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Abstract

In this review, we examine the literature in light of the mechanical principles that govern linear
accelerated running. While the scientific literature concerning sprint mechanics is
comprehensive, these principles of fundamental mechanics present some pitfalls which can
(and does) lead to misinterpretations of findings. Various models of sprint mechanics, most of
which build on the spring-mass paradigm, are discussed with reference to both the insight they
provide and their limitations. Although much research confirms that sprinters to some extent
behave like a spring-mass system with regard to gross kinematics (step length, step rate, ground
contact time, lower limb deformation), the laws of motion, supported by empirical evidence,
show that applying the spring-mass model for accelerated running has flaws. It is essential to
appreciate that models are pre-set interpretations of reality; finding that a model describes the
motor behaviour well is not proof of the mechanism behind the model. Recent efforts to relate
sprinting mechanics to metabolic demands are promising, but have the same limitation of being
model based. Further, a large proportion of recent literature focuses on the interaction between
total and horizontal (end-goal) force. We argue that this approach has limitations concerning
fundamental sprinting mechanics. Moreover, power analysis based on isolated end-goal force
is flawed. In closing, some prominent practical concepts and didactics in sprint running are
discussed in light of the mechanical principles presented. Ultimately, whereas the basic
principles of sprinting are relatively simple, the way an athlete manages the mechanical

constraints and opportunities is far more complex.
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Abbreviations

AOD Accumulated oxygen deficit
CoM Centre of mass

Drr Decrease of ratio of forces
Fert% Force effectiveness (%)
GRF Ground reaction force

Kieg Leg stiffness

Pmax Maximum horizontal power
RF Ratio of forces (horizontal over total)
Srv Force-velocity slope

SR Step rate

te Contact time

ta Aerial time

T Time constant (tau)
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Introduction

The mechanics of sprint running have received considerable attention in the scientific literature
over the years. The first specific sprint running studies were published already in the 1920s
(Best and Partridge 1928; Furusawa et al. 1927), and Mero et al. (1992) summarised several
pioneering studies. However, numerous investigations have been undertaken since then, and
advances in technology have allowed scientists to explore fundamental aspects of sprinting
skills more closely. Although the mechanical principles of sprint running are similar to those
of running in general, a major difference is the large acceleration at the start (accelerated
running). This is likely why propulsive forces have received much attention in the literature. In
this review, we examine the literature by using the mechanical principles that govern linear
accelerated running. We feel that elaborating on fundamental mechanics is necessary, because
some of these principles are often ‘taken for granted’ in the research literature, which could
easily lead to misinterpretations of findings. Attempting to keep the content relatively orderly,
we treat a number of issues separately, even though they often are entwined and in some cases
mere ‘different explanations of the same story’. Although the present review is specifically
oriented towards sprint running (i.e., athletics), most of the content is also relevant for e.g., team

sports where brief, linear accelerations frequently occur.

Braking and propulsion — two sides of the same coin

Fundamental aspects of propulsion

At the start of a sprint, i.e., in accelerated running from a standstill, the generation of forward
(horizontal) acceleration is likely the most important performance-determining factor. An
increase in sprinting velocity can only be achieved by upsetting the balance between propulsive
and braking impulses so that the runner gains a surplus of propulsive impulse. Much research

has confirmed this; the best performance is strongly correlated with high mean horizontal forces
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(e.g., Colyer et al. 2018a; Colyer et al. 2018b; Hunter et al. 2005; Kugler and Janshen 2010;
Morin et al. 2012; Morin et al. 2011a; Morin et al. 2015a; Nagahara et al. 2018a; Rabita et al.
2015). This finding by itself is merely a confirmation of a basic law of physics yet it is still
valuable because it forms the basis for further investigation about how this is accomplished and
if there are any mechanical constraints that affect this accomplishment. In many of these studies,
deeper analysis about how propulsive forces are brought about is indeed performed.
Theoretically, for a given mean net horizontal force (i.e., a given offset between braking and
propulsive force), the condition where both braking and propulsive forces are minimised (i.e.,
braking force equals zero and propulsive force equals the propulsion-braking offset) leads to
the best performance, i.e., the shortest time to cover a given distance. Intuitively, this is not
straightforward, which may be a source for misinterpretation of empirical findings. The average
force (or acceleration) determines final speed, not average speed. Since (negative) braking force
precedes the (positive) propulsion force at each ground contact, the resulting force fluctuation
during ground contact will reduce the average speed, with the net force only determining the
change in speed between touchdown and lift-off. Thus, because average speed is the direct
determinant for sprint performance, the horizontal force fluctuation itself reduces performance.
This principle applies to both accelerated running and sprinting at maximum velocity, the only
difference being that in the latter case the propulsion-braking offset equals zero. Indeed, during
the development of a sprint, peak braking forces tend to increase from ~0.2 to ~0.4 times
bodyweight throughout acceleration and corresponding propulsive forces reduce from ~0.6 to
~0.4 (Nagahara et al. 2018a). Other studies by the same group (Colyer et al. 2018a; Colyer et
al. 2018b) show the same tendency.

