in the
sagittal plane was performed using two marks on the bot-
tom of the pool: one at five meters from the wall and an-
other at the 15-meter mark along the black line on the
pool’s bottom. The length of the calibration frame was also
used to verify the accuracy of the distance calibration.

Coupling angle and coupling angle mapping

Needham et al. (2020) proposed a method to quantify
movement coordination between two segments(Needham
et al., 2020),by calculating coupling angles (CA) based on
the angle-angle data. Coupling angle mapping (CAM) was
used to visualise these patterns and the direction of seg-
mental rotation by different colours (Needham et al.,
2020). CAM overcomes the limitations of traditional group
data by providing individual coordination profiles and var-
iability. This method offers advantages for coaching and
clinical management by revealing participant-specific co-
ordination patterns. Unlike the modified vector coding ap-
proach, which can be problematic when overlaying multi-
ple trials, CAM enables the examination of entire datasets
and comparison across participants and conditions using
colour bins. By mapping segment coupling, variability, and
dominance, CAM supports existing data analysis tech-
niques such as coordination profiling and single-subject
analysis.

The angle between trunk and horizontal plane
(proximal segmental angle) and the angle between thigh
and horizontal plane (distal segmental angle) were used to
draw the angle-angle diagram (Figure 2). An angle-angle
diagram is a functional diagram of one angle to another that
provides a quantitative description of the pattern of coordi-
nation between body segments in motion(Hershler and
Milner, 1980; Pau et al., 2022). However, due to subtle
changes in segmental orientation, fixed angles are not al-
lowed for detailed observation of coordination. Therefore,
the nonlinear equation is used to calculate the vector direc-
tion between adjacent data points in vector coding, which
provides a quantitative measurement for the shape of an-
gle-angle graph(Needham et al., 2015). The vector direc-
tion can range from 0° to 360°, and this circular variable is
called the coupling angle. The coupling angle can be di-
vided to different parts corresponding to specific coordina-
tion pattern, as shown in Figure 3. Different colour parti-
tions represent distinct coordination patterns, which reflect
body movements and adjustments during different phases
of the analysed activity(Needham et al., 2020).

As for coordination pattern of swimming dive start,
for instance, the red bins with coupling angle from 0°- 90°
(both dark (0°- 45°) and light red (45°-90°) in figure 3 and
4) showed in on-block phase which represents both seg-
mental angles of the trunk and thigh increasing (+/+) i.e., a
back shift of the centre of mass while hands grabbing the
block. In transition phase, the red bins (in Figure3 and Fig-
ure 7) may represents a gradual alignment of the body par-
allel to the pool bottom after entering the water.

Similarly, the blue bins with coupling angle from
90°- 180° represent the decreasing of trunk segmental an-
gle and the increasing of the thigh segmental angle (-/+).
The green bins with coupling angle from 180° - 270° rep-
resent the decreasing of trunk segmental angle and the de-
creasing of the thigh segmental angle (-/-). The purple bins
with coupling angle from 270°-360°mean the decreasing of
trunk segmental angle and the increasing of the thigh seg-
mental angle (+/-).
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Figure 2. Angle—angle diagram of a swimmer’s start. The proximal segment corresponds to the trunk, and the

distal segment corresponds to the thigh.
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Figure 3. A classification of coordination patterns based on coupling angles. Different colour partitions
represent different coordination patterns (black), and segment dominance (grey) is marked around the
circumference of the disk graph (D = distal, P = proximal).

Within each colour bin, the dark colour in all col-
ours bin means the segmental angle change of thigh is
larger than the trunk between the time interval of two data
points (i.e., thigh dominance). While, the trunk domi-
nances are in light colours which closes to x-axis in Figure
3.

