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50° during flight). As a consequence a penalty function was incorporated within the 
optimisation routine to prevent simulations which exceeded anatomical ranges of motion.  
This resulted in a more realistic increase in rotation of 22% and demonstrated the dangers of 
using a simple performance score. 
Simulations at the nine impact locations on the stringbed (Figure 1) showed that the major 
kinematic change with respect to a centre impact simulation was observed in the racket 
rotation about its longitudinal axis relative to the hand and the wrist flexion / extension angle.  
Off-centre impacts on the longitudinal axis of the racket had small effects while impact 
locations above and below the longitudinal axis caused considerable increases in wrist 
extension and flexion, respectively.  In particular during off-centre impacts below the 
longitudinal axis of the racket, the wrist was forced to flex up to 16° more with up to six times 
more wrist extension torque when compared to a centre impact simulation.   
 
CONCLUSION: The importance of developing a subject-specific computer simulation model 
which can be evaluated by comparing simulations with performances has been 
demonstrated.  Optimising performance using a simple performance score may lead to 
unrealistic optimum solutions, as a consequence robustness to timing perturbations and 
anatomical constraints should be taken into account.  Using a subject-specific simulation 
model allows an ideal experiment to be run with one variable being perturbed so that the 
effect of a specific variable can be established.  
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Understanding muscle properties in the context of sports movements is crucial for 
maximizing power output, minimizing the cost of transport, or delaying fatigue. Here, we 
review the three basic properties of skeletal muscles that affect optimal working 
performance: the force-length, the force (power)-velocity, and the time-dependent force 
properties. We demonstrate on two examples (cycling and cross-country skiing) how 
knowledge of muscle properties can help maximize sport performance.  
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INTRODUCTION: The capacity of muscles to produce high amounts of work in a short 
period of time often determines success in sports. It is mechanically speaking the average 
power and, for a muscle, can be determined as the force of the muscle multiplied by its 
speed of shortening, thereby tacitly assuming that the muscle force vector and the 
displacement of the muscle attachment points are collinear. The instantaneous power that 
can be generated by a muscle depends on the muscle’s instantaneous lengths, its speed of 
shortening, and its contractile history.  
The muscle’s optimal length for maximum power output is given by the force-length 
relationship and corresponds to the plateau of this curve (Figure 1). On the molecular level, 
the plateau of the force-length relationship is thought to occur when actin-myosin filament 
overlap is maximal, and thus sarcomere length is optimal (Gordon et al., 1966). When 
stretched beyond the plateau, force decreases because of the loss of overlap between actin 
and myosin filaments and the associated loss of probable cross-bridge interactions (Huxley, 
1957). When shortened below the plateau, myofilament interference, loss of activation, 
internal resistance and other factors are thought to contribute to a muscle’s loss of force. 
 

 
Figure 1:  Sarcomere force-length relationship for frog skeletal muscles. Note the plateau of the 
relationship between 2 - 2.2 μm, which corresponds to maximal overlap of actin and myosin 
filaments in frog muscles. 
 
A muscle’s optimal speed of shortening for maximal instantaneous power output is given by 
the shape of the force-velocity relationship (Hill, 1938) and corresponds, under normal 
circumstances, to about 30-35% of the maximal (unloaded) speed of shortening of a muscle 
(Figure 2). It has been argued in the animal world, that maximal power output is obtained by 
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METHODS: We studied cycling and cross-country skiing in view of existing muscle 
properties and attempted to draw conclusions on optimal performance characteristic in these 
two sports based on muscle mechanical considerations. For cycling, this was achieved using 
a theoretical musculoskeletal model of the lower limb, measurements of cycling performance 
and determination of the lower limbs’ force-length and force-velocity properties for a variety 
of activation levels. 
For cross-country skiing, we measured the oxygen uptake for skiers traveling at 6-33km/h on 
a motor driven treadmill using the one-skate and the two-skate techniques. We then 
compared the cost of transport at given speeds for the one- and two-skate techniques and 
analyzed the forward impulses provided by poles and skis, and evaluated them within the 
frame work of the arms and legs muscular properties. 
 
RESULTS: For cycling, we found that at optimal power output, individual muscle properties 
were not optimal (Yoshihuku & Herzog, 1990; Yoshihuku & Herzog, 1996). Furthermore, we 
demonstrated theoretically that cycling power could be increased by changing the geometry 
of the pedal path and by disengaging the strict 180° offset of the pedals. Most importantly, 
however, we confirmed that the force-length properties of the leg extensor muscles could be 
optimized by adjusting the seat height and that, once adjusted to the optimal height for 
maximal power output, optimum was retained for sub-maximal cycling conditions, because 
the elongation of muscle fibres due to decreased force at sub-maximal efforts was 
compensated for by an activation-dependent shift in the plateau of the force-length 
relationship of the knee extensor muscles (Austin et al., 2010). 
For cross-country skiing, we found that the cost of transport was lower for the two-skate 
technique at very low and very high speeds of skiing, while the cost of transport was lower 
for the one-skate technique at intermediate speeds that would contain the speeds used for a 
typical long-distance race (Figure 4). This surprising, and completely unique result in “four-
legged” locomotion, can be explained with the muscle properties of the arms powering the 
poles and the legs powering the skis. 