Wild turkeys seem to have perfected the principle of avoiding braking in accelerated running
(Roberts and Scales 2002). This was also thought to be the case for humans. As far back as

1971, Cavagna et al. (1971) indicated that at the start of a sprint run, all energy at the onset (at
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low speed) originated from muscle work that was directly converted into motion of centre of
mass (CoM). This finding has been refuted, at least as a general principle, by Johnson and
Buckley (2001) and Debaere et al. (2013a) who found clear periods of work absorption at hip
and ankle, followed by work production during the first contact period. This is supported by
other studies (e.g., Bezodis et al. 2014; Mero 1988; Morin et al. 2015b). Further, unpublished
personal observations on horizontal and vertical velocity development (same data as in Ettema
et al. 2016; Haugen et al. 2018a; Haugen et al. 2018b) suggest that braking occurs very early in

accelerated running.

Braking versus propulsion

While various studies have indicated that both propulsive and braking forces are associated
with performance (e.g., Morin et al. 2015b), these two periods during ground contact have
hardly ever been considered as two sides of the same coin — one technique strategy. That is, an
athlete may attempt to minimise braking, thereby possibly reducing the potential to generate
propulsion in the second phase of the step, the combination of which may still lead to better
performance. We investigated the potential of this strategy by considering empirical step force
data (Bezodis et al. 2008, their figure 2). These data were digitised and velocity and
displacement changes calculated by numerical integration. We then analysed the situation
where braking force was nullified and propulsion force reduced correspondingly to obtain the
same impulse and change of velocity. The advantage of minimising force fluctuations amounted
to just below 1 cm distance covered in the same time for one ground contact period, i.e., about
0.3-0.4 m (or 0.03 - 0.04 s) in a 100-m sprint at an average speed of 10 ms™*. While this may
be a meaningful effect at the elite level, it hardly seems relevant when comparing different
performance levels. When nullifying the braking period but leaving propulsion unchanged, the

gain for a 100-m sprint was only doubled (by law) to about 0.6 - 0.8 m (~0.06 - 0.08 s). These
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calculations were done on one data set from high-level sprinters (Bezodis et al. 2008) and
should thus only be considered as indicative of the approximate gain that could be obtained.
The speed reduction based on the original data was about 0.13 ms™*, which is in agreement with
the classic study by Fenn (1930), suggesting a reduction between 0.13 and 0.24 m-s™* when
running at maximum velocity.

In the preceding theoretical analysis, neither the potentiating effect of associated eccentric
contraction during braking on subsequent concentric contraction period during propulsion, i.e.,
in a stretch-shortening contraction (e.g., Cavagna et al. 1968; Edman et al. 1978; Ettema et al.
1990; Walshe et al. 1998), nor the attainment of high active state at onset of propulsion (Bobbert
et al. 1996; Walshe et al. 1998) were considered. These and other possible technical aspects in
sprinting may outweigh the relatively small mechanical downside of braking-propulsion
fluctuation described above. Further, even for a passive, solid body, ground impact leads to
braking and propulsive forces (e.g., Cross 2002). It is therefore not surprising that this is also
the case for athletes (Bezodis et al. 2008; Colyer et al. 2018a; Colyer et al. 2018b; Hunter et al.
2005; Kugler and Janshen 2010; Nagahara et al. 2018a; Nagahara et al. 2018b; Rabita et al.
2015). In our opinion, it is not possible through empirical studies to resolve which of the
abovementioned mechanisms and strategies prevail in sprinting. Still, some empirical findings
indicate the importance of attenuating braking and enhancing propulsion. Morin et al. (2015b)
found that sprint performance in elite level sprinters (100-m: 9.95-10.60 s) was more related to
being able to generate propulsion forces and much less to minimising braking. On the other
hand, Colyer et al. (2018a) found in intermediate sprinters (100-m: 10.88-11.96 s) that
minimising braking when approaching maximum sprinting velocity was a major contributing
factor. The comparison of these findings may indicate that, as a group, the best sprinters excel
in suppressing braking as one aspect of good technique, a factor that is therefore not

