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Water is Denser than Air and Resists Movement More as a Result 
[bookmark: _GoBack]Water resists the movement of swimmers.  This is totally apparent to anyone who belly flops a dive or pushes from the side of a swimming pool and does nothing else.  
Water represents a very different medium to air because of density.  We fall through air but float in water, move easily through air but boat builders for centuries have had to deal with the fact that some shapes move through water easier than others. But all move slowly through water, whereas through air movement is easy.
Vertical Forces - Buoyancy
Archimedes stated (probably in Greek but currently paraphrased) that: “any body completely or partially submerged in a fluid (gas or fluid) at rest is acted upon by an upward force the magnitude of which is equal to the fluid displaced by the body” (Britannica, 2017).  The impact of this, since the body in total is lighter than its volume of water, is that swimmers float partially submerged on the surface of the water.  In addition, the ratio of body that is above the water depends on the two body elements that are lighter than water in the body – fat and air, with the latter primarily found in the lungs, stomach and gut.
The impact is what is commonly known as buoyancy (Diagram 1).  Eat a large meal and a swimmer’s buoyancy reduces slightly.  This means that the body sinks a bit lower in the water.  These are vertical forces and remain consistent at rest or in motion.
Nearly 19 centuries later Newton recognised the force that creates and balances this buoyancy effect when he identified the nature of gravity.  So the nature of the two forces in balance became clear. But Newton’s equations of motion went further and his 3rd Law states that for every force there is a reaction.  Energy is therefore necessary to move, but there is no example of perpetual motion, so there must be forces acting to slow the swimmer down i.e. energy is needed for propulsion and this comes from the swimmer, but the water will resist this movement and slow the swimmer down. [image: ]Diagram 1
Horizontal Forces – Generating Propulsion
Some resistance is positive in that it is intentionally used to generate forward motion for a swimmer – for example by the actions of arms and feet in pressing the water backwards and this provides forward motion or propulsion for the swimmer as a result. 
The other way of generating propulsion is the “lift” generated when hands move through water when the shape of the hands can generate a force perpendicular to the direction of travel of the hands and “lift”,  i.e. propel horizontally, the swimmer through the water.  Sanders (1996) disagrees with the assertion cited within Counsilman (1971) that it is mainly “lift” from Bernoulli forces (see Diagram 2) that acts as propulsion, but takes a conclusion that the actual mechanism far more balanced in impacts of the two forces.
[image: Hand]
Diagram 2
Horizontal Forces - Resistance for Swimmers
However, resistance also acts to stop a swimmer and this is commonly termed “drag”.  Such resistance comes in three types:
· “form” drag which is essentially the reaction of the water to be pushed out of the way of the swimmer.  This is often described in two ways (see Diagram 2): 
· at the front of the body this is called “frontal” drag and is directly related to the cross section presented to the water as the swimmer moves forward;
· at the back end of the body this manifests itself as “eddy” drag where the water rushes back in behind and sucks the swimmer backwards;
· “wave” drag in which waves (or turbulence / wake) are created by the swimmers movements, with the wave energy representing a waste of energy from swimming action.  Costill, Maglischo and Richardson (1991) state that turbulence at the surface of the water is the main cause of wave drag.
· “viscous” drag where the skin of the swimmer rubs against the surrounding water and acts as a friction to slow the movement down.
[image: ]Diagram 3
Other Forces – Environmental
There are a number of factors that can affect swimmers, but in most cases these do not affect comparisons and have smaller importance in terms of competitive swimming where conditions tend to be common:
· the density of the water (for example salinity – with the Dead Sea perhaps the most extreme example) will alter the buoyancy of the swimmer;
· the temperature of the water – viscosity of water at 10degrees C is twice that of water at 40degress C (though that is well above comfort level);
· water velocity due to tides, currents or river flow will alter resistance to the swimmer: this can be used positively in training but rarely affects competitions – the direction of the flow / force relative to the swimmer will have significant impact;
· external waves (such as in the sea) which can change the position and streamlining of swimmers as they move through the water, hence changing form drag;
· boundaries where waves from motion (either from the swimmers own motion or the motion of other swimmers) may be reflected and increase the resistance to motion, again mainly in terms of form drag and potential from wave drag if they destabilise the swimmer and result in more rolling. 
Swimming Styles and Drag
Different swimming strokes have very different characteristics in both the way they use water  resistance to generate forward motion and the nature of form and wave drag they encounter because of the different profiles presented to the water and the efficiency of transfer of energy used.  It will clearly be most efficient if drag can be minimised through good swimming style where streamlining minimises form drag.