Coupling angle (y;) according to the formula based
on proximal segmental angle (0 p;),0 pi+1)) and distal seg-
mental angle (6 p;),0 (pi+1)) is calculated, and the formula
is as follows:

Opi+1)—FPpy\ 180
yi = Atan (— =

e if Opiy1y — Ocpiy >0 (@Y)]

4o = Atan (2en-tr) 10
-

— +180 ifOpiir) — Bpyy <0 (2)

0 (pi+1)—0 (P T
(y;) is a special value when:
Yi=90 Opivyy — Bppy = 0 and Bpgyy) — Oppy > 0
) vi=-90 Bpis1y — Opiy = 0 and 8 (pi. 1y — Opiy < 0
Yi=) yi=-180 B(pir1) — Bepiy <0 and @i 1) — Opiy = 0
¥i = Undefined

(3)
O(piv1) — Orpiy = 0 and B pis1y — @pyy = 0

The coupling angle (y;) is normalised to a value between

0° and 360° according to equation (4):
vi+360 vy, <0

Yl {Yl Yl: 2 0 ( )

Coupling angle data is classified into one of four coordina-
tion patterns: “in-phase proximal segment dominant”, “in-
phase distal segment dominant”, “anti-phase proximal seg-
ment dominant”, and “anti-phase distal segment domi-
nant”. In-phase coordination refers to two segments rotat-
ing in the same direction, while anti-phase coordination re-
fers to two segments rotating in opposite directions. Each
quadrant of the unit circle represents 100 gradients, and
converting coupling angles into gradients provides the per-
centage of proximal or distal segment advantage (e.g. 9° is
10 gradients, 18° is 20 gradients, and 27° is 30 gradients).
Segmental dominance means that one of the proximal or

distal segments has a larger angle change at each instant of
the motion cycle (e.g. 50 gradients when the coupling angle
is 45°, thus equal to 0.5 Seg.dom (minimum value of y-
axis) in Figure 4, Figure 5, Figure 6, and Figure 7, indicat-
ing that the angular rotation of the proximal and distal seg-
ments contributes equally to the change in relative angle).

The coupling angle for each phase of the start (on-
block, flight, entry, and transition) was plotted using the
"coupling angle mapping" method (Needham et al., 2018;
Needham et al., 2020). Thes colour code (following Figure
3) of histogram in result figures (Figure 4, Figure 5, Figure
6 and Figure 7) was used to visualize the instantons
changes of coordination pattern. The height of histogram
quantifies the dominance rate converting from the coupling
angle in corresponding colour bins (see grey number in
Figure 3). Small amplitude movements may introduce er-
rors in the histogram by using vector coding technique. To
address this, the "inter-data point range of motion" (IDP-
ROM) of the main segment(Needham et al., 2018; Need-
ham et al., 2020) was used to assess motion amplitude be-
tween segments and correct errors caused by small ampli-
tude shaking.

Coupling angle variability

Due to the directional nature of coupling angle, the varia-
bility was calculated based on the average horizontal (X,)
and vertical (¥,) evaluated from the coupling angle (y;) at
each moment across a number of experiments (n) (Batsch-
elet, 1981), formula is as follows:

X, =13k cosy; (3)

Y, :% . siny; (6)

i=

The following formula is used to standardize the average
coupling angle (y,) as a value between 0 ° to 360 °:
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V= Atan(;::) 181360 If X, >0, ¥, <0 )
90 ifX,=0, ¥,>0
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undefined ifX,=0, ¥,=0

Average coupling angle (y,) length is calculated according
to the following formula:

@

Coupling angle variability (CAV;) is calculated according
to the following formula:
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Figure 4. Coupling angle mapping (CAM), segmental dominance (Seg.Dom), IDP-ROM and coupling angle variation profiling
representing mean elite (a) and sub-elite (b) trunk-thigh coordination during on block phase (See Figure. 3 for colour-scale

legend).
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Figure 5. Coupling angle mapping (CAM), segmental dominance (Seg.Dom), Inter-data point range of motion (IDP-ROM) and
coupling angle variation(CAV) profiling representing mean elite (c) and sub-elite (d) trunk-thigh coordination during flight

phase (See Figure. 3 for colour-scale legend).