discriminating at this level.
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As mentioned earlier, the braking-propulsion sequence is associated with the stretch-shortening
contraction at the muscular level. The mechanism of storage and release of elastic energy that
goes hand-in-hand with such muscular behaviour likely occurs during sprinting, particularly at
maximal velocity. However, the idea that stretch-shortening contractions emerge as a strategy
because of this mechanism is flawed (e.g., Lai et al. 2014). The storage and release mechanism
always entails some loss of energy, if only because of viscous properties of tendons. Thus, if
one were able to avoid braking, i.e., maintaining the body’s kinetic energy, this would be a
better strategy to ‘save’ energy Via elastic absorption (Ettema 2001). Of course, if braking is to
occur, storing most of the energy that is lost as kinetic energy elastically and reutilising it in
propulsion is beneficial. This issue is discussed further in the “storage and release of elastic

energy” section.

Spring-mass paradigm: leg stiffness

Even though horizontal force seems to be the obvious dynamic component to focus on in sprint
running, the vertical force component is essential to elevate (in accelerated running) or maintain
height of (at maximal velocity) CoM. The value of the mean vertical force during ground

contact is given by the action of gravitation and equals:
F, = F, "2 (Weyand et al. 2000),

where Fy is mean vertical force, Fq is gravitational force, teycle is cycle time and tc is contact
time. Note that this is a constraint dictated by Newton’s laws of motion, not an empirical
finding. In other words, it is not necessary to investigate effects of mean vertical forces with
regard to performance because they are directly linked to relative contact time. However, the
force profile, including peak forces, may give indications about the technical strategy that is
applied in sprint running. Unlike in the horizontal direction, a vertical braking phase (impact)

is unavoidable, which must be followed by a vertical propulsion phase. The force profile is
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often linked to kinematic changes of the lower limb, expressed as vertical and leg stiffness,
being the ratio of peak force and vertical CoM displacement or leg length change during ground
contact, respectively (Farley and Gonzalez 1996; Morin et al. 2005; Taylor and Beneke 2012).
Here, we discuss leg stiffness and the related spring-mass paradigm for the vertical movement,
but it also applies to the horizontal brake-propulsion dynamics. The difference between leg
stiffness and vertical stiffness essentially lies in the contribution of leg rotation over the stance
foot in vertical stiffness (although equations may suggest the opposite). That is, leg stiffness is
more closely related to spring-like behaviour of the lower limb and its joints than vertical
stiffness; vertical stiffness is the hardest variable to interpret whereas leg stiffness is likely the
variable most associated with storage and release of elastic energy. For that reason, here we
consider only leg stiffness.

Leg stiffness is an outcome of running technique and can be adapted through muscle action.
Even though leg stiffness often is described as an outcome of contact time, the opposite must
be the case. However, ground contact time is often used to calculate stiffness (e.g., Morin et al.
2006; Taylor and Beneke 2012). The stiffer an object is, or an athlete behaves, the shorter
ground contact will be. (This seems advantageous with regard to horizontal propulsion, which
should be as acute as possible in sprint running.) The current use of leg stiffness (kieg) has an
important limitation with regard to mathematical interdependence of the variables. Most studies
seem to use the same algorithm based on assumptions of how people run (spring-mass
paradigm), presented by e.g., McMahon and Cheng (1990) and Farley and Gonzalez (1996),

and further developed by Morin et al. (2005) as:

Fmax
kleg = TAL 1)
Fnax = mg%(i_‘z + 1) (2)
2
AL =1— /LZ—(%C) +Ay ()
Y
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L (2 )

m A
where tc is contact time, ta is aerial time, m is body mass, Fmax IS maximum ground reaction
force (GRF), L is leg length, v is running velocity and g is gravitational acceleration. Without
deliberating further about the equations and the validity of the assumptions these are based on,
it becomes clear that, unless all variables are measured independently, leg stiffness is merely
another way of presenting how people run with regard to gross kinematics (contact time and
aerial time) and a few anthropometrical parameters. Morin et al. (2005) validated this model by
comparing the model force profile against measured force profiles on highly trained middle-
distance runners (no 100-m personal best reported, but given the maximum velocity obtained
in the study, we estimate this to be slightly above 11 s). The model may not be valid because
athletes, and specialists to the highest degree, use an asymmetrical pattern of force application
to maximize GRFs and attain faster speeds (Clark and Weyand 2014). At maximal velocity,
specialist sprinters may technically move differently from non-specialists, particularly with
regard to mimicking spring-mass behaviour. It is worth noting that in Morin et al. (2005) the
actual leg length change profile during ground contact was not tested against the model’s
profile. The spring-mass model and the mathematical approaches to find stiffness values are
useful for furthering our understanding of the mechanics of (sprint) running. However, we warn
against the notion that the model is considered the analysis ‘benchmark’. We argue even
stronger that extreme care should be taken when applying such models in practice, particularly
if based only on kinematic data. Nagahara and associates (Colyer et al. 2018a; Colyer et al.
2018b; Nagahara et al. 2018a) are the first to collect force data from start to about 50 m in a
sprint. Such data in combination with detailed kinematics are needed to validate the spring-
mass model in accelerated running.

With our theoretical analysis of leg stiffness in mind, we considered some of the literature using
this method. Taylor and Beneke (2012) analysed the kinematic data of 100-m sprints of the

10
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three best sprinters of their era during the 2009 World Championship. The absolute best 100-
200 m sprinter (ever) demonstrated the lowest stiffness, while the second best demonstrated the
highest. In other words, at the highest level, results are inconclusive. When these data are
compared with other studies on elite sprinters, non-specialists (100-m best time estimated 11-
14+ s) and middle-distance runners (Monte et al. 2017; Morin et al. 2005; Morin et al. 2006;
Nagahara et al. 2018b), leg stiffness in the world’s best is considerably higher (21-31 vs. 10-18
kNm), which is in agreement with the hypothesis that high stiffness is associated with good
performance. However, no clear tendency is present from elite to non-specialist. Moreover,
Morin et al. (2006) found that leg stiffness was not reduced after performance-deteriorating
fatigue. In all, comparisons between these studies suggest that the world’s best sprint by
adopting a technique marked by a clearly higher leg stiffness value. Even though the ecological
validity of the model can be questioned, especially for the world’s best, the numbers are in any
case an expression of kinematic characteristics, particularly contact time.

Little is known about the development of leg stiffness during the acceleration phase. For non-
specialists, leg stiffness does not change during the progression of a 100-m sprint from about
20-30 m, when running speed increase flattens out (Morin et al. 2006). We calculated leg
stiffness for our own data (national level sprinters) (Ettema et al. 2016; Haugen et al. 2018a;
Haugen et al. 2018b) on a part of the acceleration phase according to (Taylor and Beneke 2012).
The results showed stiffness values (~14 kN m™) that were in accordance with other studies
(Monte et al. 2017; Morin et al. 2005; Morin et al. 2006) and varied little from the second step
(the first being first ground contact out of the starting block). Taken together, these data suggest
that leg stiffness remains relatively unchanged during a 100-m sprint, independent of the phase
(acceleration or maximal velocity).

If we consider the origin of the findings regarding leg stiffness, that is, the interdependence of

leg stiffness and contact time (and aerial time) (egs 1-4), the finding of constant stiffness is of

11
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interest as both temporal variables change during accelerated running, in opposite direction
(Coh et al. 2006; Debaere et al. 2013a; Nagahara et al. 2014a; Nagahara et al. 2014b; Rabita et
al. 2015). In that sense, presenting spatio-temporal characteristics in the form of leg stiffness

(except for the very first step) may describe the same mechanism that is shown by more or less

1
tettyg

unchanged step rate, SR = (ta is aerial time), during the development of a sprint.

