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Symbols and 

Abbreviations
BW:            Body weight

CFmm       Maximum competition weight

DFm           Gain in maximal force

EMG           Electromyography

EMS           Electrical stimulation of muscles

ESD            Explosive strength deficit

F                 Force

Fm              Maximal force attained when the magnitude of a motor task parameter is fixed

FT               Fast-twitch muscle fibers

g                  Acceleration due to gravity

IAP             Intraabdominal pressure

IES             Index of explosive strength

LBPS         Low-back pain syndrome

MSD          Muscle strength deficit

MU            Motor unit

N               Newton; the unit of force

Pm             Maximal performance attained when the magnitude of a motor task of a 

      parameter is fixed

Pmm          Maximum maximorum performance attained when the magnitude of a 

                  motor task parameter is altered.

RC             Reactivity coefficient

RFD          Rate of  force development 

RM           Repetition maximum

ST             Slow twitch 

Tm            Time to peak performance

TFmm       Maximum training weight

Vm            Maximal velocity attained when the magnitude of a motor task 

                  parameter is fixed

Vmm         Maximum maximorum velocity attained when the magnitude of a motor task 

                  parameter is altered

Chapter 1

Basic Concepts of Training Theory 


Strength conditioning theory is a part of a broader field of knowledge, the science of training athletes, also termed training science or theory of sport training. Training science courses cover the principal components of athlete preparation, including conditioning (not only for strength but also for speed, endurance flexibility and other motor abilities), sport technique learning, and periodization. Throughout this book, the concepts and approaches developed within the framework of training science are extensively utilized. This chapter introduces you to the issues of training in general. The ideas and terminology you encounter here will be use in the remainder of the book.

Adaptation as a Main Law of Training


If a training routine is planned and executed correctly, the result of systematic exercise is improvement of the athlete’s physical fitness, particularly strength, as the body adapts to physical load. In a broad sense, the word adaptation means the adjustment of an organism to its environment changes, the organism changes to better survive in these new conditions. In biology, adaptations is considered one of the main features of living species.


Exercise or regular physical work is a very powerful stimulus for adaptation. The major objective in training is to induce specific adaptation in order to improve sport performance results. This requires adherence to a carefully planed and executed training program. From the practical point of view, the following four features of the adaptation process assume primary importance for sport training:

1. The stimulus magnitude (overload)

2. Accomodation

3. Specificity

4. Individualization

Overload


To bring about positive changes in an athlete’s state, an exercise overload must be applied. The training adaptation takes place only if the magnitude of the training load is above the habitual level. During the training process, there are two ways to induces adaptations. One is to increase the training load (intensity, volume) while continuing to employ the same drill, for example endurance running. The other is to change the drill, provided that the exercise is new and the athlete is not accustomed to it.


If an athlete uses a standard exercise with the same training load over a very long time, there will be no additional adaptation and the level of physical fitness will not substantially change (figure 1.1). If the training load is too low, detraining occurs. In elite athletes, many training improvements are lose within several weeks, even days, if an athletes stops exercising. During the competitions period, elite athletes cannot afford complete passive for than a three days in a row (typically one or two days).


Training loads can be roughly classified according to their magnitude as

· stimulating- the magnitude of the training load is above the neutral level and positive adaptation may take place;

· retaining- the magnitude is in the neutral zone at which the level of fitness is maintained; and

· detraining- the magnitude of the load leads to a decreased in performance results, in the functional capabilities of the athletes, or both.            
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Figure 1.1 Dependence between training load (detraining, retraining, stimulating) and level of physical fitness. Rectangles indicate the neutral zones (retraining load) corresponding to small fluctuations in the training load at which the level of fitness is basically not changed. Note the “stepladder” effect showing a change in the adaptation curve with a change in the training stimulus. A training load that leads to the detraining of qualified athletes may be extremely high for beginners.

· Overload.

Identical triplets possessed equal levels of strength; each was able to lift a 57.5-kg barbell one time. They began to exercise with a 50-kg barbell, lifting the barbell in one set until failure five times. After a period of time, the athletes adapted to the training routine, their preparedness improved, and they were able to lift a 60-kg barbell one time. However, despite continued training, they did not make further performance gains because they accommodated to the training program.


At this stage, the three athletes made different decisions. Athletes A decided to increase the training load (weight lifted, the number of repetitions in a set, the number of sets) or change the exercise. The new load was a stimulating load for this athletes and the performance improved. Athlete B continued to employ the previous routine and the performance results were unchanged (retaining load). Athlete C decreased the training load and this athlete’s strength  performance declined (detraining load).


Because the preparation of elite athletes requires 8 to 12 years, the need for a constant increase in training loads, considered necessary for positive adaptation, leads to extremely demanding training programs. The training load of elite athletes is roughly 10 times greater than that of beginners having 6 months of training experience. For instance, the year-round training mileage of elite cross-country skiers is between 8,000 and 12,000 km. For beginners, it is about 1,000 km. Elite weight lifters (Bulgarian) lift around 5,000 tons a year; the load for novices is only 1/10th or 1/12th of this level.

Accommodation.


If athletes employ the same exercise with the same training load over a long period of time, performance gains decrease (see Figure 1.2). This is a manifestation of the biological law of accommodation, often considered a general law of biology. According to this law, the response of a biological object to a given constant stimulus decreases over time. By definition, accommodation is the decrease in response of a biological object to a continued stimulus. In training, the stimulus is physical exercise.


Because of accommodation, it is inefficient to use standard exercise or a standard training load over a long period of time. Training programs must vary. At the same time, because of the specificity of training adaptations, the employed exercises should be as close a possible to the main sport exercise in muscular coordination and physiological demand. The highest transfer of training result occurs with the use of specific exercise. These two requirements lead to one of the main conflicts in training elite athletes: Training programs should be both variable, to avoid accommodation, and stable, to satisfy the demand for specificity.


To avoid or decrease the negative influence of accommodation, training programs are periodically modified. In principle, there are two ways to modify training programs:

· Quantitative-changing training loads (for instance, the total amount of weight lifted) and

· Qualitative-replacing the exercises.

Qualitative changes are very broadly used in the training of elite athletes, at least by the most creative.
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Figure 1.2 Dependence of performance gain on time of training or training load. As a result of accommodation, the gain decreases.

Specificity

Training adaptations are highly specific. It is well known that strength training increases both muscle mass and strength while endurance running induces positive changes such as increases in aerobic capacity. Because of adaptation specificity, the exercises and training in various sports are different.


Specificity may be described in another way, as an issue of transfer of training. Imagine, for example, a group of young athletes who have trained over a certain period of time with one exercise, exercise A, squatting with a barbell. Finally, their performances improve. Let´s suppose that the gain is the same for all athletes, say 20 kg. What will happen with the performances of these athletes in other exercise, such as the standing vertical jump, sprint dash, or freestyle swimming (exercise B, C and D)? We may predict that the results in these exercises will improve to different degrees. The gain may be substantial in the standing jump, relatively small in sprint running, and nearly zero in swimming. In other words, the transfer of training results from exercise. A to exercises B, C, and D is variable.


Transfer of Training Results: Why is it Important?
The first books about athlete preparation, published in the last century, make interesting reading. The preparation for competition consisted of the main sport exercise and nothing else. If one competed in the 1-mile run, workouts consisted of only 1-mile runs. This was called “training.”


However, coaches and athletes soon understood that such preparation was not sufficient. To run a mile successfully, and athlete must not only have stamina but must also possess appropriate sprinting abilities, good running technique, and strong and flexible muscles and joints. It is impossible to develop these abilities by running the same fixed distance repeatedly. As a consequence of this realization, training strategies were changed. Instead of multiple repetitions of a single exercise, many auxiliary exercises were adopted into training programs to improve the abilities specific to a given sport. The general concept of training changed.


The question then arises: How do you choose more efficient exercises that result in a greater transfer of training effect from the auxiliary to the main sport movement? Consider the following problems:

1. Is long-distance running a useful exercise for endurance swimmers? For cross-country skiers? For race walkers? For bicyclists? For wrestlers?

2. To improve the velocity of fast pitches, a coach recommends that pitchers drill with baseballs of varying weight, including heavy ones. What is the optimal weight of the ball for training?

3. A conditioning coach planning a preseason training routine for wide receivers must recommend a set of exercises for leg strength development. The coach may choose between several groups of exercise or combine exercise from different groups. The exercise groups are:

· One-joint isokinetic movements, such as knee extension and flexion, on exercise apparatus,

· Similar one-joint drills with free weights,

· Barbell squats,

· Isomeric leg extension,

· Vertical jumps with additional weights (heavy waist belts),

· Uphill running, and

· Running with parachutes.


Which exercise is more effective? In other words, when are the transfer of training results greater?

 

The transfer of training gains can differ greatly even in very similar exercises. In a experiment, two groups of athletes performed an isometric knee extension at different joint angles, 70° and 130° (a complete leg extension corresponds to 180°). The maximal force values, Fm´ as well as the force gains, ∆Fm´  observed at different joint angles were varied (Figure 1.3, a and b).
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Figure 1.3 Strength gains in two experimental groups. The vertical arrows show the angles at which isometric training took place. Strength was measured in leg extension as well as in barbell squats. Note. The data are from “Transfer of Cumulative Training Effects in Strength Exercises” by V.M. Zatsiorsky and L.M. Raitsin, 1974, Theory and Practice of Physical Culture, (6), pp 7-14. Reprinted by permission from the journal.