Statistical analysis

The resulting data is then imported into Excel for further
data analysis and processing. Finally, the coupling angle,
coupling angle variability and time were obtained, and the
whole start was divided into four phases(Vantorre et al.,
2010b): 1. on-block phase: from starting signal to one
frame before the front foot off the block; 2. flight phase:
from first frame when the front foot leaves the block to one
frame before the hand touching the water; 3. entry phase:
the phase from the hand touching the water to the whole

body is completely immersed in the water; 4. transition
phase: from one frame after foot toe entry to one frame be-
fore the foot initiates the downbeat kicking. The timing
function of Kinovea was used to calculate the time of the
four phases, and the difference of the time for different ath-
letes in each phase was analysed statistically.

The resulting data were imported into Excel for fur-
ther analysis and processing. The CA, CAV, CAM, and
time for each phase were then calculated, and the entire
dive start was divided into four phases(Vantorre et al.,
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2010b): 1) on-block phase: from the start until the front
foot leaves the block; 2) flight phase: from when the front
foot leaves the block until the hands enter the water; 3) en-
try phase: from when the hands touch the water until the
body is fully submerged; 4) transition phase: from the mo-
ment the toes of the foot enter the water until just before
the foot initiates the downbeat kicking. Phase durations
were determined using the timing function of Kinovea, and
statistical analyses were performed to examine differences
across athletes.

Statistical analysis was conducted using IBM SPSS
Statistics 19 (SPSS Inc, Chicago, IL, USA). The normality
of the data was assessed using the Shapiro—Wilk test. Dif-
ferences in time between elite and sub-elite athletes were

analysed using an independent samples t-test, with the sig-
nificance level set at 0.05. Cohen’s d was calculated to de-
termine the effect size of the mean differences. Effect sizes
were categorized as trivial (<0.2), small (>0.2 and <0.5),
moderate (>0.5 and <0.8), or large (>0.8)(Cohen, 1988).

To assess the validity of the automatic tracking in
Kinovea, the Root Mean Square Error (RMSE) between
manual and automatic tracking was calculated as a tracking
error indicator. Intra-class correlation (ICC) was used to
evaluate the consistency between different operators. Reli-
ability was classified as very high (ICC > 0.90), high (0.70
<ICC <0.89), or moderate (0.50 <ICC < 0.69)(Shrout and
Fleiss, 1979).
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coupling angle variation (CAV) profiling representing mean elite (e¢) and sub-elite (f) trunk-thigh coordination during entry
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Figure 7. Coupling angle mapping (CAM), segmental dominance (Seg.Dom), Inter-data point range of motion (IDP-ROM)
and coupling angle variation (CAV) profiling representing mean elite (g) and sub-elite (h) trunk-thigh coordination during

transition phase (See Figure. 3 for colour-scale legend).
Results
Statistical data and time at each phase

The RMSE for the angle measurement during the trial test
between auto-tracking and manual operation was 0.52. No

significant difference was found between the two methods
(p =0.59). The ICC (2,1) for the angle measurement from
three experienced researchers was 0.93, CI 95% is [0.9,
0.95] and the p-value is 0.00 with significant high level
of inter-operator reliability. The start time of athletes was
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shown in Table 2. The results showed no significant differ-
ence between the elite and the sub-elite in the total time of
the four stages. The time for on-block phase for elite ath-
letes is 0.54 £ 0.04s, which is significantly shorter than that
for sub-elite athletes’ (0.66 = 0.09s). In the flight phase and
entry phase, there is no significant difference between elite
athletes and sub-elite athletes. The time of the transition
phase for elite athletes is 0.62 + 0.30s, significantly longer
than that for sub-elite athletes (0.46 + 0.22s). The time for
elite athletes to reach five meters is 1.35 + 0.17s, which is
significantly shorter than the time for sub-elite athletes
(1.63 = 0.14s).