Figure 4: Cost of transport as a function of the speed for the one-skate and two-skate 
techniques in cross-country skiing. Note that the cost of transport curves intersect twice (at 
about 9 an about 20km/h) indicating that it is more economic to ski with the two-skate 
technique at very slow (<9km/h) and very high (>20km/h) speeds, while the one-skate 
technique seems to be most economical for intermediate speeds (9-20km/h). 
 
CONCLUSION: Knowing muscle properties for target movements is crucial for optimizing 
power output and work performance in sports. Specifically, proper bike geometry, pedal 
length, and gear ratio, are crucial for maximizing power output in cycling, while proper gait 
selection in cross-country skiing minimizes cost of transport.   
 
 

optimal speed of muscle shortening that is maintained throughout the movement, as for 
example in the incredible performances in frogs’ jumping (Lutz & Rome, 1993). Also, for 
human cyclists, it has been shown in laboratory experiments that the optimal cadence of 
pedaling for maximizing power output corresponds to approximately 120 revolutions per 
minute. It has been thought that this pedaling frequency optimizes power output of the major 
limb extensor muscles which power the pedals during cycling. 
 

 
 
Figure 2: Force-velocity and power-velocity relationship for skeletal muscles. Note that the 
maximal power output occurs at a speed of shortening of approximately 30-35% of the maximal 
speed of shortening obtained in the unloaded muscle. 
 
Finally, power output of a muscle can be enhanced when shortening of a muscle is preceded 
by active stretching. Aside from the benefits of increased force during stretching, the possible 
storage of elastic energy during stretching and the low energetic cost of muscle force during 
stretching, it has been shown that active stretching of muscles results in a long-lasting 
increase in force that has an active and passive component (Herzog & Leonard, 2002), that 
can be utilized during the following shortening contractions (Edman et al., 1982). This so-
called residual force enhancement is increased with increasing stretch magnitude and 
increasing muscle lengths, at least in a first approximation (Figure 3). Therefore, power 
output in sport activities might be enhanced and performance might be maximized by using 
muscles such that they work at lengths close to the plateau of the force-length relationship, 
shorten close to about 1/3 of their unloaded speed of shortening and are preceded by active 
stretches. 
 

 
Figure 3: Force enhancement following active stretching of skeletal muscle increases with 
increasing magnitude of stretch (at least to a first approximation). Note that the steady state 
isometric forces following active stretching of 3, 6, and 9mm are higher than the corresponding 
isometric force for the purely isometric reference contraction. Cat soleus at 35° C  
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The purpose of this paper is to challenge biomechanists to think more about how they 
may assist coaches to enhance the player development pathway (11 – 15 – 18 year old). 
It is imperative we play an integral role in creating the appropriate ‘learning environment’, 
by providing a sound theoretical framework with respect to; task decomposition (practice 
using the appropriate lead-up drills), together with skill and practice variability. 
Biomechanists must also understand how variables change over the development 
pathway if they are to assist coaches structure the optimal learning environment. This 
paper will discuss the above with specific references to a number of sporting activities. 
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INTRODUCTION: Biomechanists together with motor control specialists have a major role to 
perform in the player development pathway.  It is a responsibility that has been neglected by 
many scientists, as there is a paucity of research knowledge on ‘task decomposition’, the 
appropriate use of variability in the ‘learning’ of a new skill and how variables integral to 
success change throughout the developmental pathway.  The purpose of this paper is to 
motivate scientists to address, as far as possible, an integrated approach to these areas. 
The motor learning literature tells us that variability is critical to the effective learning of a new 
skill.  A young athlete must learn to differentiate the feel of the ‘new skill’ from a previously 
learned response if skill is to be developed.  The nervous system of a young athlete is 
continually reconstructing this ‘feel pathway’ during the learning process (Barreiros et al., 
2007; Bartlett et al., 2007; Handford et al., 1997).  Theoretically this requires ‘variability’ to be 
a key component in the learning process. The concept of variability during skill learning is 
poorly understood by coaches, who typically believe that practice is all about reducing 
variability in performance. They have little appreciation for the fact that internal variability 
(e.g. joint angles, velocities and accelerations) is not only evident, but functionally critical to 
the success of the skill through mechanical compensation (Bootsma and van Weiringen, 
1990). This is true even during skilled performances (e.g. tennis forehand – Knudson, 1990).   
Coaches employ task decomposition, as a means of reducing variability in the skill being 
learned (Naylor & Briggs, 1963).  The question that we, as biomechanists, must address is 
whether this task decomposition promotes the performance improvements that coaches’ 
claim. To do this we must first differentiate decomposed skills, performed by elite and novice 
players, from the complete performance (Figure 1).   
 
 Open skills:   Cricket batting 
    Volleyball set and spike  
    
 Closed skills:  Gymnastics skills (outcome-based) 
    Tennis and volleyball serve 

Golf drive 
Figure 1: Classification of skills discussed in task decomposition 
 
The following paper will briefly review the biomechanical implications of task decomposition 
in these sports to better understand its role in skill development.  Furthermore the concept of 
skill development, as a staged process, will be reviewed with specific consideration to the 
tennis serve.  
 