The strength gains at various joint positions were different for the two groups. For the subjects in the first group, who exercised at the 70° knee-joint angle (see figure 1.3 a), the strength gains in all joint positions were almost equal. The transfer of training results for the trained body posture (70°) to untrained positions (other joint angles) was high. In the athletes of the second group, who trained at the 130° knee-joint angle (see figure 1.3 b), transfer of training gains was limited to the neighboring joint angles: The strength gain was low for small joint angles (compare strength gains in angles 130° and 90°). The same held true for barbell squats. In the first group, the strength gain in the trained body posture was 410 + 170 N and in squatting it was 11.5 + 5.4 kg. In the second group, the strength in the trained posture increased by 560 + 230 N; however, in spite of such a high gain, the barbell squat performance improved by only 7.5 + 4.7 kg. The strength gain in the trained posture in the second group was higher (560 + 230 N vs 410 + 170 N), but the improvement in the barbell squats was lower (7.5 + 4.7 kg vs 11.5 + 5.4 kg) due to minimal transfer of training results.



As performances in different exercises have different modalities (force, time, distance) and are not directly comparable, a dimensionless unit should be employed to estimate the transfer of training result. Such a unit is a result gain expressed in standard deviations:

                                                    Gain of performance

Result gain =  


             Standard deviation of performance


For instance, if the average performance of a groups is 60 + 10 kg (average + standard deviation) and the performance of an athlete is improved as a result of training by 15 kg, the athlete’s personal gain equals 15/10 or 1.5 standard deviation. For the estimation of transfer, a ratio of the gains in nontrained exercises (exercises B, C, and D) and the trained exercise (exercise A) is employed. The coefficient of the transfer of training is, by definition, the ratio:

          
           Result gain in nontrained exercise


Transfer =  
 


            Result gain in trained exercise


Both gains are measured in standard deviations. The higher the ratio, the greater the transfer of training results. If the transfer is low, the effect of training is specific. In the example from Figure 1.3, training effects were more specific for the group that performed exercise at the 130° knee-joint angle.


Specificity of adaptation increases with the level of sport mastership. The higher an athlete’s level of fitness, the more specific the adaptation. The transfer of training gain is lower in good athletes; for beginners, almost al exercises are useful. It is possible to improve the strength , speed, endurance, and flexibility in people with extremely low physical fitness through simple calisthenics. The performance of beginning bicyclists can be improved by squatting with a barbell. Elite athletes should use more specific exercises and training methods to increase competitive preparedness. 

 
Calculating the transfer of training results.
In the experiment, the following data were recorded (Figure 1.3):

	Test
	Before
	After
	Gain of performance
	Result gain
	Transfer

	Group 1 (Isometric training at an angle of 70°)

	Force at an angle 70°, N
	1310 + 340
	1720 + 270
	410 + 170
	410/340 = 1.2
	

	Squatting, kg
	95.5 + 23
	107 + 21
	11.5 + 5.4
	11.5/23 = 0.5
	0.5/1.2 = 0.42

	Group 2 (Isometric training at an angle of 130°)

	Force at an angle 130°, N
	2710 + 618
	3270 + 642
	560 + 230
	560/618 = 0.91
	

	Squatting, kg
	102 + 28
	110 + 23
	7.5 + 4.7
	7.5/28 =0.27
	0.27/0.91=0.30


Note the results:

	Characteristics
	Superior group
	Comparison

	Gain of performance in trained exercise
	Second
	560 vs. 410 N

	Result gain in trained exercise
	First
	1.2 vs. 0.91 SD

	Transfer of trained results
	First
	0.42 vs. 0.30

	Gain of performance in nontrained exercise
	First
	1.5 + 5.4 vs. 7.5 + 4.7 kg


Because of the higher transfer of training results, the method used to train the first group better improved the squatting performance. 


Individualization
All people are different. The same exercises or training methods elicit a greater or smaller effect in various athletes. Innumerable attempts to mimic the training routines of famous athletes have proven unsuccessful. Only the general ideas underlying noteworthy training programs, not the entire training protocol, should be understood and creatively employed. The same holds true for average values derived from training practices and scientific research. Coaches and athletes need to use an average training routine cautiously. Only average athletes, those who are far from excellent, prepare with average methods. A champion is not average, but exceptional.

Generalized Theories of Training

Generalized training theories are very simple models that coaches and expert use broadly to solve practical problems. These models include only the most essential features of sport training and omit numerous others. These generalized theories (models) serve as the most general concepts for coaching. Coaches and athletes use them especially for conditioning and also for planning training programs.

One-Factor Theory (Theory of Supercompensation)

In the one factor theory, the immediate training effect of a workout is considered as a depletion of certain biochemical substances. The athletes disposition toward a competition or training, called the athletes preparedness, is assumed to vary in strict accordance with the amount of a substance available use. There is evidence in exercise and sport science literature that certain substances are exhausted as a result of strenuous training workouts. The best known example is glycogen depletion after hard anaerobic exercise.


After the restoration period, the level of the given biochemical substance is believed to increase above the initial level. This is called supercompensation, and the time period when there is an enhanced level of the substance is termed the supercompensation phase (Figure 1.4).
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Figure 1.4 Time course of the restoration process and athlete’s preparedness (AP) after a workout according to the supercompensation theory. The vertical axis is both for the amount of substance and for the level of preparedness. According to the model, the two curves coincide.

If the rest intervals between workouts are too short, the level of an athlete’s preparedness decreases (see Figure 1.5a). If the rest intervals between consecutive workouts are right length, and if the rest intervals between the consecutive workouts are the right length, and if the next training session coincides in time with the supercompensation phase, the athlete’s preparedness advances (Figure 1.5b). Finally, in the case of vary long intervals between sessions, an athletes physical abilities do not change (Figure 1.5c). A coach or athlete should avoid time intervals between serial training sessions that are either too short or too long, and instead seek

· optimal rest intervals between successive training sessions and

· an optimal training load in each workout.

The aim in selecting these intervals and loads is to ensure that a subsequent training sessions coincides with the supercompensation phase.


Within the framework of this theory, more sophisticated variations of the training schedule are also acceptable. One that is popular among coaches, the overloading microcycle (or impact microcycle), is shown in figure 1.6. In these case, after several training sessions with high training loads and short trainings intervals between sessions, a relatively long period of rest is included. The common belief is that such a training routine produces a final supercompensation that is greater than normal (compare Figures 1.5b and 1.6).

For several decades, the supercompensation model has been the most popular training theory. It has been described in many textbooks and is widely accepted by coaches. In spite of its popularity, it deserves critical scrutiny.


The very existence of the supercompensation phase for a majority of metabolic substances has never been experimentally proven. For some metabolites, like glycogen, after-exercise depletion has been definitely demonstrated. It is possible to induce glycogen supercompensation by combining a proper training routine with carbohydrate loading. This procedure, however, cannot be reproduced regularly and is use only before important competitions, not for training. The concentrations of other substrata whose role in muscular activity has been proven to be very important, for example, adenosine triphosphate (ATP), do not change after substantially even after a very hard exercise. The restoration of initial level of different metabolic substances requires unequal amounts of time. It is absolutely unclear which criteria (substances) one should for selecting proper time intervals between

consecutives workouts. In general, the theory of supercompensation is too simple to be correct. Over the last few years it has lost of its popularity.
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Figure 1.5 The supercompensation theory. The vertical axis is both for the amount of substance and for the level of preparedness. There are three main situations with rest intervals between sequential training workouts: (a) The intervals are too short and the level of athlete preparedness decreases due to accumulated fatigue; (b) The intervals are optimal and the ensuing workouts match with the supercompensation phase; and (c) The intervals are too long and there is no stable training effect.
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Figure 1.6 The “overloading microcycle” from the point of view of the supercompensation theory. Rest intervals between the first three training session are intentionally too short to allow full restoration, so fatigue is accumulated. The interval between the third and fourth training workouts is longer than usual but optimal for the situation. The next workout coincides with the supercompensation phase after the first three training sessions.

Two-Factor Theory (Fitness-Fatigue Theory)

The two factor theory of training is more sophisticated than the supercompensation theory. Its on the idea that preparedness, characterized by the athlete’s potential sport performance, is not stable but rather varies with time. There are two components of the athlete preparedness: those that are slow-changing and those that are fast-changing. The term physical fitness is used for slow-changing motor components of the athlete’s preparedness. Physical fitness does not vary substantially over several minutes, hours, or even days. However as a result of fatigue, psychological overstress, or a sudden illness such as flu, an athlete’s disposition toward competition may change quickly. An athletes preparedness is sometimes thought of as a set of latent characteristics that exists at any time but can be measured only from time to time. According to the two-factor model, the immediate training after a workout is a combination of two processes:

1. Gain in fitness prompted by the workout and

2. Fatigue.
After one workout, an athlete’s preparedness

· ameliorates due to fitness gain, but

· deteriorates because of fatigue.

The final outcome is determined by the summation pf  the positive and negative changes (Figure 1.7).


The fitness gain resulting from one training session is supposed to be moderate in magnitude but long lasting. The fatigue effect is greater in magnitude but relatively short in duration. For most crude estimations, it is assumed that for one workout with an average training load, the durations of the fitness gain and the fatigue effect differ by a factor of three:

The fatigue effect is three time shorter in duration. This implies that if the negative impact of fatigue lasts, for instance 24 hs, the positive traces of this workout will remain through 72 hr.
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Figure 1.7 Two-factor theory (model) of training. The immediate training effect of a training session is characterized by the joint action of two process, fitness gain and fatigue. Athlete preparedness improves because of fitness gain and worsens of fatigue.

The time course of the immediate training effect after a single workout can be described by the equation: 





Preparedness = P + (F1 x  e -ⁿ1

where

P is the initial level of preparedness before  the training workout;

F1 is the fitness gain

F2 is the fatigue effect estimated immediately after the workout;

T is time;

k1 and k2 are time constraints; and 

e is the base of the system of natural logarithms, approximately 2.718.

One of Two-Factor Models of Training

These models help coaches to grasp and visualize the timing of workout-rest intervals during preparation of athletes and to view training as an organized process rather than a chaotic sequence of drill sessions and rest periods.


