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Study of the motor mechanisms of the 
underwater phase of the start of a para-swimmer 

with unilateral lower limb deficiency
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Introduction. World Para Swimming rules allow 

the use of underwater propulsion in swimming com-

petitions for a distance of 15 meters from the wall af-

ter the start and after the turn. In this section, most 

swimmers use a wave-like body movement technique 

called underwater undulation swimming (UUS) [5] or 

‘diving’. In healthy swimmers, UUS results in pairs of 

vortices being generated by the movements of both 

legs, which collide with each other during the internal 

and external rotation of the hip joint to generate great-

er momentum and thus provide the driving force in the 

underwater phase [3, 7, 9]. In this regard, it has been 

shown that hip and ankle joint rotations are necessary 

for the collision and release of vortex pairs generated 

by both legs [7, 9]. This fact implies that the mecha-

nisms of propulsion may differ between healthy swim-

mers and swimmers with a missing lower limb who 

perform movements with only one leg. 

The mobility of the swimmer's foot is particularly 

important for the effectiveness of movements in the 

UUS phase. Therefore, it seems appropriate to as-

sess small-amplitude oscillations of the ankle joint 

from side to side (inversion, eversion), the range of 

flexion, extension, abduction and adduction angles of 

the foot. Paraplegic swimmers with a deficit in one leg 

begin the movement by moving the intact lower limb 

up and down, while maintaining the correct body posi-

tion with both arms raised. However, it remains unclear 

what kind of vortex is generated around the paraplegic 

swimmer's intact leg and what momentum is gained 

during these movements.

Objective of the study is to identify and describe 

the mechanism of underwater wave-like swimming in 

swimmers with unilateral lower limb deficiency.

Methods and structure of the study. Under-

standing the specific propulsion mechanism will help 

coaches and instructors effectively select a set of cor-

rective measures to increase the swimmer's speed in 

the underwater phase after the start. Foreign stud-

ies have also attempted to elucidate the propulsion 

mechanism by visualizing the flow around a healthy 

swimmer using 3D-PIV software [5, 6, 9]. The design 
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of this study was implemented using 3D modelling of 

the movements of a paraplegic swimmer with lower 

limb amputation with stereo analysis of visual points 

using Dartfish Pro software. Underwater video record-

ing was carried out with the participation of a para-

swimmer (male, MS, height 172 cm, weight 72.5 kg, 

right lower limb amputation, sports-functional class 

S9). 

The para-swimmer's task was to perform 10 trial 

UUS (on the chest) in the pool environment with maxi-

mum effort, lasting about 10 seconds. Five synchro-

nized high-speed cameras with a motion capture sys-

tem were installed at the bottom and side walls of the 

pool. LED sensors were attached to marker points on 

the swimmer's toes, ankle, knee, and hip joint [1, 4].

In the study, one UUS cycle was divided into eight 

phases based on the marker positions of the toes, of 

which four phases involved upward leg movements 

and four involved downward leg movements. The po-

sition of the swimmer's body in the water was taken as 

the central horizontal axis. Using 3D analysis of video 

recordings, the amplitude and frequency of the healthy 

leg kicks, the angles of rotation of the hip, knee and 

ankle joints, and the vertical speed of foot movements 

during upward and downward kicks during undulatory 

movements in the underwater phase were calculated.

To analyze the water flow and measure the veloc-

ity of fluid flows, PIVlab software was used, which, 

based on an instantaneous assessment of the velocity 

of bubbles, allows the vortex velocity to be measured 

and the components of the water flow vector around 

the foot to be assessed in three-dimensional space. 

MATLAB software and calculations based on equa-

tions [8] were used to measure water flow velocity and 

vortex flows.

Results of the study and discussion. The table 

1 shows the processed measurements of kinematic 

indicators in the underwater phase of the start per-

formed by a para-swimmer with lower limb amputa-

tion.

It was found that swimmers with amputated lower 

limbs move by releasing a vortex created by their re-

maining leg. At the same time, the actual range of hip 

rotation was approximately two times smaller than in 

the results of a study of healthy swimmers [7], accord-

ing to which the range of hip rotation was 34.24º±9.45º.

It was also found that at the end of the downward 

stroke of the left foot, a vortex formed on its dorsal 

side, which then resorbed. During the upward stroke, 

a small vortex was observed, its size was insignificant 

and the water flow velocity was lower than during the 

downward stroke. A strong water flow around the foot 

was observed during the downward stroke, in a verti-

cal direction from the middle to the end of the stroke. 

At the end of the downward kick, a skew (roll) of the 

pelvis was detected: the swimmer's right hip joint (with 

stump) was shifted towards the head, and the left hip 

joint was shifted towards the legs, while the intact (left) 

leg was located at the level of the central axis of the 

body.

Along with this, it was determined that at the mo-

ment when the para-swimmer moved his healthy leg 

towards the center of the body, the hip joint of the am-

putated leg was directed towards the head, and the 

Table 1. Average values of kinematic indicators of the S9 class paraplegic athlete during the underwater phase after a 
ventral start

Kinematic indicators M±SD

Kick amplitude, m 0,4±0,05

Kick frequency, Hz 1,1±0,13

Maximum vertical foot speed during downward kick in the underwater phase, m/s 1,8±0,2

Maximum vertical foot speed during upward kick in the underwater phase, m/s 1,5±0,13

Range of internal and external rotation of the hip joint, degrees 15,7±6,3

Range of flexion and extension of the hip joint, degrees 19,9±9,1

Range of adduction and abduction of the hip, degrees 6,1±3,5

Range of flexion and extension of the knee joint, degrees 55,1±4,7

Range of inversion and eversion of the foot, degrees 11,5±4,3

Range of plantar and dorsal flexion of the ankle joint, degrees 22,0±2,7

Range of adduction and abduction of the ankle joint, degrees. 23,1±3,7

Note: M – mean value, SD – standard deviation for the sample.
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hip joint of the healthy leg was directed towards the 

foot. We believe that the swimmer moved his foot to-

wards the center of his body by means of lateral flexion 

movements of the torso, rather than by adducting the 

hip or foot, and that the range of hip rotation may be 

less critical for swimmers with one leg than for swim-

mers with both working legs. Perhaps this was a strat-

egy (unconscious or intuitive) dictated by the need 

to develop an individual swimming technique for the 

most effective propulsion using the momentum of only 

the intact leg. However, the latter requires the setting 

of a specific task [2], which could potentially be solved 

in an individual psychological study.

Conclusions. It has been established that a swim-

mer with a unilateral lower limb deficiency is propelled 

by the vortex created by only one leg during wave-like 

movements in the underwater phase, followed by the 

emergence of a propulsive impulse. Swimmers with 

lower limb deficits obtain maximum momentum for 

propulsion in the water at the end of the downward 

kick. However, the range of rotation (internal and ex-

ternal) of the hip required to generate this propulsive 

force is significantly less than that of healthy swim-

mers.

In the future, a comparative analysis of movements 

and water flows among swimmers with a single leg de-

ficiency who have different swimming speeds in the 

underwater phase of the start should be conducted, 

as well as a comparative analysis of swimming speeds 

in the UUS phase before and after training activities, in 

order to obtain additional information about the possi-

bilities for improving the starts of para-swimmers with 

limb deficiencies.
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