On-block phase

The CAM and CAYV for elite athletes and sub-elite athletes
on the block phase were shown in Figure 4. Both groups of
athletes showed an anti-phase coordination pattern (-/+) in
blue bins before the hand off the block but the elite showed
more thigh dominance (around 0.7 in average) before 20%
of the on-block phase., and sub-elite athletes were domi-
nated by the trunk with dominance rate over 0.8(light blue
bins) before 22.5%. Then, both showed the in-phase coor-
dination pattern but in different directions of segment rota-
tion (green vs. red) at hand-off. After the hand left the
block, both groups showed an anti-phase coordination pat-
tern (+/-) in purple mainly dominated by leg pushing. The
elite athletes showed full thigh dominance (0.98 domi-
nance rate) after the hand-off, while the sub-elite athletes
showed the first trunk and then thigh dominance. Around
10% higher CAV was observed in the elite group at 50%
of the on-block phase, just prior to back foot take-off. Both
groups showed an increase in CAV, with values continuing
to rise up to 70% before the hand leaves the block.

Flight phase

The CAM and CAYV for elite athletes and sub-elite athletes
in the flight phase were shown in Figure 5. In this phase,
both athletes showed similar coordination patterns, with
the dark purple anti-phase thigh dominant coordination
pattern (+/-) shortly appearing first, followed by the in-
phase thigh dominant coordination pattern (-/-). However,
the anti-phase thigh dominant coordination pattern (+/-) in
the sub-elite accounted for longer time domain (90% of
flight phase) than the elite (<5%) in the flight phase. The

Table 2. Time spent at each phase and time to key location.

CAV of elite athletes during the first half of flight phase
was, on average, up to 20% higher than that of sub-elite
athletes.

Entry phase

The elite athletes showed a greater proportion of trunk-
dominated coordination patterns during entry phase. the
peak CAV in both groups (Figure 6) Approximately oc-
curred at the hip entry point where the in-phase trunk dom-
inant (+/+) coordination pattern (pink bin) both shifted
from anti-phase (-/+) purple bins at 65% and 52.5% of the
flight time, respectively. The coordination patterns se-
quence (colour bins sequence) of the two groups during the
entry phase were generally the same (Figure 6): Shoulder
entry for both groups separated the green (in-phase coordi-
nation (-/-) and purple bins (anti-phase coordination (+/-))
and hip entry separated the purple and red bins (in-phase
coordination (+/+). However, the elite athletes showed a
trunk-dominated anti-phase coordination pattern (+/-) from
53% to 63% before hip entry phase (light purple bin show-
ing the highest dominance rate 0.99), while the sub-elite
athletes showed a thigh-dominated (dark purple with 0.88
dominance rate) anti-phase coordination pattern before hip
entry.

Transition phase

In-phase coordination (+/+) first made the trunk gradually
horizontal after entering the water during transition phase
in Figure 7. Both elite athletes and sub-elite athletes ini-
tially presented a thigh-dominated in-phase coordination
pattern (+/+), then trunk dominated the mid of transition
phase moving upwards with anti-phase thigh moving
downwards (+/-) for the elite while anti-phase (+/-) plus in-
phase (+/+) for the sub-elite. Both were ended with highly
thigh-dominated pattern. The CAV of the elite was slightly
higher (around 10%) than the sub-elite when the thigh
dominated, but the higher CAV was found in sub-elite
groups between 70 - 80%-time domain where the transition
from anti-phase to in-phase trunk dominated coordination
patterns. For both groups, the overall CAV was around
50% higher in the mid of the transition phase where the
trunk was taking dominance (+/-), compared to the early
and later transition phase where the thigh dominated.

Elite (n=10) SD sub-elite (n=10) SD t p-value Effect size (d)
Total time(s) 1.80 0.29 1.77 0.37 0.11 0.91 0.06
On-block phase(s) 0.54 0.04 0.66 0.09 -3.23 <0.01** 0.27
Flight phase(s) 0.27 0.03 0.28 0.05 -0.45 0.66 0.24
Entry phase(s) 0.37 0.03 0.38 0.04 -0.49 0.63 0.13
Transition phase(s) 0.62 0.30 0.46 0.22 2.85 <0.01%** 1.24
Time to Sm(s) 1.35 0.17 1.63 0.14 -3.87 <0.01** 2.90

* and **represent a significant difference between Elite and Sub-elite swimmers with p < 0.05, p <0.01.