Imagine two coaches with different coaching philosophies. Coach A strictly adheres to the one factor theory of training and is trying to schedule a training session for when (in his estimation) the supercompensation phase takes place. Coach B prefers the two-factor theory of training and is looking for rest intervals that are long enough for proper restoration and, at the same time, short enough to maintain acquired physical fitness level. At times the trainings plans of the two coaches may look similar, but the underlying are not the same. You  would see the greatest differences in plans for peaking periods that take place immediately before important competitions. Coach A would probably recommend that his athletes decrease the number of sessions (but not the load during the sessions) in order to compete at the climax of the supercompensation phase. For instance, in accordance with the one-factor theory, he has the athletes train only two or three times during the final week before the main competition, with the each workout containing a relatively large load. Coach B, on the other hand , prefers that her athletes maintain acquired preparedness, avoid fatigue, and participate in several warm-up type training sessions. The idea here is to decrease the training load during each session rather the number of workouts.

According to the two factor theory o f training, the time intervals between consecutive training sessions should be selected so that all the negative traces of the proceedings workout pass out of existence but the positive fitness gain persists. This model has become rather popular among coaches and is used predominantly to plan training, especially during the final training days before a competition.

Training Effects

Training effects, that is, changes that occur within the body as a result of training, can be further classified as follows:

· Acute effects are the changes that occur during exercise.

· Immediate effects are those that occur as a result of a single training session and are manifested soon after the workout.

· Cumulative effects occur as a result continued training sessions or even sessions of training.

· Delayed effects are those manifested over a given time interval after a performed training routine.

· Partial effects are changes produced by single training means (e.g., bench press exercise).

· Residual effects are defined as the retention of changes after the cessation of training beyond time periods during which adaptation can take place.

Summary

The major objective in training is to induce specific adaptation toward the improvement of athletic performance. In strength training, adaptation means the adjustment of an organism to exercise (physical load). If a training program is properly planned and executed, an athletes strength improves as a result of adaptation.


Training adaptation takes place when the training load is above normal or the athlete is not accustomed to an exercise. Training loads are roughly classified as stimulating, retaining, and detraining loads. In order to induce the require adaptation:

1. An exercise overload must be applied.

2. The exercises and training protocol must be specific (corresponding to the main sport exercise).

3. Both exercises and training load (intensity, volume) should vary over time periods. When the same exercise with the same training load is employed over a long period of time, performance gain decrease. This is called accommodation.

4. Training programs must be adjusted individually to each athlete. Remember that all people are different.

To plan training programs, coaches use simple models that are based on only the most essential features. These models are known as generalized theories of training. 


The theory of supercompensation, or one-factor theory, is based on the idea to certain biochemical substances are depleted as a results of training workouts. After the restoration period, the level of the substance increases above the initial level (supercompensation). If the next workout takes place during the supercompensation phase, the athletes preparedness increases. In the fitness fatigue theory (two-factor theory), the immediate effect after a workout is considered a combination of (a) fitness gain prompted by the workout and (b) fatigue. The summation of positive and negative changes determines the final outcome.


The effects of training can be classified as acute, immediate, cumulative, delayed, partial, or residual.

Chapter 2

Task-Specific Strength

In the goal is knowing how an athlete must train to achieve the best results, the steps along the way are to first know what it is that should be trained and to understand why the training must be performed in a prescribed way. To properly understand training, you must first clearly understand the notion of muscular strength per se.


In this chapter you will examine the definition of muscular strength and then learn the main factors that determine its development.. When an athlete sincerely attempts a maximal efforts, the resulting force depends on both the motor task and the athlete’s abilities. Therefore, we will look at the determining factors as they compare across tasks and then, in chapter 3, examine the determining factors as they compare across athletes.

Elements of Strength

If an athlete were asked to produce a high force against a penny, the effort would fail. In spite of the best effort, the magnitude of force would be rather small. We may conclude that the magnitude of muscular force depends on the external resistance provided. Resistance is one of the factors that act to determine the force generated by an athlete, but only one. Other factors are also important, and here we explore them in detail.

Maximal Muscular Performance

Imagine an athlete who is asked to put a shot several times, making different efforts in various attempts. According to the laws of mechanics, the throwing distance is determined by the positions of the projectile at release and its velocity (both magnitude and direction) at that moment. Let’s suppose that the release position and release angle of the shot are not changed in different attempts. In this case, the throwing distance (performance) is determined only by the initial velocity of the projectile. As the subject throws the shot with different efforts in different attempts, the throwing distance is maximal in only one case. This is the individual’s maximal muscular performance (maximal distance, maximal velocity). The symbol P m (or V m for maximal velocity, F m for maximal force) will be used throughout this book to specify maximal muscular performance.

Parametric Relationships 

At the next stage of the experiment, the athlete puts the shots with the maximal effort, trying to achieve the best possible result. However, instead of putting the men’s shot (7.252 g), the athlete puts the women’s shot (4.000 g). The shot velocity is obviously greater using the lower weight. Two different values of V m´  one for the men’s shot and one for the women’s shot, are registered as a result of this experiment.


In science, a variable that determines the outcome of the experiment (such as mass or distance) or the specific form of a mathematical expression is termed a parameter. In other words, the parameter is an independent variable that is manipulated during the experiment. We may say that in the last example, the experimental parameter (shot mass) was changed. If the shot mass (parameter) is changed in a systematic way, for instance in the range from 0.5 kg to 20 kg, the maximal muscular performance (P m´ V m´ F m) for each used shot will be different.


The dependent variables, in particular Fm and V m´ are interrelated. The relationship between  V m and F m is called the maximal parametric relationship. The term parametric is used here to stress that V m and F m were changed because the values of the motor task parameter were altered. The parametric relationship between V m and F m is typically negative. In the throw of the heavy shot, the force applied to the object is greater and the velocity is less than in the throw of the light shot. The greater force Fm´ the lower the velocity V m. The same holds true for the other motor tasks (Figure 2.1 a and b) 


Parametric Relationships

A coach suggested that athletes-cyclist change their gear ratios during training. The higher the ratio, the greater the force applied to pedals and the lower the pedaling frequency. The (inverse) relationship between the force and the frequency (the velocity of foot motion) is an example of the parametric relationship.


Here some other examples from different activities:

	ACTIVITY
	PARAMETER
	FORCE
	VELOCITY
	RELATIONSHIP

	Rowing,

kayaking,

canoeing
	Blade area of

a row or a 

paddle
	Applied to the row or the paddle
	The blade with respect to the water
	Inverse

(negative)

	Uphill/

downhill ambulation 
	Incline/decline
	At takeoff
	Ambulation
	Same



	Throwing
	Weight of the implement
	Exerted upon the implement
	Implement at the

release
	Same

	Standing

Vertical

Jump
	Modified body weight.

Weight added (waist belt) or deducted (a load is fixed to a rope that is wound around a pulley and fixed to a harness worn by the athlete)
	At takeoff
	Body at the end of takeoff 
	Same



Note that all relationship are negative (inverse)-the higher the force, the lower velocity.
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Figure 2.1  Parametric (Vm vs. Fm) relations between the force applied to an implement and implement velocity. (a) The relationship between shot weight and throwing distance. The shot mass varied from 4.0 to 12 kg. Shots were put from a standing position by one subjected. In this experiment, the shot weight is the magnitude of the force applied to the shot at the instant of release. At this instant the shot velocity is maximal and, if the velocity is not changing in direction, the acceleration equals zero. The throwing distance, provided that the point of release angle do not vary, is the function of the release velocity. Thus, the relationship between the shot weight and throwing distance represents (approximately) the parametric force-velocity relationship. Note. From The Use of Shots of Various Weight in the Training of Elite Shot Putters by V.M. Zatsiorsky and N.A. Karasiov, 1978. Moscow: Central Institute of Physical Culture. (b) The relationship between the load lifted during shoulder flexion with the arm extended and the maximal lifting velocity Vm. One hundred subjects; average values and standard deviations. Note. From “Relationships Between the Motor Abilities, Part 1” by V.M. Zatsiorsky, Yu. I. Smirnov, and N.G. Kulik, 1969, Theory and Practice of Physical Culture, 31(12), pp.35-48. Reprinted by ermission from the journal.

Nonparametric Relationships

Each point on a parametric curve (Vm-Fm) correspond to the maximal performance at the given value of the motor task parameter (such as object weight, external resistance, distance). Among these performances, there are peak values such as the highest Fm or Vm. These achievements, the highest among the maximal, are termed maximum maximorum performance (velocity). The symbols Pmm, Vmm, and Fmm are used to represent them. These level can be achieved only under the most favorable conditions. For instance, Vmm can be attained only if the external mechanical resistance is minimal and the movement time is short (e.g. in the throwing of light objects or in the sprint dash), and Fmm can be attained only if the external resistance is sufficiently high.


The relationship between Pmm (Vmm, Fmm), on the one hand, and Pm (Vm, Fm, Tm), on the other, is called the maximal nonparametric relationship, or simply the nonparametric relationship. The following performance pairs are example of nonparametric relations:

· The maximal result in bench press (Fmm) and the throwing distance of putting 7-or 4-kg shots (Pm or Vm)

· The maximum maximorum force in a leg extension and the height of a standing jump.

Nonparametric relationships, unlike parametric ones, are typically positive. For instance, the greater thr value of Fmm, the greater the value of the Vm. The magnitude of this correlations depends on the parameter of the specific motor task (Figure 2.2). The correlation between maximum values Fmm and Vmm is close to zero.


When considering the training of maximal muscular strength, you should distinguish between Fmm and Fm.

  

Nonparametric Relationships

A swim coach wants to determine the importance of dryland strength training for her athletes. In order to solve this problem, she measures (a) the maximal force (Fmm) produced by the athletes in a specific stroke movement against high resistance and (b) swimming velocity.


She assumes that if the correlation between the two variables is high, then the Fmm values are important and it is worthwhile spending the effort and time to enhance maximal force production. If the correlation is low (i.e., strongest athletes are not the fastest ones), there is no reason to train for maximal strength. Other abilities such as muscular endurance and flexibility are more important. 


