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Abstract 

Background: Undulatory underwater swimming (UUS) has become an integral component of the start and turn 
phases in competitive swimming allowing higher velocities than can be achieved swimming at the surface. An under-
standing of the most important determinants for UUS performance and how these can be optimised to different 
swimmers is poorly understood.

Objective: The aim of this systematic review was to systematically assess the current peer-reviewed literature on the 
relationship between UUS performance determinants and underwater velocity in competitive swimmers.

Methods: An electronic search using AusSportMed, Embase, PubMed, SPORTDiscus and Biomechanics and Medicine 
in Swimming was performed. The methodological quality of the studies was evaluated using a biomechanics-specific 
checklist developed by Hindle and colleagues (Sports Med Open. 5(1):49, 2019. 10. 1186/ s40798- 019- 0222-z).

Results: Twenty-five studies met the eligibility criteria. While UUS velocity was nearly perfectly related (r > 0.90) to 
foot resultant acceleration and kick frequency, several other biomechanical factors were also significant correlates. 
UUS velocity and frequency were typically higher in high-performance swimmers and during prone versus dorsal 
positions. UUS velocity, kick frequency and kick amplitude were also significantly correlated with high angular veloci-
ties of the hip, knee and ankle joints and knee range of motion.

Conclusion: While there appears to be evidence supporting some performance variables to be related to UUS, 
future research should examine how to optimise the kinematic and kinetic characteristics with respect to the 
imposed task constraints and organism constraints between swimmers. Additional research should also investigate 
the effect of biomechanically informed interventions to improve UUS performance.

Registration: Open Science Framework.

Keywords: Swimming, Performance, Undulatory underwater swimming, Biomechanics, Kinematics

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Key Points

• A range of kinematic and kinanthropometric param-
eters are strongly correlated with undulatory under-
water velocity; however, foot resultant acceleration, 
kick frequency, kick amplitude, vertical toe velocity 
and knee angular velocity appear to be the greatest 
predictors of high UUS velocity.
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• Swimmers should perform the glide at approximately 
0.4 m underwater at all velocities above 1.9 ms-1 
to gain maximum drag reduction benefits, where 
a 15-18 % reduction in underwater total drag was 
found when compared to swimming at the surface.

• An athlete’s optimal movement combination when 
performing undulatory underwater swimming may 
be different to others, as each swimmer needs to 
exploit their own organism constraints to maximise 
propulsive impulse while simultaneously reducing 
drag in response to the task and environmental con-
straints.

Introduction/Background
Pool swimming is a foundation Olympic sport incorpo-
rating four recognised strokes: freestyle, butterfly, back-
stroke and breaststroke, with events ranging from 50 to 
1500  m [2, 3]. Competitive pool swimming events can 
be divided into four distinct phases; the start, free swim-
ming, turn and finish. The phases can be defined as: the 
start (time to 15 m), free swimming (parts of the race not 
including start, turn or finish), turn (5 m into the wall and 
10 m out) and finish (5 m into the wall on the last lap). 
With early swimming research focused primarily on the 
free swimming component, more recent studies have rec-
ognised the contribution of the other phases of the race 
as important determinants for overall performance [4, 5]. 
Undulatory underwater swimming (UUS) has become 
an integral component of the start and turn phases since 
the 1980 Olympic Games in Moscow, where swimmers 
began to prolong the underwater phase, applying undula-
tory swimming to minimise the loss of velocity until the 
initiation of the above water stroke [6, 7]. The timing and 
types of UUS are also key factors for minimising deceler-
ation from initial velocity from the dive or wall start [8]. 
Specifically, the undulatory kick is preferable to flutter 
kicking as it reduces deceleration before the initiation of 
the free swimming portion [8]. International Swimming 
Federation (FINA) regulations currently allow a swimmer 
to remain underwater for 15 m during the start and turn 
phases of the race [9], meaning the UUS may contribute 
up to 30% of race distance during a standard long course 
event [10]. Performance determinants of the UUS can be 
broadly categorised as ways to minimise resistance drag 
and/or to improve propulsive force production.

The total drag forces experienced by the swimmer 
reflect wave, skin and profile drag [11]. Because the 
density of water is approximately 800 times higher than 
that of air, the drag force in water is also higher [8]. The 
UUS promotes improved propulsive efficiency com-
pared to swimming at the surface by eliminating wave 
drag [12, 13]. As swimming velocity, frontal surface area 

and frontal shape are the primary determinants of form 
drag force, the influence of frontal area and shape can be 
reduced by adopting a streamlined, horizontal position, 
with both arms overstretched and held together in front 
of the head while performing UUS [14–16]

Human underwater undulatory motion is dependent 
on the swimmer’s ability to produce propulsive forces, 
which are primarily generated by a wave running cepha-
locaudally along the athlete’s body [17]. The undulatory 
wave increases in amplitude at each subsequent body 
segment in a whip-like action, where momentum is trans-
ferred from larger body segments to smaller ones [10, 18, 
19] and to the water resulting in a propulsive impulse 
[20]. Underwater velocity is equal to product of kick fre-
quency and horizontal distance per kick, and the optimal 
interaction between these two factors [16, 21]. The cyclic 
vertical motion of the lower limbs caused by the body 
wave has the greatest amplitude at the toes, which is 
related to vortex creation and thrust production [10, 15, 
19]. It has been stated that body wave velocity and ver-
tical toe velocity could potentially explain differences in 
UUS performance, with implications for improving ath-
lete technique [15].

An athlete’s ability to optimise propulsion and mini-
mise resistance in the UUS may also be influenced by 
their anthropometry, range of motion and flexibility. 
The tendency for swimmers to be tall and lean assists 
in reducing drag, with their long limbs contributing to 
greater stroke length and/or kick amplitude [22]. How-
ever, there are some anthropometric differences between 
male and female swimmers and those who specialise in 
different strokes and distances [22]. A swimmer’s anthro-
pometry may also have conflicting effects on their move-
ment efficiency. When performing the UUS, the increase 
in displacement from the cranial to caudal body seg-
ments is not smooth due to the limited number of rota-
tional joints available in the human body, compared to 
aquatic animals [23]. Range of motion and flexibility may 
then play an important role in creating and maintaining 
the optimal body position during UUS by allowing the 
swimmer to reduce resistance forces and/or increase pro-
pulsive force production [17].

Despite the frequent use of the UUS in training and 
competition, the factors determining its effectiveness in 
high-performance swimmers remain somewhat unclear 
[24]. This relative lack of understanding may partially 
reflect the most recent review on UUS published by 
Connaboy et  al. [25] that only included six studies and 
the major changes that have occurred in the dive start 
since that time. Specifically, high-performance swim-
mers now use a kick or track start technique on the 
OSB11 start block (OMEGA, Zurich, Switzerland), which 
was first introduced in 2010. It provides a number of 
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biomechanical and performance advantages for swim-
mers during the starting phase [26–28]. The purpose 
of this systematic review was to systematically assess 
the current peer-reviewed literature on the relationship 
between UUS kinematic, kinetic and kinanthropometric 
(anthropometric and physical fitness) factors that may 
influence UUS velocity in swimmers.

Methods
Experimental Approach to the Problem
A review protocol for this paper was developed using 
the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses’ (PRISMA) guidelines on reporting 
items for a systematic review and the associated PRISMA 
checklist [29]. The protocol was registered with Open 
Science Framework (https:// osf. io/), and a set of inclusion 
and exclusion criteria were developed prior to undertak-
ing the search process, as summarised in Table 1.