For example, in terms of front crawl, 
· a head up position tends to curve the spine and drop the hips, presenting a fuller cross section to the water, so more water needs to be pushed out of the way, whereas looking down streamlines the body shape and so reduces form drag;
· moving the head up significantly to breathe has the same impact, so that more moderate head/neck movements similarly reduce form drag;
· jerking the head up to breathe then back down not only changes the streamlining but can generate waves from the vertical motion and this produces extra resistance;
· breathing backwards can produce both sideways hip movement and more sideways kick, both of which create turbulence and waves;
· reducing frontal drag wherever possible, for example keeping the elbow near the surface when moving arm forward and keeping the kicks tight so as not to create either too many waves or increase frontal cross-section.
In terms of back crawl,
· crossing the entry behind the head causes hip movement from side to side, increasing cross section and form drag as a result;
· any movements not made in a direction directly front to back will tend to create wave drag, and possibly additional form drag as well.
In many ways, frictional drag between skin and water is of lower impact and varies less between the different strokes.  However, many of the ways of reducing this further can be done simply and are not about style – for example shaving body hair, using silicone double caps to reduce friction for hair, wearing specialised body suits - these reduce friction with water (and keep the bumps in – applies in respect of low profile goggles too).
For both strokes any jerkiness or bouncing entail actions that are not horizontal and directly forward – these will also create waves.  Because of the way the body is constructed it is not possible to eliminate all such movements but exaggerated movements of this sort can create a great deal of additional wave drag.
Impacts of Drag and Variation with Speed
In terms of the different sorts of drag the impacts vary significantly in connection with speed, so that with similar style.  Rushall et al (1994) set the relationships out as follows: 
· “frictional” has a linear relationship: swim twice as fast and the drag doubles;
· “form” has a quadratic impact: twice as fast means 4 times the drag;
· “wave” has a cubic impact: twice as fast means 8 times the drag.
The above has some significant lessons in terms of minimising drag through addressing the most important components as speed increases.  
Additional attention to streamlining when the body is moving fastest can cut drag significantly.  This normally occurs on entry to the water for front crawl – so cutting out both form drag (clean entry, pointed toes) and wave drag (underwater dolphin kick) is especially important.
For both crawl and back crawl, the next fastest swimming velocity is registered at the turns and push offs, so again a fully streamlined attitude is essential.
Identifying Drags and Trade-off Between “Form” and “Wave”
Understanding the relative degrees of form and wave drag and their variation with speed can deliver a better strategy or style for swimming.  Cross (1991) suggests that “BLABT gives a logical sequence to follow when analysing a stroke”.  B = body position; L = leg action; A = arm action; B = breathing and T= timing.
For example, Vassilios Gourgoulis et al, 2015, studied swimmer hand movements as part of the overall arm action in front crawl. What they found was as follows:
“When the hand’s acceleration was taken into account, the magnitude of the propulsive forces was greater, with the exception of the mean drag force during the final part of the underwater arm stroke.  The mean drag force was greater than the mean lift force in the middle of the stroke, while the mean lift force was greater than the mean drag force in the final part of the underwater arm stroke.  Thus, swimmers should accelerate their hands from the beginning of the backward motion, press the water with large pitch angles during the middle part and sweep with small pitch angles during the final part of their underwater arm stroke.” 
Indeed this does not seem dissimilar to the use of oars and pitch control for rowers.
So understanding the way in which drag manifests itself in different forms allows changes in style to be made to lessen the impacts.
Using Drag Positively to Enhance Training
Recognising the nature of the different causes of drag can be used positively in training to artificially increase the resistance swimmers encounter during training – so that when these factors are removed the swimmers can move faster and have greater stamina.  Whiticker et al, 2016  identify 3 different categories of resistance gear to use in this type of training:
1. devices worn to the swimmer to increase either/both frictional drag or form drag, such as a “drag suit”, inflatable cap or hand paddles;
2. devices attached to the swimmer that significantly increase form drag, such as a parachute or cone;
3. devices that introduce additional forces similar to water drag but entirely artificial, such as elastic bands or overhead ropes attached to the swimmer.
Conclusion
Understanding what the forces (“drags”) encountered by swimmers are and how they come into play means that strategies can be adopted to maximise the positive impacts for better propulsion (e.g. use of hand angles) and minimise the negative impacts through reducing drag.  These can be built into training strategies and make individual swimmers far more efficient in their swimming and faster in competition.
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