Discussion

This study examined the coordination patterns between the
trunk and thigh during the dive start, with a focus on the
differences between elite and sub-elite swimmers. Using
the visualised coupling angle (CA) method, we compared
coordination patterns and variability profiles across differ-

ent start phases. Key findings indicate that coordination
patterns were predominantly in-phase (-/-) or anti-phase (-
/+) with thigh dominance, and transitions between these
patterns generally occurred between adjacent CA bins.
Trunk-dominant patterns were associated with higher co-
ordination variability (CAV) in both groups, although the
distribution and timing of these patterns varied between
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skill levels. These results provide valuable insights into the
movement coordination mechanisms during the dive start,
highlighting the role of coordination variability (CAV) in
skill-level differences. Our findings suggest that swimmers
adopt individualised coordination strategies shaped by
their dive-in conditions and technical styles. The contrast
in how elite and sub-elite athletes manage these strate-
gies—particularly in trunk involvement and phase-specific
variability—is further explored in the following sections.

Time on the different phases

The elite athletes reach the S5m position faster than the sub-
elite athletes, but the total time used for on-block, flight,
entry and transition showed no significant difference be-
tween the elite athletes and the sub-elite athletes in this
study. The previous studies on start time found that the
shorter on-block phase time can help athletes build a lead
quickly(Lyttle and Benjanuvatra, 2005; Mats et al., 2021;
Vilas-Boas et al., 2003). Also, we found that the elite ath-
letes took less time (p<<0.01) to get off the starting block
and into the flight phase but spent more time (p<0.01) in
the transition phase compared to the sub-elite athletes (Ta-
ble 2). Short on-block phase for the elite may refer to the
strategies of a flat aerial trajectory to travel the maximum
distance from the block at the lower velocity aims for a
quick entry into the water and earlier stroking. On the other
hand, the longer on block phase(p<0.01) may not neces-
sarily mean a bad strategy because the compromise of long
duration on pushing off the block at entry may aim for cre-
ating a smaller hole for entering water causing a probably
longer (pike) aerial trajectory to encounter aquatic re-
sistance later (Vantorre et al., 2014). This could explain the
reason that longer on-block and shorter transition phase for
the sub-elite groups.

On-block phase coordination patterns

In on-block phase, the coordination angle mapping (CAM)
results (Figure 4) revealed distinct in-phase coordination
patterns at the hand-off between elite and sub-elite swim-
mers. Specifically, elite athletes primarily exhibited an in-
phase (-/-) pattern (green bins), while sub-elite swimmers
showed a (+/+) pattern (red bins), indicating opposite di-
rections of segmental rotation. The (-/-) pattern observed in
elites suggests that both trunk and thigh were rotating
downward together, facilitating a forward-leaning posture
consistent with a front-weighted track start. In contrast, the
(+/+) pattern in sub-elites indicates an upward trunk rota-
tion relative to the thigh, reflecting a rear-weighted track
start with a more vertical take-off trajectory.

This distinction in body orientation reflects differ-
ent center-of-gravity strategies. Elite swimmers' forward-
leaning posture is advantageous for initiating horizontal
momentum earlier. In contrast, sub-elite swimmers’ more
upright posture may delay forward acceleration. Previous
research by (Vilars-Boas et al., 2000) compared front- and
rear-weighted track start techniques and found that, alt-
hough the rear-weighted start produced greater horizontal
impulse, its longer on-block time reduced overall effective-
ness. Later findings t(Vilas-Boas et al., 2003) confirmed
that the rear-weighted start caused greater horizontal dis-
placement during block exit, but at the cost of longer block

phase duration. These results support our observation that
elite swimmers, favouring the front-weighted start, exhib-
ited significantly shorter(p<0.01) on-block times than sub-
elite swimmers (Table 2).