Search Strategy
A structured literature search, using established search 
terms appropriate for each of the following databases: 
PubMed, SPORTDiscus, Embase and AusSportMed, was 
initially carried out with assistance from the University 
Faculty librarian on the 23 January 2020 and repeated on 
the 4 May 2021. A search of the database International 

Symposium on Biomechanics and Medicine in Swim-
ming was then completed on the 6 December 2021. 
The search strategy included Medical Subject Headings 
(MeSH) terms and key words related to the primary con-
cepts of the overall research question, using the PICO 
(population, intervention, comparison/control and out-
come) approach. [The full search used included: swim* 
AND (dolphin OR undulat* OR underwater) AND kick* 
as the basis for searches in the other databases. For Pub-
Med: (swim* OR "Swimming"[Mesh]) AND (dolphin 
OR undulat* OR underwater) AND kick*; for SPORT-
Discus: (swim* OR DE "SWIMMING" OR DE "INDI-
VIDUAL medley" OR DE "LONG distance swimming" 
OR DE "MEDLEY relay (Swimming)" OR DE "MIDDLE 
distance swimming" OR DE "SWIMMING competitions" 
OR DE "SWIMMING for people with disabilities" OR 
DE "SWIMMING for women") AND (dolphin OR undu-
lat* OR underwater) AND kick*; for Embase: (swim* OR 
’swimming’/exp) AND (dolphin OR undulat* OR under-
water) AND kick*; and for AusSportMed: swim* AND 
(dolphin OR undulat* OR underwater) AND kick*].

Risk of Bias and Quality Assessment
A risk of bias and quality assessment was under-
taken by two independent reviewers. As no standard 
checklist appeared to be entirely suitable for eligible 

Table 1 Inclusion and exclusion criteria for the systematic review

Inclusion Exclusion

General

Article type Full peer-reviewed journal article
Conference articles that provided sufficient detail regarding study 
methodology and results

Recommendation articles
Review articles (non-original work)
Editorials
Magazine articles
Computational Studies/Numerical Investigations
Abstracts/Summaries/Not full article
Includes study of animals
Articles that cannot be found

Date No restrictions

Language English only Languages other than English

Participants

Age Mean age of 16 and above Mean age of under 16 years old

Sex Male and/or Female participants

Level Human competitive swimmers of a national OR international OR 
Olympic level
Regional- or state-level swimmers were included if data was sepa-
rate from national and international swimmers

Untrained, novice, masters and Paralympic swimmers. Aquatic 
athletes from sports other than swimming, including water polo 
and triathlon

Health Swimmers currently training and competing Studies of post injury biomechanics/rehabilitation studies

Study protocol

Outcomes Articles including outcomes related to underwater dolphin kick
 Kinematics
 Kinetics
 Kinanthropometry
Undulatory underwater kick performed in a prone or dorsal posi-
tion

https://osf.io/
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cross-sectional biomechanical studies in this review, a 
checklist developed by Hindle and colleagues [1] and 
subsequently used by several other authors was uti-
lised [1, 30, 31]. When any disagreements in the scoring 
between reviewers occurred, a consensus meeting was 
held to establish an agreement. An item was scored as 
one if the article provided sufficient evidence in support 
of the criteria, and zero where the criteria were not met. 
A total risk of bias score was calculated for each article 
and categorised using the methods of Davids and Roman 
[32], with articles scoring ≥ 67% considered as having a 
low risk of bias, articles scoring in the range of 34–66% 
considered as having a satisfactory risk of  bias and arti-
cles scoring ≤ 33% considered as having a high risk of 
bias.

Data Extraction and Analysis
Database results were combined, and duplicates were 
deleted. Titles and abstracts were screened for key words, 
and citations were then categorised into inclusion and 
exclusion sets to determine total number of records for 
synthesis. Data were extracted before risk of bias assess-
ment was conducted using Endnote as the reference 
management software package. Dual screening was then 
carried out, using all inclusion and exclusion criteria by 
two independent reviewers, by titles and abstracts. For 

articles that appeared to meet the inclusion criteria, or 
where it was not clear, full-text reports were examined. 
The same two reviewers then independently screened the 
full text against the eligibility criteria, and any discrepan-
cies were discussed with an experienced third researcher 
to reach a consensus. Reasons for any exclusions were 
recorded.

Data extracted from each eligible study included 
descriptive information of the study population, includ-
ing number, age, performance level (regional club, state, 
national and international) and stroke identified. Data 
regarding the study design, UUS parameters measured, 
outcome(s) measured, statistical relationships and main 
findings reported were also extracted. For studies that 
reported correlations between the reported outcomes, 
qualitative descriptions of strength of the correlations 
were provided based on Hopkins using the following cri-
teria: < 0.1, trivial; 0.1–0.3, small; 0.3–0.5, moderate; 0.5–
0.7, large; 0.7–0.9, very large; > 0.9, nearly perfect [4].

Results
Study Characteristics, Methodology and Review Statistics
Figure  1 represents the article review process based on 
the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines [29]. The lit-
erature search identified 338 studies. Of the 46 articles 

Records identified from:
Databases (n =338) 

Records removed before 
screening: 

Duplicate records removed 
(n =71) 
Records marked as ineligible 
by automation tools (n =0)
Records removed for other 
reasons (n =0)

Records screened.
(n=267) 

Records excluded
(n=220)  

Reports sought for retrieval.
(n=47)  

Reports not retrieved.
(n=1)

Reports assessed for eligibility.
(n=46)  

Reports excluded: 24. 
Full article could not be located (6)
Article type did not fit inclusion 
criteria (2)
Computational study or numerical 
investigation (6)
Outcomes were not related to human 
underwater kick performance (6)
Participants under the age of 16 (2) 
No participants of at least a national 
standard (1)
Articles not in English (1) 

Records identified from: 
Websites (n = 0)
Organisations (n = 0)
Citation searching (n=3)
etc

Reports assessed for eligibility.
(n=3)

Studies included in review.
(n=25) 

Identification of studies via databases and registers Identification of studies via other methods
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(n=3)
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Fig. 1 PRISMA flow chart [29]
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retained for full-text screening, 22 articles were identi-
fied as being adherent to the inclusion criteria and three 
additional studies were identified through other sources, 
yielding a total of 25 studies included in the systematic 
review. The results of the search process are illustrated in 
a PRISMA flow chart in Fig. 1.

Risk of Bias and Quality Assessment
All studies clearly stated the objectives or purpose of the 
study, described the testing methods and results and had 
a study design that adequately tested the hypothesis. The 
majority of studies clearly described the characteristics of 
the population and provided sufficient information that 
would allow the reader to make an unbiased assessment. 

All articles were classified as having a satisfactory or low 
risk of bias (Table 2) [1].

Study Results and Data Synthesis
Table  3 summarises the demographic characteristics of 
the participants as well as the primary methodological 
characteristics of the study, number of trials and the bio-
mechanical analysis used in each study. The sample sizes 
of the included articles ranged from 1 to 40 participants, 
with mean ages between 16 and 26  years. Studies used 
various methodologies to test their hypotheses, with 1 to 
3 trials of 10–20 m maximum UUS performance efforts 
the most common approach assessed [6, 7, 10, 14–17, 24, 
33–44]. Nineteen of the 25 included studies utilised 2D 
kinematic analyses [6, 7, 10, 14–17, 24, 33, 34, 37, 39–43, 

Table 2 Method for assessing quality and risk of bias

(1.1) study design is clearly stated; (1.2) the objectives/purpose of the study are clearly defined; (1.3) the design of the study adequately tests the hypothesis; (2.1) 
the criteria for the inclusion of subjects are clearly described; (2.2) the characteristics of the population are clearly described; (2.3) the study sample is representative 
of the population intended to the study; (2.4) a description of how the study size was arrived at is provided; (3.1) the testing methods are clearly described; (3.2) the 
measurement tools used are valid and reliable; (3.3) the statistical methods used are well described; (3.4) the statistical tests used to analyse the data are appropriate; 
(4.1) the results are well described; (4.2) the information provided in the paper is sufficient to allow a reader to make an unbiased assessment of the findings of the 
study; (4.3) confounding factors are identified; (4.4) sponsorships/conflicts of interest are acknowledged; and (4.5) any limitations to the study are identified. Note: the 
risk of bias score for an article (given as a percentage) is calculated through the addition of the score from each criteria being met divided by the maximum possible 
score across all criteria (16), multiplied by 100. L low risk of bias (67–100%), S satisfactory risk of bias (34–66%), H high risk of bias