The coach finds the correlation between Fmm and swimming velocity is significant. The better swimmers generate larger forces in specific movements.  That is an example of a nonparametric relationship. 
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Figure 2.2 Nonparametric relationships between the maximum maximorum force (Fmm) and the velocity of shoulder flexion (Vm) with arm extended. Load (a dumbbell) of 6 Kg. In the hand; 100 subjects. Compare with Fig. 2.12. note. The data are from Motor Abilities of Athletes (p. 46) by V.M. Zatsiorsky, 1969, unpublished doctoral dissertation, Central Institute of Physical Culture, Moscow.

Defining Muscular Strength     

Strength, or muscular strength is the ability to generate maximorum external force, Fmm. Recall that in mechanics and physics, force  is defined as an instantaneous measure of the interaction between two bodies. Force manifests itself in two ways: Either the movement of a body is changed, or the body is deformed, or both. Force is vector quantity. It is characterized by (a) magnitude, (b) direction, and (c) point of application. Since force is an instantaneous measure and all human movements are performed over a certain span of time, the entire force-time continuum, not just the force at a given instant of time, is typically what interests coaches and athletes.


Many different forces exists in athletic movements. In biomechanics, they are divided into two to group: internal forces and external forces. A force exerted by one constituent part of the human body on another part is termed an internal force. Internal forces include bone-on-bone forces and tendon-to bone forces, among others. The forces acting between an athlete’s body and the environment are called external forces. Thus, according to this definition of strength, only external forces are regarded as a measure of an athlete ‘s strength.


It is well know that an active muscle exerts force on the bone while

· shortening (concentric or miometric action),

· lengthening (eccentric or pliometric), or

· remaining the same length (static or isometric).

Note that metric means length, mio means less, pleio (plio-) means more, and so means same or constant. In the US plyometrics has become a common spelling, with pliometrics as an alternative. Disregarding the differences between muscle force (force developed by a muscle) and muscular strength (maximal force exerted on an external body), this simple classification can be used to discern variations of muscular strength.


In another sense, strength can be defined as the ability to overcome or counteract an external resistance by muscular effort. In the case of concentric muscle action, resistance forces act in the direction opposite to the motion, whereas in eccentric action, the external forces act in the same direction as the motion.


What Is Muscular Strength? 

A subject was asked to flex an elbow with maximal effort to generate the highest possible force and velocity against different objects. The objects included a dime, a baseball, a 7-kg shot, and dumbbells of different weights, including one that was to heavy to lift. The maximal forces (Fm) applied to the objects were measured and to be unequal.


The question: Which of the Fm values represents muscular strength?


The answer: According to the definition given, the highest one. The Fmm, not Fm, is the measure of the muscular strength.

 Determining Factors: Composition Across Task

If in different attempts, all body parts move along the same trajectory or very similar trajectories, we say that the motion itself is the same regardless of differences in such elements as time and velocity. So by definition, a motion is determined only by the geometry of movement, not by its kinematics or kinetics. For instance, a snatch (one of the lifts in Olympic style weight lifting, in which the barbell is lifted from the floor to over the head in one continuous motion) with a barbell of different weights is one motion, while the takeoff in a vertical jump with or without an additional load is a second motion.


Maximal forces exerted by an athlete in the same in the same motion, for instance in the leg extension of the previous examples, are dissimilar if conditions are changed. The two types of factors that determine these differences are extrinsic (external) and intrinsic (internal). 

Extrinsic Factors and the Role of Resistance

Force is the measure of the action of one body against another, and its magnitude depends on the features and movements of bodies in action. The force exerted by an athlete on an external body (e.g., a free weight, a throwing implement, the handle of an exercise machine, water in swimming and rowing) depends not only on the athlete but also on external factors.


To judge the role of external resistance, imagine an athlete who exerts maximal force (Fm) in a leg extension such as squatting. Two experimental paradigms are employed to measure the external resistance. In the first case the maximal isometric force (Fm) corresponding to different degrees of a leg extension is measured. Many researchers have fund that the correlation between the force Fm and leg length (i.e., the distance from the pelvis to the foot) is positive: If the leg extends, the forces increases (Figure 2.3, curve A; see also Figure 1.3). Maximum maximorum force (Fmm) is achieved when the position of the leg is close to full extension. This is in agreement with every day observations-the heaviest weight can be lifted in semisquatting, not deep squatting, movements.


However, if the leg extension force is registered in a dynamic movements such as a take off in jumping, the dependence is exactly the opposite (Figure 2.3, curve B). In this case, maximal force is generated in the deepest squatting position. The correlation of Fm to le length, then, is negative. Here the mechanical behavior of a support leg resembles the behavior of a spring; the greater the deformation (i.e., knee bending), the greater the force. Remember that in both experimental conditions (isometric and jumping takeoff), th athlete is making maximal effort. Thus, both the magnitude of Fm and the correlation of Fm to the length (positive or negative) are changed because the type of resistance changes. In the first case the resistance is immovable obstacle and in the second it is the weight and the inertia of the athlete’s body.
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Figure 2.3 Relationship between maximal force in leg extension and body position (leg “length”). (A) Isometric testing. (B) Force generated as the leg extends during a takeoff. See also Figures 1.3 and 2.23 (Leg extension force).

Mechanical Feedback

All strength exercises, depending on the type of resistance, can be separated into those whit and those without mechanical feedback. Let’s consider, for instance, a paddling movement in water. In hydrodynamics, the force applied to water is proportional to the velocity squared (F = kV²). However, the oar’s velocity is the result of an athlete’s efforts, an external muscular force. The chain of events is represented in Figure 2.4. Here, active muscular force leads to higher oar velocity, which in turn increases water resistance. Then, to overcome the increased water resistance, the muscle force is elevated. Thus, increased water resistance can be regarded as an effect of the high muscular force (mechanical feedback). 


Imagine a different example, that of an individual pushing an already moving heavy truck. Regardless of all the force applied by the person, the truck moves with the same velocity. The human’s muscular efforts result in no change in the truck’s movement (no mechanical feedback).

	Muscular
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 Figure 2.4 Mechanical feedback loop.

Sport movements usually involve mechanical feedback: The movement, as well as resistance, is changed as a result of an athlete’s force application. Mechanical feedback is absent only in the performance of isometric exercises and in work with isokinetic devices.


With isokinetic devices, the velocity of limb movements around a joint is kept constant. The resistance of the device is equal to the muscular force applied throughout the range of movement. The maximal force F m is measured in dynamic conditions, provided that the present velocity has been attained by the moving limb.

Types of Resistance

Because of the specific requirements of strength exercise, selecting the proper class of mechanical resistance equipment is important in training. The equipment typically used in resistance training programs can be categorized according to the type of resistance involved.


In resistance based on elasticity, the magnitude of force is determined by the range of displacement. The length of an object with ideal elasticity increases in proportion to the force applied. The formula is F = k1 D, where F is force, k1 is a coefficient (stiffness), and D is displacement (deformation). In other words, the greater the range of motion (e.g., the deformation of a spring, stretch cord, or rubber band), the higher the exerted muscular force.


Another type of resistance is based on inertia. A movement follows Newton’s second law of motion: F = ma, where m is mass and a is acceleration. The force is proportional to the mass (inertia) of the accelerated body and its acceleration. As the body mass is typically selected as a parameter of a motor task, the force determines the acceleration. Because of gravity and friction, however, it is difficult to observe movement in which the resistance is formed only by inertia. The motion of a billiard ball is one example.


In science, movement against inertial resistance is studied using an inertia wheel, or pulley, that rotates freely around an axis perpendicular to its surface plane. A rope is wound repeatedly around the pulley and a subject then pulls the rope; this force exerted by the subject in turn rotates the pulley and does mechanical work. With this device, the potential energy of the system is constant and all mechanical work, except small frictional losses, is converted into kinetic energy. By varying the mass (or moment of inertia) of the wheel, we can study the dependence of exerted muscular force, particularly Fm, upon the mass of the object. The results are shown in Figure 2.5.

If the mass of an accelerated object is relatively small, the maximal force exerted by an athlete depends on the size of the mass (see zone A in Figure 2.5). It is impossible to exert a large Fm against a body of small mass. For instance, it is unrealistic to apply a great force to a coin. If the mass of an object is great, however, the Fm depends not on the body mass but only on the athlete’s strength (Figure 2.5, zone B).
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Figure 2.5 The inertia wheel device (top) and the dependence of maximal exerted force Fm on the mass of the moving object (bottom). Scale on the abscissa axis is logarithmic. Note. From Motor abilities of Athletes by V.M. Zatsiorsky, 1966, Moscow: Fizkultura I Sport. Reprinted by permission from the publisher.

An example from sport training shows the relationship between mass and force. When objects of different masses are thrown (e.g., shots 1.0-20.0 kg are used in training), the force applied to the light shots is relatively small and heavily influenced by the shot mass (zone A). The force exerted on  the heavy shots, however, is determined only by athlete’s strength (zone B).


Resistance can also be based on weight. The formula is F=W + ma, where W is the weight of the object and a is the vertical acceleration. If a is zero (the object is at rest or in uniform motion), the force equals the object weight. When exercising with free weights, an athlete needs to fix the barbell in a static position. Typically, it is not feasible to relax before and immediately after the effort as is possible for a motion against other types of resistance (for instance in a swimmer’s stroke). All exercises in which athletes move their on bodies (gymnastic strength exercises) are classified as having this type of resistance.


If a body is accelerated by muscular force, the direction of the acceleration does not coincide with the direction of the acceleration does not coincide with the direction of this force except when the movement is vertical. Rather, it coincides with the direction of the resistance force, which is a vector sum of the muscular force and the force of gravity. Since gravity is always acting downward, the athlete should compensate for this action by directing the effort higher  than the desired movement direction. For instance, in shoot putting the direction of the shot acceleration does not coincide with the direction of the athlete’s force applied to the shot (Figure 2.6). The same is true for a jump takeoffs.