Immediately following hand-off (the beginning of
the purple bins in Figure 4), swimmers-initiated body ex-
tension by pushing off the block, showing an anti-phase
coordination pattern (+/-). Here, elite swimmers demon-
strated thigh-dominant coordination with a much higher
segmental dominance rate (0.99), while sub-elite swim-
mers displayed trunk-dominant (0.89) patterns. This sug-
gests that elites generated propulsion primarily through
leg-driven extension, whereas sub-elites relied more on
trunk lift to align the body for flight.

Thigh-dominant force application is advantageous
because it produces a stronger push-off and higher start re-
action forces (Takeda et al., 2017). Elite athletes thus used
their leg power more effectively in the front-weighted start
to achieve greater take-off velocity. This strategy enables a
shorter block time without sacrificing push-off effective-
ness, ultimately contributing to faster times at 5 meters.
These findings align with earlier work by Bloom et al.
(1978), which emphasized the importance of balancing
time spent on the block with sufficient force generation to
maximize initial velocity.

With respect to coordination variability, both
groups showed higher CAV before the back foot left the
block and lower CAV afterward. However, elite athletes
exhibited greater pre-takeoff CAV than sub-elites. This
may be attributed to more diverse arm swing strategies
among the elite group. For example, while some elite
swimmers swung their arms forward during the block
phase, others used a backward swing known as the Volkov
start, which continued into the aerial phase (Seifert et al.,
2010b). These variations suggest that, despite similar out-
come performance, elite athletes may adopt individualized
techniques that introduce variability at specific phases of
the start.

Flight phase coordination patterns

Both groups of athletes exhibited similar coordination pat-
terns during the flight phase. Specifically, in Figure 5, both
showing an anti-phase thigh dominant coordination pattern
(+/-) followed by an in-phase thigh dominant pattern (-/-).
However, the sub-elite group had a relatively higher rate
(Seg.Dom>0.9) of anti-phase thigh dominant coordination
pattern (+/-). During this phase, the anti-phase thigh domi-
nant coordination pattern (+/-) indicates the unfolding of
the body, while the in-phase thigh dominant pattern (-/-)
means that the body gradually dips in the air towards the
water. The lower rate of anti-phase thigh dominant coordi-
nation pattern (+/-) in elite swimmers, compared to sub-
elite swimmers, suggests that the elite swimmers complete
their body extension in the air earlier and in a more syn-
chronized manner, allowing them to prepare their entire
body posture for entry with greater ease.

Previous studies by Mclean et al.(2000) and Van-
torre et al. (2010b) have highlighted the importance of gen-
erating sufficient angular momentum for a clean water en-
try. This requires swimmers to have enough time to rotate
while in flight to enter the water through a small
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hole(McLean et al., 2000; Vantorre et al., 2010a; Vantorre
et al., 2010b). As a result, elite athletes’ earlier body exten-
sion earlier during the flight phase, enables them to adjust
their body posture in the air more efficiently, facilitating an
optimal entry position.

Throughout the flight phase, both groups demon-
strated a clear thigh-dominated pattern, driven by the an-
gular momentum generated during the on-block phase. The
continuous upward lift of the thighs (evident from the de-
creases thigh angle in Figure 5) helps the athletes gain up-
ward angular momentum and rotate quickly through the
air(Bartlett, 2014; Taladriz et al., 2016; Wang et al., 2024).
The similar thigh-dominated patterns suggest that both
groups of athletes recognise the necessity of quickly posi-
tioning their bodies for an optimal water entry.

Notably, elite athletes exhibited a higher coupling
angle variation during the flight phase compared to sub-
elite swimmers. This greater variability suggests that elite
swimmers employ more diverse strategies to adjust their
body posture during the flight phase, preparing for a
cleaner entry compared to their counterparts.

Entry phase coordination patterns

During the entry phase, swimmers aim to achieve a stream-
lined body posture by utilizing the angular momentum
(Taladriz et al., 2016) generated from the leg drive to facil-
itate a smooth water entry. Both groups transitioned from
the flight phase to the entry phase with an in-phase coordi-
nation pattern (-/-) as indicated by the dark green bins in
Figure 6, suggesting a coordinated entry movement. Fol-
lowing the shoulder entry, the anti-phase coordination pat-
tern (+/-) gradually shifts the direction of the body move-
ment from downward to forward. This coordination pattern
also elevates the legs, creating a better position for entry,
allowing the body to enter the water through a small hole.