Article 1.1 1.2 1.3 2.1 2.2 2.3 2.4 3.1 3.2 3.3 3.4 4.1 4.2 4.3 4.4 4.5 Score (%)

Alves et al. [6] 0 1 1 0 1 0 0 1 0 1 1 1 1 1 0 0 56.3 (S)

Arellano et al. [33] 0 1 1 0 1 0 0 1 0 1 1 1 0 1 0 0 50 (S)

Atkison et al. [10] 0 1 1 0 1 1 0 1 1 1 1 1 1 1 0 1 75 (L)

Connaboy et al. [34] 0 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 81.3 (L)

de Jesus et al. [35] 0 1 1 0 1 0 0 1 0 1 1 1 0 1 0 0 50 (S)

Elipot et al. [14] 0 1 1 0 1 0 0 1 0 1 1 1 1 1 0 0 56.3 (S)

Higgs et al. [15] 0 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 81.3 (L)

Hochstein and Blickhan, [7] 0 1 1 0 0 0 0 1 0 0 1 1 1 1 1 0 50 (S)

Hochstein and Blickhan [17] 0 1 1 0 1 0 0 1 0 1 1 1 1 1 1 0 62.5 (S)

Hochstein et al. [44] 1 1 1 0 0 0 0 1 1 0 0 1 1 1 0 0 50 (S)

Houel et al. [36] 1 1 1 0 1 0 0 1 1 0 1 1 1 1 1 1 75 (L)

Houel et al. [37] 1 1 1 0 1 1 0 1 0 1 1 1 1 1 1 1 81.3 (L)

Ikeda et al. [41] 0 1 1 0 1 0 0 1 1 1 1 1 1 1 1 1 75 (L)

Jensen and McIlain [45] 1 1 1 0 1 0 0 1 0 0 0 1 1 1 1 0 56.3 (S)

Lyttle et al. [43] 0 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 68.8 (L)

Lyttle and Blanksby [42] 0 1 1 1 1 0 0 1 0 0 0 1 1 1 0 0 50 (S)

Miwa et al., [46] 1 1 1 0 0 0 0 1 0 0 0 1 1 1 1 0 50 (S)

Shimojo et al. [47] 0 1 1 1 1 1 0 1 0 0 0 1 1 1 0 0 56.3 (S)

Shimojo et al. [16] 0 1 1 1 1 0 0 1 0 1 1 1 1 1 1 1 75 (L)

Shimojo et al. [48] 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 87.5 (L)

Shimojo et al. [38] 1 1 1 0 1 0 0 1 0 0 0 1 1 1 1 1 62.5 (S)

Wang and Liu [39] 0 1 1 0 1 1 0 1 0 1 1 1 1 1 0 0 62.5 (S)

Willems et al. [24] 0 1 1 1 1 1 0 1 0 1 1 1 1 1 0 1 75 (L)

Yamakawa et al. [40] 0 1 1 0 1 0 0 1 0 1 1 1 1 1 0 1 62.5 (S)

Yamakawa et al. [49] 1 1 1 0 1 0 0 1 1 1 1 1 1 1 0 0 68.8 (L)

Total criteria met/25 8 25 25 7 22 8 0 25 7 17 19 25 23 25 12 11 -
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45–47] with 8 of these studies collecting data of how 
active kinanthropometric measures such as joint range 
of motion may be related to UUS performance [6, 10, 15, 
17, 33–35, 41]. Of the 6 studies that performed a kinetic 
analysis, 4 studies calculated net and drag force data and 
reported the coefficient of drag [42–45], and 2 used a 
swimming flume to examine flow characteristics during 
UUS [38, 46].

Correlation and regression analyses were one of the 
most commonly performed statistical approaches used in 
the eligible studies (Table 4). Across the nine studies that 
performed correlation analyses, UUS velocity was found 
to be significantly correlated with at least one kinematic 
outcome in eight [6, 7, 10, 15, 34, 36, 37, 41] and at least 
one kinanthropometric outcome in four studies [6, 10, 
24, 41]. The most common significantly correlated kin-
ematic variables to UUS velocity were kick frequency [6, 
7, 37], vertical toe velocity [10, 15], knee angular veloc-
ity [15, 34] kick amplitude [36, 37] and angle of attack for 
the trunk, thigh and foot [36, 37]. While the strength of 
these correlations was typically strong to nearly perfect 
in magnitude, there were between-study variation for 
kick frequency (r = 0.43–0.90). Two of these studies also 
performed regression analyses to obtain greater insight 
into determinants of UUS velocity [34, 36].

Two of the three studies reporting kinanthropometric 
results utilised active range of motion measures during 
the UUS [6, 10], whereas another study assessed single 
joint muscular strength measures [24]. The strength of 
the correlations for the active range of motion measures 
(r = 0.45–0.90) was larger than those for the muscular 
strength measures (r = 0.47–0.53), strong to very large, 
and moderate to strong, respectively.

Table  5 provides a summary of some of the primary 
biomechanical descriptors of the UUS phase, with an 
emphasis on how these may change as a function of body 
position, horizontal distance from the starting block and 
across different levels of swimmers. The majority of stud-
ies reported UUS velocity [6, 7, 16, 17, 24, 33–37, 39–41, 
48, 49], kick frequency [6, 7, 16, 24, 33–38, 40, 41, 49] and 
kick amplitude [6, 7, 15, 24, 34–37, 40, 41, 48, 49].

Alves et al. [6], and Arellano et al. [33] collected data in 
prone, dorsal and ventral body positions and compared 
UUS velocity, kick frequency, kick amplitude and knee 
range of motion across the different body positions. The 
UUS velocity (prone: 1.46 and 1.69  m   s−1; dorsal: 1.42 
and 1.67 m  s−1) and frequency (prone: 2.35 and 2.22 Hz; 
dorsal: 2.30 and 2.25 Hz) were similar in both the prone 
and dorsal body positions, with both positions substan-
tially greater than in the lateral position. Alves et al. [6] 
reported values for kick amplitude for each body position 
(prone: 0.50 m; dorsal: 0.55 m).

de Jesus et al. [35], Houel, Elipot, Andree and Hellard 
[36], and Houel et  al. [37] sought to examine how UUS 
velocity, kick frequency and amplitude may change as a 
function of horizontal distance from the starting block. 
In backstroke starts, UUS velocity decreased from 
the first four kick cycles to the last four cycles prior to 
resurfacing at 15 m [35]. The reductions in UUS velocity 
appear to reflect declines in both kick amplitude and kick 
frequency that were observed from the first four to the 
last four kick cycles [35]. Houel and colleagues [36, 37] 
also saw a consistent decrease in velocity as the swimmer 
approached the 15 m mark.

Several studies also reported data for different levels of 
swimmers. As expected, the UUS velocity was typically 
greatest for international swimmers, followed by national 
and regional swimmers [17, 38, 39]. Higher UUS veloci-
ties were generally associated with higher kick frequen-
cies and consistent kick amplitudes [7, 17, 24, 34, 38, 40]. 
Two studies examined other kinematic factors that may 
be related to UUS velocity, kick frequency or kick ampli-
tude. Wang and Lui [39] reported that the international 
swimmers had a significantly greater UUS knee angular 
velocity than the regional-level swimmers; however, no 
numerical data were provided for either group of swim-
mers. Yamakawa et  al. [49] also provided data for knee 
angular velocity during the up and down kick phases, as 
well as knee range of motion during the UUS in national-
level male swimmers (Table 5).

The study conducted by Shimojo et  al. [47] had 15 
national swimmers (10 M, 5F) who perform two tasks, one 
that required 10 × 10  m UUS trials at different kick fre-
quencies determined by a target sound, with the second 
task being identical with the exception of having no sound. 
The  results, that were reported as timing error (s) and 
displacement error (%), indicated that providing a target 
sound as a form of auditory augmented feedback improved 
their timing (which may improve their ability to maintain 
an optimal kick frequency), but that this feedback had less 
influence on their displacement measures [47].