Why is Strength Training Vital for Sprinter and Jumpers?


Because body weight (during the upward takeoff motion) and body mass (during both the horizontal and vertical push-offs) provide high resistance. If you practice a leg extension without any external resistance, the strength training will be of small value, since there is no positive relationship between the maximum maximorum force (Fmm) and the maximum maximorum velocity (Vmm).
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Figure 2.6 Muscular (Fmus) and gravity (Fgrav) forces applied to a shot. Shot acceleration coincides in direction with the resultant forces (Fres) but not with Fmus


Hydrodynamic resistance predominates in water sports such as swimming, rowing and kayaking. Force in this case depends on the velocity squared: F= k2 V2, where V is the velocity relative to water and k2 is a coefficient of hydrodynamic resistance.


It is difficult to model this type of resistance on land. Thus the selection of proper strength or dryland training in water sports is a special problem. The use of weights or elastic resistance is not a satisfactory solution. While performing a stroke in the water, the athlete relaxes immediately before and after the stroke and also exerts maximal force against the water resistance at a time when the maximal velocity achieved. These two features are both unattainable with springs and free weights.


With some training devices the resistance is provided by viscosity. Here the exerted muscular force is proportional to the movement velocity, F=k3 V. These exercise machines are mainly used as a substitute for a natural water conditions and for dryland training in water sports.


Selection of Dryland Exercises for Swimmers

A swim coach explored several types of training devices for dryland training. Laying in a prone position on a couch, the athletes initiated a stroke pattern against provided resistance. First they used extensible rubberlike bands. However, during this exercise the pulling force inevitably increased from the beginning to the end of the pull. This movement pattern is not similar to the customary stroke. Then swimmers used a weightlifting exercise machine with a pulley to pull a rope attached to a load. The resistance was almost constant over the range of the pull, but they couldn’t relax their muscles at the end of the motion. Their arms were for were forcibly jerked in the reverse direction. Finally the athletes used training devices with friction resistance (or hydrodynamic resistance). These provided either constant resistance (friction devices) or resistance proportional to the pull velocity (hydrodynamic exercise machine), which mimicked water resistance. The resemblance, however, was far from ideal; during the natural stroke, the resistive force is proportional to the squared values of the hand velocity with respect to the water.

         

Intrinsic Factors

The strength that an athlete can exert in same motion depends on several variables: velocity, body position, and direction of movements. The cause of muscular strength is obviously, the activity of the individual muscles. The variables just mentioned also determine the force output of single muscles. However, the relationship between the activity of specific muscles and muscular strength (e.g., in lifting a barbell) is not straightforward. Muscular strength is determined by concerted activity of many muscles. Active muscles produce a pulling effect on the bones in a straight line. But the tralatory action of muscle forces also induces a rotatory movement in the joints. As various muscles are inserted at different distances from the joint axes rotation, their rotatory actions (moments of force) are not direct proportion to the force developed by muscles. The rotatory  movements in several joints are coordinated so as to produce the maximal external force in a desired direction, such as the vertical direction required to lift a barbell. Thus , complicated relationship exist between muscle force (force exerted by a given muscle) and muscular strength (maximal external force). Regardless of these differences, many facets of muscular biomechanics and the physiology of isolated muscles are manifested in the complex movements involving numerous muscles.

TIME

It takes time to develop maximal force a given motion (Figure 2.7). 
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Figure 2.7 Development of maximal muscular force over time. Tm is the time to Fm, T0.5 is the time to ½ of Fm.


The time peak force (Tm) varies with each person and whit different motions; on average; if measured isometrically, it is approximately 0.3 to 0.4 s. (Typically, the time to peak force is even longer than 0.4 s. However, the final increase in force is very small (<2-3% of Fm) and force output begins to fluctuate, preventing a precise determination of the time to peak force. In practice, the final portion of the force-time curve is usually disregarded.) The time for maximal force development can be compared with the time typically required by elite athletes to performs several motions:



Motion




Time (s)      


Takeoff



Sprint running                                          
0.008-0.10



Long jump




0.11-012



High jump




0.18


Delivery



Javelin





0.16-0.18



Shot put




0.15-0.18


Hand takeoff



Horse vaulting



0.18-0.21

               

It is easy to see that the time of motion in les than Tm in all examples given. Because of their short durations, the maximal possible force Fmm cannot be attained during the performance of this motions.


As the resistance decreases and the motion times becomes shorter, the difference between Fm (the maximal force reached in given condition) and Fmm (the highest among the maximal force attained  in the whole range of the tested conditions) increases (Figure 2.8). 


The differences between Fmm and Fm is termed the explosive strength deficit (ESD). By condition: 




ESD(%) = 100 . (Fmm-Fm)/Fmm


ESD shows the percentage of an athlete’s strength potential that was not use in a given attempt. In movements such as takeoffs and delivery phases in throwing, ESD is about 50%. For instance, among the best shotputters during throws of  21.0 m, the peak force Fm applied to the shot is in the range of 50 to 60 kg. The best result for these athletes in an arm extension exercise (Fmm, bench press) are typically about 220 to 240 kg, or 110 to 120 kg for each arm. Thus in throwing thy can only use about 50% of Fmm.


In principle, there are two ways to increase the force output in explosive motions-to increase Fmm or decrease ESD. The first method bring good results at the beginning of sport preparation. If a young shot-putter improves achievement in, say, bench press from 50 to 150 kg and also pays proper attention to the development of other muscle groups, this athlete has a very strong basis for better sport performance in shot putting. This is not necessary valid, however, for a bench press gain from 200 to 300 kg. In spite of efforts devoted to making such tremendous increase, the shot-putting result may not improve. The reason for this is the very short duration of the delivery phase. The athlete simply has not time to develop maximal force (Fmm). In such a situation, the second factor, explosive strength, not the athletes maximal strength (Fmm), is the critical factor. By the definition, explosive strength is the ability to exert maximal forces in minimal time.
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Figure 2.8 Force-time histories of a leg extension against different levels of resistance. The subject was asked to perform the effort in an explosive way, i.e., as quickly and strongly as possible. The magnitude of weights, i.e., resistance (R), varied from 20% to 80% of Fmm . Fmm was determined in the isometric condition without any restrictions with respect to time. Forece-time curve for an explosive isometric effort is also shown. Note. Adapted from Special Strength Training in Sport (p. 76) by Yu. V. Verchoshansky, 1977, Moscow: Fizkultura I Sport. Adapted by permission from the author.

Let’s compare two athletes, A and B, with different force-time histories (figure 2.9). I f the time motion is short (i.e., in the time zone), then A is stronger than B. The situation is exactly opposite if the time of the movement is long enough to develop maximal muscular force. Training of maximal strength can’t help athlete B improve performance if the motion is in the time deficit zone.


When sport performance improves, the time of motion turns out to be shorter. The better an athlete’s qualifications, the greater the role of the rate of the force development in the achievement of high-level performance.
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Figure 2.9 Force-time histories of two athletes, A and B. in the time deficit zone, A is stronger than B.


Several indices are used to estimate explosive strength and the rate of force development (see figure 2.7 for the key to the symbols). These are:

(a) Index of explosive strength (IES)

IES= Fm/Tm’


where Fm is the peak force and Tm is the time to peak force.

(b) Reactivity coefficient (RC)

RC = Fm/Tm x W


where W is an athlete weight (or weight of an object). RC is typically highly correlated with jumping performances, especially with body velocity after a takeoff.

(c) Force gradient, also called the S-gradient (S for start)

S-gradient = F0.5 / T0.5

where F0.5 is one half of the maximal force Fm and T0.5 is the time to attain it. S-gradient characterizes the rate of force development at the beginning phase of a muscular effort.

(d) A-gradint = F0.5 /(Tmax-T0.5)

A-gradient is used to quantify the rate of force development in the late stages of explosive muscular efforts.


Fm and the rate force development, particularly the S-gradient, are not correlated. Strong people do not necessarily posses a high rate of force development.


Defining or Training Target: Strength or Rate of Force Development?

A young athlete began to exercise with free weights, performing squats with a heavy barbell. At first he he was able to squat a barbell equal to his body weight (BW). His performance in a standing vertical jump was 50 cm. After two years, his achievement in the barbell was 2 BW, and the vertical jump increased to 80 cm. He continued to train in the same manner and after two more years was able to squat 3-BW barbell. However, his jump performance was not improved because the short takeoff time (the rate of force development) rather than maximal absolute force become the limiting factor. 
Many coaches and athletes make a similar mistake. They continue to train maximal muscle strength when the real need is to develop rate or force.   

Velocity


The force-velocity relationship is a typical example of parametric relationship described in general earlier in the discussion of maximal muscular performance. Motion velocity decreases as external resistance (load) increases. For instance, if an athlete throws shot of different weights, the throwing distance (and the initial velocity of the implement) increases as shot weight decreases. Maximum force (Fmm) is attained when velocity is small; and inversely, maximum velocity (Vmm) is attained when external resistance is close to zero (Figure 2.10).
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Figure 2.10 Relationship between the weight of an implement and throwing distance (velocity at release). Athletes (n=24) performed overhand throwing of shots of different weights from a standing position. Ordinate, weight of shots (Kg); abscissa, square roots of the throwing distances (meters). Note. From “Force-Velocity Relationships in Throwing (as Related to the Selection of the Training Exercises)” by V.M. Zatsiorsky and E.N. Matveev, 1964, Theory and Practice of Physical Culture, 27(8), pp. 24-28. reprinted by permission from the journal.

Experiments carried out on single muscles in laboratory conditions yield the well known force-velocity curve (Figure 2.11), which can be described by the hyperbolic equation:





(F + a) (V + b) = (Fmm + a) b = C

where:


F is force;


V, velocity of muscle shortening;


Fmm, maximal isometric tension of that muscle;


a, a constant with dimensions of force;


b, a constant with dimensions of velocity;


C, a constant of dimensions of power.