The athletes entered the water in the dark green bins (in-
phase coordination pattern (-/-) from the flight phase to the
earlier entry phase, the purple anti-phase coordination pat-
tern (+/-) after shoulder entry gradually changes the direc-
tion of the body movement from downward to forward, and
this coordination pattern also elevates the leg position to
create a better entry position to allow the body to enter the
water through a small hole.

Before and after hip entry, the elite athletes demon-
strated a greater trunk-dominated coordination. Elite ath-
letes rely on the upward lift of the trunk to gradually and
naturally transform the vertical velocity to horizontal after
hip entry. In contrast, sub-elite swimmers displayed a more
thigh dominant coordination pattern, which primarily as-
sists in changing the body’s direction from a downward
dive to forward.

The higher dark green bins i.e. Seg.Dom rate (-/-;
refer to Figure 3) for the sub-elite in the flight and entry
phases (Figure 5. and Figure 6.) indicate an excessive
thigh-up (i.e. foot-up) position. This misalignment may
cause the body on a back arch, resembling a 'banana shape'
before and after hip entry. Such position would increase the
swimmer’s cross-sectional area in relation to the water,
thereby escalating the form drag. (Naemi et al., 2010).

After the hip joint enters the water, the sub-elite ath-
letes exhibited 30% longer in-phase thigh-dominated

coordination (+/+) possibly. This may be attributed to the
excessive thigh-dominated lift (higher dark green bins) in
flight phase and earlier entry phases, which would lead to
a leg splash. creating a further wave darg with larger water
hole (Godoy-Diana and Thiria, 2018).

Transition phase coordination patterns

During the transition phase, both groups gradually align
their bodies parallel to the pool bottom. During this phase,
the both groups maintain a coordinated movement pattern
characterized by in-phase thigh-dominated coordination
(+/+). Elite athletes demonstrate a weaker thigh-dominant
coordination pattern, with thigh dominance rate less than
0.75(Needham et al., 2020). This suggests that, during this
period, elite athletes have a reduced tendency for thigh seg-
ment rotation towards the pool bottom compared to sub-
elite athletes. This reduced thigh movement, as reflected in
the IDP-ROM (0 - 40%), likely generates less active drag,
facilitating smoother transition for the elite.

Sub-elite swimmers, on the other hand, may display
a more pronounced downward thigh flapping motion, as
indicated by higher IDP-ROM and thigh dominance rate in
Figure 7 at the begin of transition phase. After the initial
thigh dominance (as observed in the first series of red bins
in Figure 7), both groups gradually adjust their bodies to a
position parallel to the pool bottom, preparing for upwards
and forwards movement due to the 15m allowable dis-
tance(van Dijk et al., 2020). This adjustment is accom-
plished through an anti-phase trunk dominant coordination
pattern (+/-) as shown in the light purple bins.

Upon slightly lifting the trunk in preparation for up-
wards and forwards under water kicking, the swimmers
will perform an upbeat kick to initiate the underwater dol-
phin kick, lifting the shank while pushing down the thigh,
thus presenting an in-phase coordination pattern (+/+).
Elite swimmers adopt a thigh-dominant coordination pat-
tern during the upbeat kick to initiate the underwater dol-
phin kick, whereas sub-elite swimmers initially use a trunk
dominant coordination pattern to perform the same action.