Four studies reported data in relation to the net, drag 
and/or reaction forces, as well as the coefficient of drag 
associated with aspects of the UUS (Table 6) [42, 43, 45]. 
Lyttle et  al. [43] examined how the net and drag forces 
would change at different velocities when the swimmer 
was passively towed underwater at a depth of 0.6 m. As 
the velocity increased from 1.6  m   s−1 up to 3.1  m   s−1, 
the net force became increasingly negative as a result of 
the drag force increase in magnitude. While Jensen and 
McIIwain [45] reported a drag force and reaction force, 
the description of their methods was poor, with no other 
relevant data provided. Hochstein et al. [44] reported the 
coefficient of drag during the glide and undulatory phases 



Page 12 of 23West et al. Sports Medicine - Open            (2022) 8:95 

of UUS and compared the respective results between  
computational fluid dynamics (CFD) and experimental 
conditions. The study saw flow field similarities; however, 
the experimental results for the undulatory phases were 
not specified. CFD showed a much larger coefficient of 
drag during undulatory underwater swimming compared 
to gliding [44].

Five of the 25 studies included in this systematic review 
reported results related to UUS hydrodynamic mecha-
nisms, including vortices, jet flow and wake [10, 14, 38, 
44, 46] (see Table 7). Two of these studies used a swim-
ming flume [38, 46], whereas the other two studies 
obtained 2D kinematic data from 3 × 15 m trials to calcu-
late the hydrodynamic outcomes [10, 14]. Hochstein et al. 
[44] compared hydrodynamic mechanisms between CFD 
and experimental conditions during the glide and undu-
latory phases.

Discussion and Implications
The purpose of this systematic review was to critically 
appraise the current peer-reviewed literature on how bio-
mechanical factors might influence UUS performance. 
The primary finding of the current systematic review 
was that a range of variables may be strong correlates 
or predictors of UUS velocity. A number of these UUS 
variables were also found to vary as a function of body 
position (prone and dorsal), horizontal distance from 
the starting block and level of swimmer, with such dif-
ferences potentially explained as a result of variations in 
the vortices in the wake surrounding the swimmer. While 
this review provides a systematic analysis of our current 
understanding of the kinematics, kinetics and hydrody-
namics impacting UUS, no long-term training interven-
tion research exists to provide an understanding of how 
chronic changes in biomechanical and/or kinanthro-
pometric factors may interact with each other and con-
tribute to alterations in UUS velocity and overall swim 
performance.

Performance Determinants Correlated with UUS Velocity
As a cyclical human activity, it could be hypothesised 
that a kick frequency would result in greater UUS veloc-
ity. Consistent with this hypothesis, the results of this 
review indicated that a range of UUS kinematic and 
kinanthropometric outputs that either directly or indi-
rectly correspond to kick amplitude and kick frequency 
characteristics had large (r = 0.5–0.7), very large (r = 0.7–
0.9) or nearly perfect (r > 0.9) correlations to UUS veloc-
ity. The strongest correlations to UUS velocity were 
foot resultant acceleration (r = 0.94) and kick frequency 
(r = 0.90), reported by Alves et  al. [6] in a group of six 
junior national swimmers. Very large correlations to 
UUS velocity were also found between several kinematic 

variables, peak vertical toe velocity (r = 0.85), shoulder 
angle (r = 0.80), body wave velocity (r = 0.78) and peak 
hip angular velocity (r = 0.73), and measures of the maxi-
mum knee flexion and extension angle (r = 0.88) and 
maximum knee extension angle (r = 0.84) [10, 15, 41].

However, the study conducted by Ikeda et  al. [41] 
reports that there was no significant correlation between 
kick frequency and velocity (r = 0.28); however, a signifi-
cant relationship between kick frequency and the dura-
tion of the deceleration phase (r = − 0.842) was observed. 
Such results suggested that the more time a swimmer 
spends in the up kick phase, the lower the kick frequency, 
which may be indicative of utilising a higher kick ampli-
tude to drive thrust and propulsion. Evidently, the time of 
the deceleration phase correlated with the relative verti-
cal velocity of the shoulder to greater trochanter at maxi-
mal swimming velocity.

Vertical Toe Velocity and UUS
Peak vertical toe velocity during the up kick and down 
kick can explain approximately 72.3% of the variance in 
UUS velocity (r = 0.85) [15]. Peaks in horizontal UUS 
velocity have been found to occur at the same time, 
or immediately after peaks in vertical toe velocity, and 
this increase in forward speed is observed to be more 
apparent during the down kick, illustrated by a strong 
correlation between foot resultant acceleration and 
UUS velocity (r = 0.94) [6, 10, 49]. The similar timing of 
the peak in vertical toe velocity and UUS velocity may 
reflect a strong relationship between the magnitude 
and timing of maximum vertical toe velocity, and that 
of horizontal acceleration [23, 33, 46, 50, 51].

Atkison et al. [10] reported in a study of regional and 
international male swimmers that average vertical toe 
velocity during the up kick showed the highest correla-
tion to the swimmer’s centre of mass velocity (r = 0.63), 
suggesting that faster swimmers are more proficient at 
the up kick than slower swimmers [10]. Additionally, 
significant correlations were identified between up kick 
velocity and horizontal velocity (r = 0.99) as well as down 
kick velocity and horizontal velocity (r = 0.98) [10]. Higgs 
and colleagues [15] also found that vertical toe velocity 
(r = 0.85) and up kick duration (− 0.79), supported by 
results of Ikeda et  al. [41] were significantly correlated 
with UUS velocity, as well as body wave velocity, peak hip 
extension angular velocity and mean knee flexion angular 
velocity [15, 41].

Angular Velocities and UUS
The up kick is characterised by hip extension and knee 
flexion [10], with better swimmers typically extending 
at the hip before initiating knee flexion [50] suggesting 
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that a high hip angular velocity may have a positive influ-
ence on thrust production and performance [15]. Mean 
hip (DK: − 85.0 ± 33.2  deg   s−1; UK: 79.0 ± 32.5  deg   s−1) 
and peak hip (DK: − 191.9 ± 61.4  deg   s−1; UK: 
248.0 ± 44.8  deg   s−1) angular velocity and mean knee 

(DK: 260.0 ± 28.9  deg   s−1; UK: − 190.1 ± 43.6  deg   s−1) 
and peak knee (DK: 532.8 ± 36.9  deg   s−1; UK: 
− 237.5 ± 40.5  deg   s−1) angular velocity values suggest 
that the knee action contributes more than the hip action 
during the down kick, whereas the contribution of the 

Table 4 Summary of study kinematic and kinanthropometric correlations to underwater kick velocity

Values for each study are listed from highest to lowest correlation

Kinematic variables (a), Kinanthropometric variables (b), UUS undulatory underwater kick, UP up kick, DK down kick, max maximal, flex flexion, ext extension, ROM 
range of motion

*p ≤ 0.05, **p ≤ 0.01, ***p < 0.001

Reference Kinematic variables (a) Kinanthropometric variables (b) Correlation to 
UUS velocity

Regression (r2)

a b

Alves et al. [6] Foot resultant acceleration
Kick frequency

Transverse elbow amplitude 0.94**
0.90*

0.90*

Atkison et al. [10] Max vertical toe velocity(UK)
Horizontal kick displacement(DK)
Max vertical toe velocity(DK:UK)

Max knee flex/ext angle
Max knee ext angle
Max ankle flex/ext angle
Max chest flex angle
Max chest flex/ext angle
Max ankle ext angle

0.63*
0.63*
− 0.73*

0.88*
0.84*
0.67*
0.61*
0.52*
0.45*

Connaboy et al. [34] Max knee angular velocity
Max knee angular velocity, max ankle angular 
velocity and knee ROM
Max knee angular velocity, max ankle angular 
velocity and knee ROM

0.63*** 0.94 (participant 
as fixed factor)
0.40 (no fixed 
factor)

Higgs et al. [15] Peak vertical toe velocity
Body wave velocity
Peak hip angular velocity (UK)
Mean knee angular velocity (UK)
UK duration