The force-velocity curve can be considered part of hyperbolic curve with the axis (external) shown in the Figure 2.11. The curvature of the force-velocity graph is determined by the ratio a:Fmm increases. Various main sport movements encompass different parts of the force velocity curves.


Force-velocity (as well as torque-angular velocity) relationships in human movements are not identical to analogous curves of single muscles because they are a result of superposition of the force out come of several possessing different features. Nevertheless, force-velocity curves registered in natural human movements can be considered hyperbolic. This approximation is not absolutely accurate, but the accuracy is acceptable for the practical problems of sport training. The ratio a:Fmm varies from 0.10 to 0.60. Athletes in power sport usually have a ratio higher than 0.30, while  endurance athletes and beginners have a ratio that is lower.
The second factor that may change the hyperbola-like appearance of the force velocity curve in natural athletic motions is the time required for force development. In fast movements the time may be too short to develop maximal force, thus distorting the real force-velocity curve. To exclude the influence of the time available for force development, experimenters use the quick release technique. In this method a subject develops force under isometric conditions with a body segment mechanically locked into position. The lock is then  trigger released, barely permitting the subject to perform movement against the given resistance. In this case, the initial conditions for muscle shortening are determined by the magnitude of force, not the rate or time of force development.
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Figure 2.11 Force- Velocity relationships. Note the constants a and b.

Force-velocity relationships can also be studied with isokinetic devices that keep velocity constant during a movement. However, the velocity range of modern isokinetic equipment is relatively small, preventing the study of vary fast movements.

Several consequences of the force-velocity equation are important for sport practice:

1. It is impossible to exert a high force in vary fast movements. If an athlete performs the first phase of a movement too fast, the ability to apply great force in the second phase may be somewhat diminished. For instance, too fast a start in lifting a barbell from the floor may prevent an athlete from exerting maximal force in the most advantageous position is near the knees.

2. The magnitudes of force and velocity developed in the intermediate range of the force-velocity curve depend on the maximal isometric force Fmm. In other words an athlete maximal strength Fmm determines the force values that can be exerted in dynamic conditions. The dependence of  of force and velocity developed in dynamic condition on the maximal force Fmm is greater in movements with relatively high resistance and slow speed (Figure 2.12 a and b). At the same time there is no correlation between maximal force (Fmm) and maximal velocity (Vmm). The ability to produce maximal force (i.e., muscular strength) and the ability to achieve great velocity in the same motion are different motor abilities. This is true for extreme areas of the force-velocity curve, while intermediate values depend on the Fmm.
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Figure 2.12 Nonparametric relationships between the maximum maximorum force (Fmm) and the velocity of shoulder flexion (Vm) with arm extended. Scattergrams of Fmm vs. the Vm (a) and Vmm (b) are shown. Compare with Figure 2.2 (a) Load (a dumbbell) of 8 Kg. In the hand; there is a high correlation between Fmm and angular velocity (Vm). (b) No load; there is no significant correlation between Fmm and Vmm. Note. The data are from Motor Abilities of Athletes (p.48) by V.M. Zatsiorsky, 1969, unpublished doctoral dissertation, Central Institute of Physical Culture, Moscow.


Why Do Shot-Putters and Javelin Throwers Pay Different Attention to Heavy Resistance Training?


In sports such as shot putting and javelin throwing, as well throwing in baseball or softball, the motor task is similar- to impart maximal velocity to an implement. Why then do the athletes in these sports train differently (and why are their physiques so dissimilar)? Elite shot-putters spend about 50% of their total training time on heavy resistance training, while world class javelin throwers spend only 15 to 25% of their total training time in the weight room. The reason? Because the implements weights are so different. The shot weight is 7.257 kg for and 4 for women; the javelins weight 0.8 and 0.6 kg. For top athletes, the velocity of a shot release is nearly 14 m/s, while javelin release velocity is above 30 m/s. These values correspond to different parts of a (parametric) force velocity curve. The shot-putters need a high Fmm because of a high (nonparametric) correlation between maximal strength and the velocity of movement at delivery phase (and similarly, the shot velocity). This correlation is low in javelin throwing. In turn it would  be much smaller for a table tennis stroke, since the paddle is very light. And correlation is zero when the maximal strength (Fmm) is compared to the maximal velocity (Vmm) of an unloaded arm.


3. Maximal mechanical power (Pmm) is achieved in the intermediate range of force and velocity. As the velocity of the movement increases, the exerted force decreases and the released energy (work + heat) increases. Efficiency (i.e. ratio of wok to energy) achieves its greatest value when the velocity is about 20% of Vmm with mechanical power greatest at speeds of about one third of maximum (Figure 2.13).

It may seem surprising that the greater power value one third the value of maximal velocity (Vmm). One should not forget, however, that in simplest case, power equals force multiplied by velocity: 

P = W/T = F . D/T = F . (D/t) = F . V


Where P is power, W is work, F is force, D is distance, t is time, and is velocity. Since Fm and Vm are inversely related, the power is maximal whn the magnitudes of force the magnitudes of force and velocity are optimal_about one third of maximal levels of maximal velocity (Vmm) and about one half of maximal force (Fmm). As a consequence, the maximal power (Pmm) equals approximately one sixth  of the value that could be achieved if one were able to exert both highest force (Fmm) and highest velocity (Vmm) simultaneously: Pmm = 1/3 Vmm . 1/2 Fmm = 1/6 (Vmm . Fmm).
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Figure 2.13 dependence of various movement variables on motion velocity. Abscissa: speed V as a fraction of maximal speed V0 under zero load (the symbol Vmm is used for this quantity throughout this book). Ordinate: (a) Force exerted = P as fraction of maximum force P0 at zero speed; (b) Efficiency = (mechanical work done)/(total energy used); (c) Mechanical Power = PV; (d) Total power used = PV / (efficiency). From experiments performed on isolated muscles and on men. Note. From “The Dimensions of Animals and their Muscular Dynamics” by A.V. Hill, 1950, Science Progress, 38, pp. 209-230. reprinted by permission from Blackwell Scientific Publications.

This is why the power level is greater when a relatively light shot is put than when heavy barbell is lifted. For example, the power level is 5,075 W (6.9 horsepower HP) in putting a 7.25-kg shot 18.9 m, but only 3,163 W (4.3 HP) during the snatch of a 150-kg barbell. At the same time, the maximal applied force Fm is equal to 513 N for the shot and 2,000 N for the snatch. Touch the exerted force is less in shot putting, the exerted power is greater in these case because of the much higher speed of movement.


In some sport movements, it is possible to change the magnitude of external resistance (e.g., cycling gear, rowing paddles). If the final aim in this case is to develop maximal power Pmm, it can be achieved with certain optimal combination of resistance (external force) and cadence (velocity).

Direction of Movement (Pliometrics, Stretch-Shortening Cycle)

Force in the yielding phases of a motion, under conditions of imposed muscle lengthening (eccentric or pliometric muscle action), can easily exceed the maximal isometric strength of an athlete by up to 50-100%. The same holds true for isolated muscles. The eccentric force for a single muscle may reach a level of up to twice the zero velocity (isometric) force.

Eccentric muscle action. A typical example of eccentric muscle activity can be seen in landing. The force exerted during the yielding phase of landing from a great height can substantially exceed either the takeoff of maximal isometric force. The ground reaction force is typically higher the first half of the support period (during the yielding phase when the hip, knee, and ankle joints are flexing) than in the second half when the joints extend.

For another example, consider the grip force exerted during the lifting of a heavy barbell. The maximal isometric grip force of male weight lifters, measured with a grip dynamometer, is typically less than 1,000 N and is much lower than the force applied to the barbell. For instance, and athlete lifting a 250-kg barbell applies a maximal instantaneous force of well over 4,000 N to the weight. The force, 2,000 N per arm, is needed to accelerate the barbell. Although the maximal grip strength is only half as high as the force applied to the barbell, the athlete can sustain this great force without extending the grip.

Eccentric forces substantially increase with initial increases in joint movement velocity (and correspondingly the velocity of muscle lengthening) and then remain essentially constant with additional increases in velocity (Figure 2.14). This is mainly true for qualified athletes and in multijoint motions such as the leg extension (according to recently published data, in untrained persons, maximal voluntary torque output during eccentric knee extension or flexion is independent of movement velocity and remains at an isometric level).

If the same external force is exerted concentrically and eccentrically, fewer muscle fibers are activated while the muscle lengthens. Because of this, if the same force is developed, the level of electric activity of muscles (EMG) is lower in exercises with eccentric muscle action. Furthermore, because exercises with eccentric muscle action typically involve high force development, the risk of injury is high-a risk coaches should understand. Even if the eccentric force is not maximal, such exercises (e.g., downhill running) may easily induce delayed muscle soreness is damaged muscle fibers. This damage is often considered a normal precursor to the adaptation of muscle to increased use. Conditioning muscle reduces the amount of injury.

Reversible muscle action. Eccentric muscle actions are as natural in human movements as are concentric actions. Many movements consist of eccentric (stretch) and concentric (shortening) phases. This stretch-shortening cycle is a common element of many sport skills and is referred to as the reversible action of muscles.
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Figure 2.14 Force-Velocity curve for concentric and eccentric muscle action.

If a muscle shortens immediately after a stretch

· force and power output increases (Figure 2.15), and

· energy expenditure decreases.

Thus, muscles can produce greater mechanical force and power while utilizing less metabolic energy. Active muscles are typically prestretched to enhance force (power, velocity) output in sport movements. The windup movement in throwing serves as an example.

Reversible muscle action in an innate part of some movements, such as the landing and take off in running (“a spring in the leg”); in other movements, such actions must be learned. Since many sport movements are highly complex and executed in a very brief of time, even some elite athletes fail to perform this reversed muscle action correctly. (Figure 2.16).