The initial trunk dominant coordination pattern
(+/+) observed in sub-elite swimmers, along with higher
IDP-ROM (Figure 7h), results in a greater trunk elevation
leading to an increased tendency for upward movement at
deep underwater position. This indicates that the trunk
dominance to initiate underwater dolphin kicking with
higher IDP-ROM may not be an efficient strategy, as the
sub-elite swimmers spent longer time in the on-block phase
(Table 2.). The compromise of longer time required for
higher angular momentum (Taladriz et al., 2016) should
have helped the sub-elite swimmers to achieve a better
streamlined body position when entering the water (Van-
torre et al., 2014). However, the more sudden change of the
trunk angle in this phase (pink bins in Figure 7h) at high
velocity and deep position can result in significant active
and passive drag(Morais et al., 2020; Vennell et al., 2006)
,counteracting the time compromise on block. In contrast,
the elite swimmers may approach to the 15-meter mark
with a gradual upward movement tendency, supported by
a stable trunk with less IDP-ROM during trunk dominating
(light purple bars in Figure 7.g) at transition phase.
This controlled movement is indicative of elite swimmers'
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ability to maintain a more efficient transition.

Elite swimmers adopts different dive start coordina-
tion patterns that align with their individual style (Vantorre
et al., 2010b). The coupling angle variation (CAV) of elite
athletes was found to be higher than that of sub-elite ath-
letes at many time points, suggesting that elite athletes may
employ more diverse strategies during dive-in process.
Elite swimmers are better able to adjust their body align-
ment according to their previous dive-in conditions. This
previous condition can be viewed as a “constraint” during
the dive-in process. This constraint varies between individ-
uals (e.g. travelling more distance in the air or rotating
more to enter properly). Ultimately, this variance leads to
different approaches by different swimmers, all aimed at
minimizing drag and optimizing the trunk lift movement
during the transition phase.

Limitations

Several limitations should be considered in this study.
First, the sample was composed exclusively of male swim-
mers, with no female participants included. Previous re-
search has demonstrated sex-based differences in swim-
ming performance and biomechanics(Knechtle et al.,
2020), highlighting the need for future studies to include
female athletes to better understand potential gender differ-
ences in the coordination of swimming starts.

Second, the scope of our analysis was limited to the
coordination between the trunk and thigh segments, which
we identified as the key body segments for the propulsion
phase of the swimming start. While these two segments are
crucial in the initiation of movement, the coordination of
other segments, such as the arms and calf muscles, also
plays a significant role in the overall performance. There-
fore, future research should expand the investigation to in-
clude additional segmental interactions, particularly be-
tween the arms and trunk or between the thighs and calves,
to provide a more comprehensive understanding of the co-
ordination patterns involved in the swimming start.

Lastly, the current study did not include samples
from top-tier swimmers, such as Olympic medallists,
whose coordination patterns during the start could provide
valuable insights. The inclusion of such elite swimmers
would allow for a more detailed analysis of their unique
start coordination, which could offer important training im-
plications for aspiring athletes. Future research should con-
sider incorporating elite-level swimmers to better under-
stand the coordination strategies employed by the world’s
best performers and how these strategies can inform coach-
ing practices.

Conclusion

The time required to reach a specific distance or phase does
not directly indicate a superior dive start, since swimmers
must balance drag reduction with rapid entry to initiate
stroking. Our findings show that thigh dominance primar-
ily governs the dive-in process across most of the four
phases for both elite and sub-elite swimmers. However, the
appearance of trunk-dominant patterns in the on-block, en-
try, and transition phases is associated with higher CAV.
Elite swimmers tend to use a more trunk-dominant pattern

during the entry phase, enabling a horizontal forward dive-
in, while sub-elite swimmers displayed increased trunk
dominance in the transition phase. These results highlight
the individualised nature of coordination strategies and
provide insights for designing tailored training programs
that optimize the trade-off between drag reduction and
prompt entry.
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Key points

e Thigh-dominant coordination governs most dive-in phases,
while trunk-dominant patterns appear in the on-block, entry,
and transition phases and are linked to higher coordination
variability.

e Elite swimmers tend to adopt a trunk-dominant pattern dur-
ing the entry phase, enabling a more horizontal forward
dive-in, whereas sub-elites shift trunk dominance to the
transition phase.

e Individualized coordination strategies highlight the need for
tailored training programs that balance drag reduction with
rapid entry, especially for elite swimmers.
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