0.85*
0.78*
0.73*
− 0.63*
− 0.79*

Hochstein and Blickhan [7] Kick frequency 0.43**

Houel et al. [36] Hip: Angle of attack (thigh) + Phase time (ankle)
COM: Angle of attack (thigh) + Phase time (ankle)
COM: Angle of attack (foot)
COM: Phase time (Knee)
Hip: Kick frequency
Hip: Angle of attack (trunk)
COM: Phase time (ankle)
COM: Kick Amplitude

0.89***
0.79**
0.7**
0.68**
0.68**
0.56**
0.52*
0.43*

Houel and Elipot [37] Kick frequency (7 m)
Angle of attack (leg) (5.5 m)
Angle of attack (thigh) (6.5 m)
Angle of attack (trunk) (5.5 m)
Angle of attack (foot) (6 m)
Kick amplitude (5.5 m)

0.67*
− 0.63*
− 0.65*
− 0.65*
− 0.65*
− 0.66*

Ikeda et al. [41] Shoulder (°)
Lower trunk (°) angular displacement in decelera-
tion phase
Upper leg (rad/s) angular displacement in accel-
eration phase
Ankle (m)
Lower leg (°)
Lower trunk (°) angular displacement in accelera-
tion phase
Inferior end of the rib (m)
Relative coordinate value to GT shoulder (m)
Lower trunk (°)

0.80*
0.68*
− 0.67*
− 0.68*
− 0.70*
− 0.72*
− 0.87**
− 0.87**
− 0.91**

Willems et al. [24] Dorsi flex strength
Ankle internal rotation strength

0.53*
0.47*
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Table 5 Summary of study underwater kick performance variables data most frequently correlated with velocity

References Participants UUS Velocity 
(m  s−1)

Kick Frequency 
(Hz)

Kick Amplitude 
(m)

Vertical Toe 
Velocity (m  s−1)

Knee Angular 
Velocity (°  s−1)

Knee Range of 
Motion (°)

Body position

Alves et al. [6] 6 junior national 
swimmers

Prone: 
1.46 ± 0.15
Dorsal: 
1.42 ± 0.21
Lateral: 
1.27 ± 0.11

Prone: 
2.35 ± 0.27
Dorsal: 
2.30 ± 0.33
Lateral: 
2.08 ± 0.36

Prone: 
0.50 ± 0.06
Dorsal: 
0.55 ± 0.08
Lateral: 
0.59 ± 0.09

Prone Knee Flex: 
119.34 ± 3.70
Dorsal Knee Flex: 
120.72 ± 13.05
Lateral Knee Flex: 
107.73 ± 8.68

Arellano et al. 
[33]1999

11 national 
swimmers (M)

Prone: 1.69
Dorsal: 1.67

2.22
2.25

Prone:
DK: 169.18
UK: 171.00
Dorsal:
DK: 118.27
UK: 114.27

Horizontal distance from starting block

de Jesus et al. 
[35]

4 international 
swimmers

BSFI
1st 4 kick cycles: 
1.47 ± 0.11
Last 4 kick cycles: 
1.28 ± 0.07

2.42 ± 0.15
2.33 ± 0.19

0.61 ± 0.07
0.55 ± 0.05

BSFE
1st 4 kick cycles: 
1.44 ± 0.04
Last 4 kick cycles: 
1.30 ± 0.04

2.41 ± 0.20
2.39 ± 0.24

0.60 ± 0.06
0.55 ± 0.07

Houel et al. [36] 12 national 
swimmers

At 5.5 m: 
2.18 ± 0.21
At 7.5 m: 
1.76 ± 0.15

At 7.5 m: 
2.32 ± 0.21

At 7.5 m: 
0.71 ± 0.60

Houel and Elipot 
[37]

10 national 
swimmers

At 6 m: 
1.99 ± 0.13
At 6.5 m: 
1.93 ± 0.14
At 7 m: 
1.74 ± 0.25
At 7.5 m: 
1.76 ± 0.17

At 7.5 m: 
2.32 ± 0.22

At 7.5 m: 
0.71 ± 0.60

Level of swimmer

Connaboy et al. 
[34]

17 national 
swimmers (8 M, 
9F)

1.20 ± 0.13 2.13 ± 0.23 Hip: 0.13 ± 0.03
Knee: 
0.27 ± 0.04
Ankle: 
0.46 ± 0.06
5th MPJ: 
0.61 ± 0.07

702.7 ± 82.9 89.6 ± 6.9

Higgs et al. [15] 7 national swim-
mers (7 M, 3F)

DK: 0.58 ± 0.09
UK: 0.58 ± 0.09

− 3.61 ± 0.63
4.10 ± 0.63

260.0 ± 28.9
− 190.1 ± 43.6

Hochstein and 
Blickhan [7]

2 national swim-
mers (F)

Subject 1: 
1.22 ± 0.06
Subject 2: 
1.18 ± 0.06

1.98 ± 0.10
2.13 ± 0.10

0.54 ± 0.04
0.52 ± 0.03

Hochstein and 
Blickhan [17]

4 national swim-
mers (F)
6 regional club 
swimmers (3 M, 
3F)

1.23 ± 0.04
1.09 ± 0.13

Toe: 0.22 ± 0.01
Toe: 0.24 ± 0.06

Ikeda et al. [41] 9 swimmers (M) 1.75 ± 0.16 2.37 ± 0.23 109.0 ± 10.8 (min)

Shimojo et al. 
[16]

10 national 
swimmers (M)

1.60 ± 0.12 2.26 ± 0.16
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hip and knee is similar during the up kick [15]. These 
findings align with that of Arellano et al. [50] and Atkison 
et al. [10], where elite swimmers utilise hip extension in 
the up kick to a greater extent than novice performers, 
highlighting the importance of hip extension. Further, 
Ikeda et al. [41] identified in their study of nine elite male 
swimmers that faster swimmers moved their lower trunk 
with greater angular displacement during the accelera-
tion phase (down kick) than the slower swimmers (fast 
swimmers: 25.2°, slow swimmers: 4.5°), where the angular 
displacement of the lower trunk was also correlated with 
the angular displacements of the shoulder, knee, upper 
leg and lower leg. Despite the importance of the lower 
trunk angular displacement, excessive lower trunk move-
ment may increase frontal projection area which in turn 
creates greater water resistance [14, 41].

Connaboy et al. [34] found in their parsimonious model 
for maximal swimming velocity that maximum knee 
angular velocity, ankle angular velocity and knee range 
of motion accounted for a very large amount of vari-
ance in UUS velocity (adjusted r2 = 0.93). After remov-
ing the participant as the fixed factor from the analysis, 
the strength of the prediction was reduced (adjusted 
r2 = 0.40). As a result, maximum ankle angular veloc-
ity and knee range of motion were no longer statistically 
significant, leaving only maximum knee angular velocity 

as a significant predictor of UUS velocity. The results of 
these two regression analyses support the importance of 
maximum knee angular velocity during UUS, but also 
that an individual’s kinanthropometry and/or technique 
may influence the strength of the relationship between 
joint angular velocity and range of motion to that of 
their UUS velocity [34]. For example, a high mean knee 
angular velocity allows the swimmer to complete the lat-
ter phase of the up kick phase quickly to minimise their 
hydrodynamic resistance [15, 34] and also increase kick 
frequency by reducing the duration of each kick cycle. 
Subject-specific analysis [52] should be employed to con-
sider the importance of individual UUS techniques when 
interpreting data [34].