Increased force is exerted in the shortening phase of a stretch-shortening cycle for several reasons. At the peak of the cycle, that is, at the moment of transition from lengthening to shortening, the force is developed in isometric conditions; thus the influence of high velocity is avoided, and
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Figure 2.15 The ground reaction force (body weights) produced from three types of vertical jumps: (1) standing jump from a deep squatting position (height of jump was 0.67 m); (2) countermovement jump with deep squatting (0.74 m); (3) drop jump from 40 cm height (0.81 m). the subject was an experienced triple jumper. Note. From Special Strength Training in Sport by Yu. V. Verchoshansky, 1977, Moscow: Fizkultura I Sport. Adapted by permission from the author.
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Figure 2.16 Stick figure showing two attempts in shot putting with different results (top view). LSh and RSh are the left and right shoulders. In the successful attempt (result 21.41 m), the athlete managed to stretch the muscles of the shoulder girdle prior to delivery. In the less successful attempt (19.32 m), this element of technique was not properly executed. Note. Adapted from Sport Technique of Elite Shot Putters by K. Bartoniets, 1990, June 7-9, paper presented at The First International Conference: Technique in Athletics, Koln.

Fmm rather than Fm is exerted. Since the force begins to rise in the eccentric phase, the time available for force development is greater. Counter-movements jumps (not drop jumps) are evidence of such an occurrence.

Apart from these mechanisms, two other factors influence the outcome of movements with reversible muscle action: peripheral, or muscle and tendon elasticity, and central (neural), or reflex action.

Muscle and tendon elasticity. Elasticity plays a substantial role enhancing the motor output in sport movements. If a tendon or active muscle is stretched, the elastic energy is stored within these biological structures. This deformation energy is recoiled and used to enhance motor output in the concentric phase of the stretch-shortening cycle. According to physical principles, the magnitude of the stored energy is proportional to the applied force and the induced deformation. Since muscle and tendon are arranged in series, the are subjected to the same force, and the distribution of the stored energy between them is in this case only a function of their deformation. The deformation, in turn, is a function of muscle or tendon stiffness (or its inverse value, compliance).

The stiffness of a tendon is constant, while the stiffness of muscles is variable and depends on the forces exerted. The passive muscle is compliant; that is, it can be easily stretched. The active muscle is stiff. One must apply great force to stretch it. The greater the muscle tension, the greater its stiffness. Superior athletes can develop high forces. The stiffness of their muscles, while active, exceeds the stiffness of their tendons (Figure 2.17). That is why elastic energy in elite athletes (for instance, during takeoff) is sorted primarily in tendons rather than in muscles. Tendon elasticity and a specific skill in using this elasticity in sport movement (takeoff, delivery) are important for elite athletes.

Neural Mechanisms. Consider the neural mechanism governing reversible muscle action during a drop jump landing. After the foot strike, there is a rapid change in both the muscle length and the forces developed. The muscles are forcibly stretched, and at the same time, muscle tension rises sharply. These changes are controlled and partially counterbalanced by the concerted action of two motor reflexes: myotatic (or stretch) reflex and Golgi tendon reflex.

These reflexes constitute two feedback systems that operate

· to keep the muscle close to a preset length (myotatic reflex; length feedback) and

· to prevent unusually high and potentially damaging muscle tension (Golgi tendon reflex; force feedback).
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	Figure 2.17  Stiffness of a muscle and tendon. Since elite athletes develop high forces, the stiffness of the muscle, while active, exceeds tendon stiffness. The tendons are deformed to a greater extent than the muscles and thus store more elastic energy.


The myotatic reflex receptors (muscle spindles) are arranged parallel to muscle fibers that constitute the bulk of the muscle. When the muscle is stretched by an external force, the muscle spindles are also subjected to stretching. The stretching induces an increase in muscle spindle discharge. The latter causes an increased discharge of alpha-motoneurons and in turn a reflex contraction of the stretched muscle. This reflex contraction causes the muscle to return to its initial length in spite of the load changes applied to the muscle (length feedback).

Golgi tendon organs are arranged in series with the muscle fibers. These receptors are sensitive to forces developed in the muscle, rather than to length changes as with the muscle spindles. If Muscle tension increase sharply, the Golgi tendon reflex evokes the inhibition of muscle action. The ensuing drop in muscle tension prevents the muscle and tendon from incurring damage (force feedback)

The efferent discharge to the muscle during the stretching phase of stretch-shortening cycle is modified by the combined effects of the two reflexes mentioned earlier: the positive (excitatory) effect from the myotatic reflex and the negative (inhibitory) effect from the Golgi tendon reflex. During landing, a stretch applied to a leg extensor produces (via myotatic reflex) a contraction in that muscle; simulstaneously, a high muscle tension sets up a Golgi tendon reflex in the same muscle, thus inhibiting its activity (Figure 2.18). If athletes, even strong ones, are not accustomed to such exercises, the activity of the extensor muscles during takeoff is inhibited bye the Golgi tendon reflex. Because of  this, even world-class weight lifters cannot compete with triple jumpers in drop jumping. As a result of specific training, the Golgi tendon reflex is inhibited and the athlete sustains very high landing forces without a decrease in exerted muscular force. The dropping height may then be increased.

	

	( Muscles and Tendons as Springs in Series

	To visualize a stretch-shortening cycle, imagine two springs connected in series. The first spring (tendon) possesses given characteristics (stiffness, compliance) that do not change during motion. The characteristics of the second spring (muscle) vary and depend on the level of muscle activation.

When the muscle is relaxed, it is very compliant. If an external force is applied to such a muscle-tendon complex, the muscle can easily be stretched. The resistance to deformation is small, and only the muscle, no the tendon, is extended. However, if the muscle is activated, its resistance to the external pulling force increases. In this instance, the tendon rather than the muscle in deformed when a tensile force is applied.
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	Figure 2.18   Mechanisms of enhanced force output in the stretch-shortening cycle. As a result of a stretch form L0 to L1, the muscle force increases form F0 to F1. Three functional components are responsible for the strength enhancement. (1) This muscular component—the force during lengthening increases due to muscle and tendon elasticity (stiffness). (2) This force output increases due to the length-feedback component—this component arises from the facilitatory spindle discharge (myotatic reflex). (3) the force-feedback component originating from Golgi tendon organs. The length-feedback component increases stiffness whereas the force-feedback component decreases it. The final outcome is the line from 1 to 3. the slope of this line defines the stiffness. The theory was originally developed by J.C. Houk and published in “Feedback Control of Muscle: A Synthesis of the Peripheral Mechanisms” 1974, in W.B. Mountcastle (Ed.), Medical Physiology, 13th ed. (pp. 668-677), St. Louis: Mosby. Note. From “Training of Muscle Strength and Power: Interaction of Neuromotoric, Hypertrophic and Mechanical Factors” bye P. V. Komi, 1986, International Journal of Sport Medicine, 7 (Suppl.), p. 10. Reprinted by permission from the author.


	The level of muscle activation is not constant, however, even when an athlete is trying to generate a maximal muscular effort. In addition to voluntary control, the muscles are under subconscious reflex control that is presumably realized on the spinal level. At least two reflexes are acting concurrently. One (stretch) reflex takes charge of maintaining the set muscle length—if the muscle is extended, it is additionally activated to resist the deformation force and to restore the original length. The second (Golgi organ) reflex prevents the muscle from injury due to excessive force—when the muscle tension or its rate is too high, the neural impulsation to the muscle from the spinal cord is inhibited.

The real intensity of muscle activation is a trade-off between the two reflexes (plus volitional muscle activation). The intensity of each reflex, which is not constant, determines the final outcome. When athletes are accustomed to sharp, forcible muscle-tendon stretching, for instance in drop jumps, the Golgi organ reflex is inhibited and high forces can be generated. The objective of drop jumping drills is, in this case, to accommodate the athletes to fast muscle stretching rather than to immediately generate large forces.


Since reversible muscle action is an element of may sport movements, it must be specifically learned or trained. Before 1960 such training was accidental, and improvement in this skill was a by-product of other exercises. Only since that time have exercises with reversible muscle action, such as drop jumps, been incorporated into training. Note that this training method has been erroneously called pliometrics by some. The term is not appropriate in this case, since reversible, not eccentric, muscle action is the training objective.

In beginners, performance in exercises with reversible muscle action can be improved through other exercises such as heavy weight lifting. In qualified athletes, this skill is very specific. Performances in drop jumps, for example, are not improved as a result of the usual strength exercising, even with heavy weights (Figure 2.19). Maximal muscular strength (Fmm) and forces produced in fast reversible muscle action (Fm) are not correlated in gook athletes and should be treated, and trained, as separate motor abilities.

Posture, Strength Curves

The strength an athlete can develop in a given motion depends on body position (joint angles). For instance, the force Fm that one can apply to a barbell while lifting it from the floor (during a clean lift) depends on height of the bar. The maximal force Fmm is exerted when the bar is near knee height (Figure 2.20)

	( Why Do elite Weight Lifters Start a Barbell Lift From the Floor Slowly

	A good weight lifter imparts the greatest effort to a barbell, trying to accelerate it maximally, when the bar is approximately at knee joint height. There are two reasons for this. First, at exactly this position the highest forces can be generated (Figure 2.20). And second (see discussion on velocity, p. 37), the force decreases when the movement velocity increases (parametric force-velocity relationship).
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	Figure 2.19  Changes in drop jump performances by experienced athletes after 24 weeks of training with: (a) heavy weights and (b) specific jumping training. (a) Heavy resistance (70-100% of Fm) training (n = 11). (b) Explosive (power) strength training (n = 10). Note. Adapted from “Changes in Electrical and Mechanical Behavior of Leg Extensor Muscles During heavy Resistance Strength Training” by K. Håkkinen and P.V. Komi, 1985, Scandinavian Journal of Sport Sciences, 7, pp. 55-64, and “Effect of Explosive Type Strength Training on Electromyographic and Force Production Characteristics of Leg Extensor Muscles During Concentric and Various Stretch-Shortening Cycle Exercise” bye K. Håkkinen and P.V. Komi, 1985, Scandinavian Journal of Sport Sciences, 7, pp. 65-75. Reprinted by permission from the authors.