Body Wave Velocity and UUS
A stepwise regression analysis revealed that maximum 
vertical toe velocity and body wave velocity were strong 
predictors of UUS velocity (r2 = 0.72), with an additional 
5.2% explained by the mean body wave velocity (par-
tial correlation r = 0.46) [15]. Undulatory locomotion is 
accomplished via oscillations that pass along the length 
of a swimming body, and an understanding of the tempo-
ral sequencing between these oscillations as they occur 
is fundamental to appreciating how UUS velocity can be 
optimised. The oscillations generate a wave that transfers 

Table 5 (continued)

References Participants UUS Velocity 
(m  s−1)

Kick Frequency 
(Hz)

Kick Amplitude 
(m)

Vertical Toe 
Velocity (m  s−1)

Knee Angular 
Velocity (°  s−1)

Knee Range of 
Motion (°)

Shimojo et al. 
[16]

1 national swim-
mer (M)

1.14 ± SD to 
1.30 ± SD across 
41 trials

0.70 ± 0.04 to 
0.74 ± 0.02 
across 41 trials

Shimojo et al. 
[48]

Experiment 1
17 national 
swimmers (9 M, 
8F)

1.33 ± 0.19 1.65 ± 0.18 0.57 ± 0.06

Experiment 2
1 national swim-
mer (M)

Wang and Liu 
[39]

10 international 
swimmers
10 regional club 
swimmers

3.34 ± 0.51
2.10 ± 1.22

Significantly 
greater in inter-
national team 
than regional 
club level (no 
numerical data 
provided)

Willems et al. 
[24]

26 national 
swimmers (15 M, 
11F)

1.64 ± 0.20 2.08 ± 0.40

Yamakawa et al. 
[40]

8 national swim-
mers (F)

1.35 ± 0.08 1.99 ± 0.15 0.48 ± 0.05 DK: − 1.91 ± 0.14
UK: 1.68 ± 0.20

Yamakawa et al. 
[49]

8 national swim-
mers (M)

1.19 ± 0.09 1.59 ± 0.23 0.31 ± 0.07 DK: 390.8 ± 59.8
UK: 
− 504.0 ± 67.9

73.3 ± 6.6

UUS undulatory underwater kick, UK up kick, DK down kick, M male, F female, BSFE backstroke start with feet emerged, BSFI backstroke start with feet immerged
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momentum to the surrounding fluid resulting in pro-
pulsive impulse and thrust [15, 20]. The composition of 
the body oscillations and their relationships determine 
the shape and velocity of the propulsive waveform, sub-
sequently impacting UUS forward motion [25, 53–55], 
where shape refers to the frequency, amplitude and tem-
poral coupling of the undulatory movements [16, 54]. 
Research conducted by Ikeda et  al. [41] reported that 
the movement of the shoulder, lower trunk and lower 
leg along the body wave was associated with maximum 
horizontal UUS velocity. As body wave velocity and verti-
cal toe velocity both have a level of independence and are 

individually related to UUS velocity, optimal UUS perfor-
mance will only be achieved if the athlete is able to pro-
duce high body wave and vertical toe velocity [15].

Hydrodynamics and UUS Parameters
Vortices are integral to the production of propulsive force 
and minimisation of drag during the UUS [33, 50, 53]. 
Vortices are described as rotating masses of water that 
are created by the heaving and pitching motions (cyclic 
motion) of the toes during UUS [25, 50]. Vortices rep-
resent the transfer of momentum from the water to the 
body, and vice versa, resulting in body acceleration [10, 

Table 7 Summary of study hydrodynamics data

UUS undulatory underwater kick, 2D two dimensional, DK down kick, UK up kick

*p ≤ 0.05 can be considered as significant

Reference Trials Hydrodynamic mechanism

Atkison et al. [10] 3 × 15 m max UUS from a push start in prone body position
2D kinematic analysis

Peaks in horizontal velocity occurred at the same time as, or 
immediately following peaks in vertical toe velocity. Fur-
thermore, there was a greater increase in horizontal velocity 
for the down kick (1.67 m  s−1, r = 0.983*) than the up kick 
(1.62 m  s−1, r = 0.993*), corresponding to faster peak vertical 
toe velocities during the down kick phase (DK = − 2.38 m  s−1, 
UK = 1.99 m  s−1). The authors interpreted these findings to 
suggest an association between magnitude of peak vertical toe 
velocity and vortex magnitude, and timing of peak vertical toe 
velocity and timing of vortex shedding, based on the idea that 
efficient swimmers create a large static vortex at the end of the 
down kick and a small vortex at the end of the up kick

Elipot et al. [14] 3 × 15 m max UUS from a grab start in prone body position
2D kinematic analysis

By increasing kick amplitude, swimmers create a bigger wake of 
counter-rotation vortices that contribute to the leg propulsive 
forces. However, when kick amplitude is increased, the swim-
mer’s form drag will also increase

Hochstein et al. [44] 20 m max UUS trial from a standing start in the prone body 
position
2D Particle Image Velocimetry (PIV)

Resulting vortex rings after the up and down kick merge into 
longitudinal vortex strings in the swimmer’s wake
Increased vortex generation indicates increased drag

Miwa et al. [46] 5 × steady UUS in a swimming flume (1.0 m  s−1)
2D flow analysis

The results confirm the existence of a pair of vortices and jet 
flow in the wake of undulatory kicking motion. After the upward 
motion, some pairs of small vortices and the jet flow were also 
confirmed; however most were from the down kick
The swimmer created the vortex ring for propulsion

Shimojo et al. [48] 41 × 15 s steady UUS in a swimming flume in prone body posi-
tion (0.8 m  s−1) (12–20 UWK cycles)

During the downward kick, the lower limbs moved downwards 
with internal rotations and ankle plantar flexion, and the pres-
sure difference between the dorsal and ventral side produced a 
fluid force
The pressure difference produced a leading edge vortex that 
travelled from the ventral to dorsal side of the feet through the 
toes. After a clockwise rotating vortex generated by the leading 
edge, the vortex was shed from the foot, inducing downstream 
flow. The shedding of vortices from the feet expanded and cre-
ated a cluster
The swimmer externally rotated his lower limbs at the end of the 
downward kick, and the toes of the feet approached and then 
separated each other. This action generated a strong cluster of 
vortices and jet flow in the wake resulting in thrust
The cluster of shed vortices and jet flow were released from the 
feet after the downward kick, and moved towards to the ventral 
side of the swimmer
During the upward kick, upstream flow was created with small 
vortex structure
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56]. Higher vertical toe and body wave velocity and ver-
tical toe velocity have been linked to vortex creation 
and thrust production, with these vortices having the 
potential to explain some of the differences in athlete’s 
UUS velocity [10, 15, 56]. The flow pattern behind the 
swimmer in the wake shows a jet stream between two 
counter-rotational vortices following the down kick [7, 
44]. Similar results were found by Hochstein et  al. [44], 
Miwa et al. [46] and Shimojo et al. [38], who confirmed 
the existence of a pair of vortices and jet flow in the wake 
of the swimmer, which are assumed to be a part of a vor-
tex ring or structure that drives propulsion. The major-
ity of propulsive force during the UUS was shown to be 
generated at the end of the down kick, where swimmers 
externally rotated their lower limbs and moved their feet 
closer together [38, 57]. This action subsequently gener-
ates a strong cluster of vortices and jet flow, increasing 
the water momentum in the wake, resulting in thrust [38, 
44].

Kinanthropometry and UUS Parameters
Kick amplitude reflects the actions of the hip, knee and 
ankle, where a larger range of motion at these joints cre-
ates bigger counter-rotation vortices that maximise leg 
propulsion to drive forward motion [14]. The results of 
the current systematic review reflect a positive relation-
ship between maximum knee (r = 0.88), ankle (r = 0.67) 
and chest (r = 0.52) flexion and extension angles and 
UUS velocity, with results for the hip not reported [10]. 
Optimisation simulations of UUS predict that swimmers 
who exhibited greater similarity between maximum joint 
range of motion, specifically extension and flexion angles 
would have higher average horizontal velocity [58]. This 
was evidenced in the study conducted by Ikeda et  al. 
[41], where a greater shoulder angle was significantly 
correlated with UUS velocity (r = 0.80), as this improves 
streamline position and decreases effects of drag. Simi-
larly, Atkison et al. [10] observed the importance of high 
levels of upper thoracic flexibility for UUS velocity, as 
this flexibility is required to dampen body undulations 
of the lower segments and reduce resistive drag by main-
taining a small angle of attack of the arms. Wang [39] 
suggests that the angular velocity of the trunk may also 
contribute to the higher kick frequency seen in skilled 
swimmers, describing how the undulatory wave that is 
initially observed at the lower trunk may enhance peak 
angular velocities of the lower limb joints. Ikeda et  al. 
[41] also observed that faster swimmers moved their 
lower trunk with greater angular displacement, which 
further increased the angular displacement of the shoul-
der, knee and lower leg. The results suggest that greater 
angular displacement of the lower legs and feet may pro-
duce thrust and in turn propulsion [41]. However, if such 

movements become too large, this may lead to greater 
water resistance due to greater frontal projected area 
[41].

UUS velocity might be achieved in multiple ways, 
at one extreme, through large undulatory movements 
(higher amplitude) to maximise propulsive impulse pro-
duction with high active drag (high energy requirement/
cost) or small movements (smaller amplitude) that pro-
duce a reduced amount of propulsive impulse but mini-
mise drag [34]. Hochstein and Blickhan [17] reported 
that slower swimmers utilised higher kick amplitudes 
and initiated the undulatory wave at the hands. In the 
slower swimmers, the larger mass of water being pro-
pelled by a higher kick amplitude was negated by a lower 
kick frequency and increasing drag, which resulted in 
reduced overall velocity. Consistent with this view, Elipot 
et al. [14] have found that higher-level swimmers utilise 
strong joint synergy between the hip, knee and ankle 
joint, whereby they adopt a regulation loop in which the 
hip-ankle and the knee action are independent and con-
trol the kick amplitude. Skilled athletes appear able to 
better maximise propulsive impulse during the UUS by 
employing optimal amplitudes of the end effector that 
in turn minimise flow separation and maximise energy 
reuse from the vortices in the wake around the body [59–
61]. How variations in a swimmer’s kinanthropometric 
and technical characteristics may influence the combi-
nation of joint movements that optimise the relationship 
between kick amplitude and kick frequency and their 
resulting UUS velocity remains unclear.

While the coordination of multiple body joints is 
important to optimise the undulatory movements that 
maximise UUS velocity, the swimmers’ flexibility across 
these joints has the potential to influence the swimmers’ 
coordination patterns, efficiency of thrust production 
and ability to minimise resistance forces [24]. However, 
the optimal ranges of motion across multiple joints 
for maximising UUS velocity still remain unclear [24, 
62–65].

Few studies have investigated the relationship between 
ankle flexibility and UUS performance, with the results 
being somewhat equivocal [24, 48]. When ankle plan-
tarflexion range was restricted by tape, it had a nega-
tive impact on kick frequency, movement efficiency and 
UUS velocity [24]. Similarly, Shimojo et  al. [48] found 
that when restricting ankle plantarflexion range, there 
was a significant decrease in velocity due to the inhibi-
tion of the rotational function; however, Froude effi-
ciency (a measure of swimming efficiency) remained 
unchanged. The hydrodynamic force acting on the foot 
during active range of motion was thought to be higher 
than expected as the maximal plantarflexion angle did 
not decrease following tape application [48]. Shimojo 
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et  al. [48] concluded that foot rotational ability, rather 
than ankle flexibility is associated with increased UUS 
velocity, appearing consistent with the results of Willems 
et al. [24].

There was no significant correlation between dryland 
ankle flexibility measures and UUS velocity [24]. Alterna-
tively, Willems et  al. [24] observed positive correlations 
between dorsiflexion strength (r = 0.53) and ankle inter-
nal rotation strength (r = 0.47) to UUS velocity. While the 
ankle internal rotation strength correlation was expected, 
the importance of dorsiflexion was unexpected as ankle 
plantar flexion produces propulsive force to drive thrust 
and momentum [10]. However, dorsiflexion strength 
may also play a role during the down kick to maintain a 
rigid foot position while applying force to the water [10]. 
Yamakawa et al. [49] suggested that the internal/external 
rotations of the hip joint may contribute to the control 
of the direction of the dorsal side of the ankle and foot, 
therefore identifying this as an area of interest in under-
standing the UUS.

Optimising Kick Frequency and Amplitude
A number of studies have looked to examine how acute 
changes in kick frequency may influence UUS velocity 
[16, 34]. To increase their kick frequency beyond their 
preferred frequency, swimmers must generate larger 
torque power and/or reduce resistance forces [16]. As 
increasing joint torques would require more internal 
work [66], swimmers may not be able to maintain their 
preferred kick amplitude when increasing their kick fre-
quency for long periods, resulting in either maintenance 
or reduction in UUS velocity [16]. Such results appear 
consistent with the literature that higher swim veloci-
ties are associated with increased kick frequency and a 
maintenance of kick amplitude [16, 19, 36, 37, 67]. For 
undulatory swimming with preferred kick frequency, 
the amplitude in the end effector is about one fifth of the 
body length [21]. Hochstein et al. [21] reported that this 
amplitude range of 0.2 – 0.3 body lengths can be consid-
ered a fixed (physical) constraint, regardless of body size, 
shape or movement.

In their regression analyses, Connaboy et  al. [34] 
observed that the reduction in explained variance with 
the removal of participant as the fixed factor may be 
indicative of the number of possible solutions to the task 
(maximise UUS velocity) in relation to the individual’s 
own organism constraints [68]. These emphasise that an 
athlete’s optimal movement combination when perform-
ing UUS may be somewhat different to others, as each 
swimmer needs to exploit their own organism constraints 
to maximise propulsive impulse while simultaneously 
reducing drag in response to the task and environmen-
tal constraints [68]. For example, Connaboy et  al. [34] 

reported that in a sample of 17 national swimmers (8 M, 
9F), two swimmers had identical mean maximal swim-
ming velocity (1.18  m.s−1). Swimmer A had the lowest 
kick amplitude of the entire group (0.52 m), but the sec-
ond highest kick frequency (2.22 Hz). In contrast, Swim-
mer B had the second highest kick amplitude (0.69  m) 
but third lowest kick frequency (1.98 Hz). These results 
provide some preliminary data that swimmers who pos-
sess different organism-level constraints, e.g. force pro-
duction or range of motion capabilities at specific joints, 
or limb and body length may utilise different movement 
solutions when performing the UUS [34]. Future research 
should therefore examine how a combination of factors 
such as a  swimmer’s kinanthropometry and technique as 
well as the swimming stroke and race distance may also 
alter the movement solutions generated to optimise UUS 
velocity [21, 34].

Influence of Body Position on UUS Performance Variables
The UUS is a skill utilised in all swimming strokes, with 
the exclusion of breaststroke. The prone body position 
is utilised in the front crawl and butterfly, with the dor-
sal body position seen in backstroke. Prone UUS veloc-
ity was highly correlated with kick frequency (r = 0.90) 
[6] and down kick acceleration decreased significantly 
during a dorsal body position. During prone and dorsal 
UUS, a qualitative analysis of the kicking path showed 
near identical trajectories (amplitude and timing), as 
well as up and down kick duration [33]. The two studies 
comparing UUS performance in the dorsal prone posi-
tion reported minor differences in the UUS velocity, kick 
amplitude and frequency in six junior national swimmers 
(17.02 ± 0.36  years) [6] and 11 male national swimmers 
(19.9 ± 2.15 years) [33]. Similar results were also obtained 
for kick length and mean body speed between prone and 
dorsal UUS [33]. Towards the end of knee flexion in both 
body conditions (the up kick for prone UUS and down 
kick for dorsal UUS), there were significant differences 
in the shoulder (P: 163.90°, D: 159.36°, p < 0.05) and knee 
angle (P: 118.27°, D: 114.27°, p < 0.05), where there was a 
larger shoulder and knee angle during the prone position 
[33]. Dorsal kicking seemed to require greater levels of 
plantarflexion [6], and Arellano et al.  [33] described UUS 
in this body position to have more pronounced body 
oscillations than in the prone position.