	The barbell must approach the most favored body position (for force generation) at a relatively low velocity to impart maximal force to the bar. This two-phase techniques is used by all elite weight lifters except in the light weight categories, bye most 52-kg lifters, and by some at 56 kg. These athletes are short (below 150 cm), and the bar is located at knee-joint level in the starting position, before the lift.

This is an example of how two extrinsic factors of force generation (force posture and force velocity) are combined to develop maximal force values
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	Figure 2.20  The maximal isometric force Fm applied to a bar at different body positions (at different heights of the bar). This is an example of the strength curve in a multijoint movement. Note. From Biomechanics (p. 203) by D.D. Donskoj and V.M. Zatsiorsky, 1979, Moscow: Fizkultura I Sport. Reprinted bye permission form the publishing house.


The plot of the external force exerted bye an athlete (or the moment of force) versus an appropriate measure of the body position (i.e., joint angle) is termed a strength curve. Strength curves assume three general forms: ascending, descending, and concave (Figure 2.21; see also examples in Figure 2.23).

The main factors determining these relationships are changes in muscle length and muscle force arm. The moments due to passive forces and antagonistic muscle activity can also contribute to the resultant joint moment (force) at extreme regions within the range of joint motion.

Muscle length varies with posture change. In turn, the tension that is produced by a muscle (subjected to a given amount of stimulation) depends on its length at the moment of measurement.

Muscle force changes with alterations of its length for two reasons. First, the area of overlapping actin and myosin filaments is changed, thus modifying the number of cross-bridge attachments that can be established (see later discussion of muscle dimensions).
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	Figure 2.21  Three main forms of joint strength curves. Note. Adapted form “Mechanical Basis of Strength Expression” by J.G. Hay, 1992, in P.V. Komi (Ed.), Strength and Power in Sport (pp. 197-207), Oxford: Blackwell Scientific. Copyright 1992 by the International Olympic Committee. Adapted by permission from the publisher.


Second, the contribution of elastic forces especially from parallel elastic components, is changed. Because of the interplay of these two factors, the relationship between the instantaneous muscle length and force production is complex. this relationship also varies with different muscle groups.

We can, however, disregard such complexity and accept as a general rule that human muscles develop less force when the are shortened. In contrast, higher forces are exerted by stretched muscles. Her is an example of how the total of the ankle plantar flexors (triceps surae) can change at various ankle angles:

	Angle, degrees
	Force, N

	140 (plantar flexion)
	3,840

	102 (plantar flexion)
	4,630

	90 (normal position)
	5,600

	78 (dorsiflexion)
	5,950


Muscle force arms (i.e., distances from the axes of joint rotation and the lines of muscle action) are altered with changing joint angles. For instance, fourfold differences have been measured in the moment arm of the biceps branchii (long head) in assorted elbow angle positions; the force arm was 11.5 mm at the 180° angle (full extension) and 45.5 mm at the 90° angle of elbow flexion. thus, if muscle tension was identical in each case, the moment of force developed by the muscle in elbow flexion would change fourfold. The external force (strength) would also be four times higher.
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	Figure 2.22  External muscular torque (strength) registered in joint angle ( is the product of muscle tension and muscle lever arm length in this joint configuration.


The external torque generated by a muscle is a product of the force generated by the muscle and the muscle lever arm (Figure 2.22). Thus in order to estimate the external force, or moment, from the muscle at a given joint angle ( (indicated by arrows in Figure 2.22), the force developed by the muscle at this angle should be multiplied bye the muscle lever arm length at the corresponding angle. The combination of the factors shown leads to the existence of an angle-strength relationship for anyone-joint movement (see Figure 2.23, a-c).
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	Figure 2.23  Relationships between joint angle and isometric force for some joints and movements. The angles were defined from the anatomical position. Average data of 24 athletes. The elbow flexion force was measured with the forearm in a supine position with the angle of push 15° to the horizontal. The shoulder flexion measurements were made with subjects in a supine posture. The forearm was in a midrange position


When two-joint muscles are involved, as is usually the case, the muscular strength registered in one joint depends on the position or movement in adjacent joints. For instance, the force in knee flexion and extension is affected by the hip-joint position. In a sitting posture, the rectus femoris (knee extensor and hip flexor) is shortened and less knee extension force is developed than when the hip is in an upright position. The opposite is true for knee flexors (several of these are hip extensors also); in this case, strength is greater in the sitting position than in the standing position.

Even small changes in posture may periodically lead to significant strength gains or losses. For instance, changes of forearm position from pronation to supination increase elbow flexion strength by nearly one third. For each motion, there are certain positions in which maximum strength values are achieved. In elbow flexion the optimal angle is 90º; in elbow and knee extension, it is 120º; and in hip extension, it is 155º. Coaches and athletes should be aware of the positions and angles in their main sport movement that are advantageous for maximum force production.

Strength values at the weakest positions (the so-called sticking points”) are also very important. The heaviest weight that is lifted through a full range of joint motion cannot be greater than the strength at the weakest point. This weight taxes only a certain percentage of the maximum force another joint angles. Many consider this a disadvantage of exercises using free weights. Special cams of variable radii are used in some strength training devices to provide maximal or at least near-maximal muscular tension throughout the full range of joint motion. This is achieved by changing the moment arm of the machine so that the resistance, in turn, varies. However, the development of the maximal force throughout the full range of joint motion is not natural for human movements, including sport movements. Therefore, many coaches and elite athletes are against the use of such devices.

Three different approaches have been developed to maximize the training benefit of resistance work. In the first, maximal force is developed in the weakest body position (termed the peak-contraction principle). In the second approach, near-maximal force is attained throughout the complete range of joint motion (accommodating resistance). In the third, exercises are constructed to develop maximal force at the precise angular position in which maximal efforts are developed during the main sport movement. This third approach is called the accentuation of muscular efforts. These concepts will be discussed in chapter 6.

Summary

An athlete can perform a given motor task, such as throwing, lifting, or jumping, with different levels of effort. When effort is maximal, the athlete attains a maximal muscular performance for the given task. Each motor task is characterized by certain variables called parameters – such as resistance, the angle of slope in uphill running, or the weight of the object – and the magnitudes of these parameters.

If the parameters of a motor task are changed systematically, the parametric relationship between the dependent variables of maximal muscular performance can be established. The parametric relationship between the maximal force (Fm) and maximal velocity (Vm) is negative: The higher the force, the lower the velocity. The highest maximal force (Fmm) is termed the maximum maximorum force. The dependence between Fmm values and the maximal velocity (Vm) at a given parameter proportion is called the nonparametric relationship, a correlation that is typically positive (i.e., the higher the force, the greater the velocity). The strength of the correlation depends on the parameter values: The greater the resistance, the higher the coefficient of the correlation.

Muscular strength is the ability to produce maximum maximorum external force Fmm. It can be generated and measured only at certain parameter values of a motor task, such as muscular force exerted on a heavy implement. When athletes attempt to produce maximal force, the generated force values depend on the motor task. Even when the “geometry” of a motion (e.g., involved body limbs, movement trajectory) is fixed, the resulting force varies.

Several factors determine differences in force values across motor tasks. These factor are classified as extrinsic (external) and intrinsic (internal). The force exerted by an athlete on an external body depends not only on the athlete but also on external factors, in particular the type of resistance (such as elasticity, inertia, gravity force, hydrodynamic force).

The type of resistance influences the pattern of the force produced. Imagine that the same arm motion (e.g., in a lateral-medial direction) is performed against different resistance: first, springs, and then, viscosity (the arm moves in tough dough). In the first instance, the resistance increases in proportion to the movement amplitude; in the second, resistance is proportional to the movement velocity. Often the resistance provided by a strength exercise apparatus does not resemble the type of resistance found in natural sport movements. This is detrimental to the efficiency of strength training.

Several intrinsic characteristics of motor tasks are important for producing the maximal force. Time available for force development is a crucial factor in many sport events. The time required to produce maximal force is typically longer than the time available for the manifestation of strength in real sport movements. Thus the rate of force development, rather than the absolute force itself, is the crucial factor in a successful athletic performance. The relative contributions of the maximal force and the rate of force development depend on the level of athletic performance. The higher the performance, the shorter the time available for force production and thus the greater the importance of the rate of force development. The ability to produce maximal forces in minimal time is called explosive strength. Strong people do not necessarily posses explosive strength.

Movement velocity influences the magnitude of the force that can be produced; the higher the velocity, the smaller the force (parametric relationship). Thus the lower the movement velocity and, consequently, the greater the force values produced during the natural athletic movement, the greater the contribution of Fmm (and also of heavy resistance training) toward athletic performance.

Direction of movement (i.e., whether the muscle is shortening or lengthening during a motion) is a matter of primary importance. The highest forces are generated during eccentric muscle action as well as during reversible muscle action, when the muscle is forcibly stretched and then permitted to shorten. Such a stretch-shortening cycle is an innate part of many athletic movements. The magnitude of the force produced during the stretch-shortening muscle action, as well as the magnitude of the stored and recoiled potential energy of deformation, depends upon both the elastic properties of muscles and tendons and the neural control of muscle activity. The interplay of two spinal reflexes (stretch reflex and Golgi organ reflex) is considered to be a major factor toward determining neural inflow to the muscle during the stretch-shortening cycle.

Furthermore, the magnitude of the manifested muscle force depends largely upon body posture. For one-joint motions, strength curves are calculated (i.e., the force-angle relationships). Two main factors affecting the force-angle curve are changes in muscle tension forces and changes in force arms. In multijoint body movements, the strongest as well as the weakest (sticking) points exist throughout the whole range of motion at which maximal (minimal) force values are manifested.