When the swimmer adopts a non-prone UUS posi-
tion (i.e. dorsal or lateral), body undulations are more 
evident, which may imply a difference in kicking tech-
nique, propulsive force production, joint range of 
motion and/or resistance forces encountered. This 
could be related to the prone body position provid-
ing a more stable position for the swimmer’s centre 
of mass compared to the dorsal body position, which 
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may contribute to a more efficient movement pattern 
[6]. Theoretically, the prone position may allow greater 
UUS velocity to be generated as a result of its higher 
kick amplitudes and frequencies and/or reduced resist-
ance forces than other swimming positions. While 
such results have been shown when comparing prone 
and dorsal positions to a lateral position, only relatively 
minor differences have been discovered between prone 
and dorsal positions [6, 33].

The Impact of Horizontal Distance and Depth on UUS 
Variables
When entering the water after a dive start, the swimmer’s 
velocity (~ 3.61 m.s−1) is greater than at any other time of 
the race due to the resistance of the water being greater 
than that of air [35, 69]. de Jesus et al. [35] reported that 
UUS velocities decreased from the first four kick cycles 
to the final four before surfacing, with this associated 
with a reduced kick amplitude and frequency. Determin-
ing when and where the underwater swimmer should 
begin kicking compared to maintaining a streamlined 
glide position is an important practical question [35].

Lyttle and Blanksby [42] suggest that swimmers should 
perform the glide at approximately 0.4  m underwater 
at all velocities above 1.9   ms−1 to gain maximum drag 
reduction benefits, where a 15–18% reduction in total 
drag was found when compared to swimming at the sur-
face. It has been proposed that propulsive movements 
should be initiated when the underwater velocity drops 
to 1.9–2.2  m.s−1 because this is the maximum range of 
speeds that produced a significant reduction in net force 
in the kicking conditions compared to streamlined posi-
tions [43]. Using this recommendation, Elipot et al. [14] 
and Houel and colleagues [37] suggest that high-perfor-
mance swimmers should initiate undulatory movements, 
using the legs to generate propulsion when the centre 
of mass is ~ 6 m from the starting wall. At this distance, 
mean velocities were 1.99 ± 0.13  m.s−1, aligning with 
findings of Lyttle et al., [43] and Elipot et al. [14]. Houel 
and Elipot [37] conclude from their results of a multiple 
stepwise regression and comparison to results of other 
studies when a swimmer initiates the UUS after com-
pleting the glide phase, he/she can maximise their UUS 
velocity by progressively increasing kick frequency and 
maintaining their kick amplitude [35].

Methodological Considerations
As with any systematic review or meta-analysis, there are 
a number of strengths and limitations that may affect the 

generalisability of the results. These strengths and limita-
tions are summarised with respect to the review method-
ology as well as the reviewed literature.

Review Methodology
The primary strengths of the review were the pre-
registration of the review methodology, the use of the 
PRISMA methodology and use of a risk of bias tool 
recently developed for cross-sectional biomechanical 
studies [1]. The primary limitation of the review process 
was the restriction of articles to those written in English 
and that were peer-reviewed journal articles or longer 
conference proceedings articles. Only articles about 
human swimmers were included which may limit our 
understanding of the UUS as other studies involving ani-
mals or computational simulation approaches may also 
have provided some insight into improving UUS velocity 
in human swimmers.

Measurement of UUS
In terms of the literature, the major strength of this 
review compared to that of the previous review by Con-
naboy et al. [34] is the identification of an additional 17 
studies. The 23 studies included in the current systematic 
review exhibited some degree of inconsistency with the 
measurement of UUS kinematic measures, specifically 
the distances of the underwater phase (10 m, 15 m, 20 m 
or 25 m) and starting positions of each trial. The majority 
of studies [10, 16, 17, 24, 33, 35, 36, 40, 47] used a push 
start to 10  m or 15  m; however, some studies analysed 
the UUS following a block start [6, 14, 36]. As a result, 
determining the correlation of biomechanical parameters 
to underwater velocity may be influenced by the studies’ 
measurement distance and their approach to determin-
ing UUS performance.

There also appear to be some differences in the nature 
of the swim task performed across the included stud-
ies. Within this review, the majority of the studies tested 
the swimmers in a competition swimming pool and had 
them perform UUS to a set distance [6, 7, 10, 14–17, 
24, 33–37, 40, 41, 47, 48]. Other studies looked at the 
hydrodynamics affecting UUS as well as the kinematics 
and kinetics using a towing mechanism [42, 43] or had 
the swimmers performing UUS in a swimming flume 
at different speeds [17, 34, 38, 46]. There was consider-
able between-study variation in the outcome measures 
assessed and the data collection and analysis procedures. 
It is also possible that the variety of UUS methodologies 
used may have had significant implications in the com-
parison of results between studies.
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Study Population
The between study differences in kinematic, kinetic and 
kinanthropometric characteristics may have also been 
influenced by differences in sex, age and performance 
level. The majority of studies reviewed generally con-
sisted of a small sample size and a potentially greater 
bias towards male compared to female swimmers. Only 
two of the observational studies consisted entirely of 
female swimmers, and the seven studies that had a mix of 
females and males typically had a greater number of male 
participants compared to females with the exception of 
two studies [17, 34]. In addition, the majority of stud-
ies did not provide very clear descriptions of the level of 
swimmer, which may be as a result of an inconsistency in 
the description of different levels of swimmers and lack 
of standardisation across research. As such, it is difficult 
to determine how sex, age and performance level may 
influence UUS velocity and the kinematics and kinetics 
of this movement.

Study Design
The smaller sample sizes seen in the majority of the 
included studies suggest relatively broad confidence 
intervals for the outcomes as well as the correlations 
between outcomes reported in many of the studies. 
Therefore, there may be some uncertainty regarding 
what constitutes representative values for different lev-
els of swimmers as well as the strength of correlations 
between these variables. The small sample sizes may 
have also contributed to relative lack of statistical power 
when comparing between groups or conditions, which 
may have meant some true significant differences were 
not observed. Further, there is no evidence of any ran-
domised controlled trials conducted in the literature, 
limiting any understanding of true cause-and-effect rela-
tionships between variables.

Across the 25 studies included in this systematic 
review, there appears to be an absence of long-term 
monitoring or interventional research that has sought 
to determine the chronic effect of any biomechanically 
informed skill acquisition or strength and conditioning 
intervention. This lack of longitudinal studies is a major 
limiting factor within this literature.

Conclusion
The current systematic review has identified that kick 
frequency [6, 7, 37], kick amplitude [36, 37], vertical toe 
velocity [10, 15] and knee angular velocity [15, 34] may be 
the greatest predictors of UUS velocity. Practical implica-
tions of how to optimise these parameters for swimmers 
with different kinanthropometric characteristics are not 
yet known as an increase in one characteristic, e.g. kick 

frequency may actually reduce kick amplitude and poten-
tially UUS velocity.

Due to the greater magnitude of water compared to air 
resistance, the swimmer will lose horizontal velocity after 
striking the water. It was observed that UUS velocity, kick 
frequency and amplitude tend to decrease over the 15 m 
underwater phase with the initiation of the kick recom-
mended to start at the 6  m mark [36, 37]. Additionally, 
during the underwater phase of any transition from the 
wall, maintaining kick amplitude and increasing kick fre-
quency, specifically as the swimmer approaches the sur-
face, will achieve optimal swimming velocity and overall 
underwater performance [35–37]. Despite the advance-
ment of observational studies and development of an 
understanding of the determinants that impact UUS per-
formance, there appears to be almost a complete lack of 
intervention research in the biomechanics of UUS. As a 
result, there is very limited knowledge on how changes 
in these biomechanical factors interact during perfor-
mance and why there is variation across different swim-
mers. Future research should further examine how to 
optimise the kinematic and kinetic characteristics with 
respect to the imposed organism constraints [34], as well 
as the effect of different biomechanically informed skill 
acquisition and strength and conditioning interventions 
to improve aspects of UUS performance. Standardisation 
of testing methods and outcomes related to UUS would 
also be beneficial.
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