Storage and release of elastic energy — the other side of the spring-mass coin

The notion of storage and reutilisation of elastic energy in running as an energy ‘saving’ and
beneficial mechanism is widely accepted in the literature. We do not rebut this idea in general,
but present some critical notes with regard to its usefulness for, as well as empirical evidence
in, sprinting. Ample evidence exists that in steady speed running the lower extremity ‘at face
value’ behaves as a spring (see previous section). Whether this behaviour is truly associated
with a physical spring mechanism is actually far less (Latash and Zatsiorsky 1993; Morin et al.
2005). Even though some studies on spring-mass models, stiffness and spring-like behaviour
warn against this simplification, it may easily be overlooked. The spring mechanism is thought
to originate in muscle-tendon units that undergo stretch-shortening cycles, the ideal being the
‘concerted’ contraction, in which all length change is residing in the tendons and the contractile
machinery is acting isometrically as a pure force generator (see Hof et al. 2002). Little direct
evidence is available that contractions resembling the concerted mode actually occur during
running. Still, through the combination of empirical data and model calculations it seems
reasonable to assume that humans, like various other (Biewener et al. 2004; Griffiths 1989;
Roberts et al. 1997), are well capable of exploiting this strategy for (re)utilising energy fairly
effectively (e.g., Hof et al. 2002; Lai et al. 2014; Lichtwark and Wilson 2007). Thus, the spring-

like behaviour of the leg in running is most likely linked to the meaningful use of an actual

12
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spring (read “tendon”). Evidence for accelerated running and maximal velocity sprinting is
actually quite sparse (e.g., Lai et al. 2016).

As discussed, storage and release of elastic energy takes time, hence it is associated with
braking and delayed propulsion. If stiffness of a spring-mass system is increased, its bouncing
behaviour will show decreased deformation, unchanged peak force, shorter contact time and
less storage and release of elastic energy. This can be easily verified by using Blickhan’s model
(Blickhan 1989). However, while the world’s very best seem to sprint with higher leg stiffness,
they also, admittedly based on kinematic analysis with a chance for large error (Taylor and
Beneke 2012), seem to generate clearly higher peak ground forces (about 4 times body weight)
than found in other studies, which is in agreement with Clark and Weyand (2014). If they only
develop higher leg stiffness, these higher forces should not be expected. At the risk of taking
the abstraction of the spring-mass paradigm one step further away from real mechanisms, to

compare studies with regard to energy storage and release, we estimated the amount of energy

2
gAL

involved using E = kleT if only to obtain an approximate comparison. The findings are

inconclusive: where the non-specialists (Morin et al. 2006) compare well with the world’s best
(~2.2 - 2.7 I kg}) (Taylor and Beneke 2012), the elite and intermediate sprinters (Monte et al.
2017) store and reutilise more energy (~3.5 J kg™). For the best sprinter ever, we estimated this
value to be ~3.3 J kg. For the sake of being clear, these data merely indicate how athletes
compare in ‘spring-mass-like behaviour’ as observed from the outside (and here in the energy
dimension). The validity of the model with regard to the importance of true storage and release
of elastic energy in series-elastic structures (tendons) is still open for debate. We do not argue
against that energy is stored and released in tendons during sprinting. However, the argument
that because this occurs it is a key element for good performance is flawed. Humans have

tendons that stretch under load, not rigid wires that connect muscle to bone. Re-utilisation of

13
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stored energy may just as well be a solution to minimise the downside of a ‘side effect’ of

having elastic connectors, rather than a strategy for sprinting performance.

Power

In accelerated running, skeletal muscle must contribute significantly in doing work because the
mechanical kinetic energy of CoM is to be increased. Thus, a pure elastic function, like in
concerted contractions (Hof et al. 2002), is not possible as a general principle; some major
muscles must produce work in concentric contraction. In maximal velocity sprinting, the use of
elastic energy most likely occurs because of the braking phase during landing, irrespective of
the direction of CoM velocity reduction, as well as to do work against drag. If the spring-mass
paradigm were to be verified by identifying spring mechanisms (not just behaviour), it cannot
be the only mechanism of relevance in accelerated running and maximal velocity sprinting.
Samozino et al. (2016), provide a good basis for the magnitude of power that needs to be
generated in sprinting. They based their calculations on a mono-exponential development of
speed during 100-m sprint, a well-validated function (Chelly and Denis 2001; di Prampero et
al. 2005; Ettema et al. 2016; Furusawa et al. 1927; Morin et al. 2006). Using this method on
world-level performance, peak power easily exceeds 2000 W in men (up to 2500 W) and about
half in women (Slawinski et al. 2017). During maximal velocity sprinting, power against drag
amounts to ~300 W (based on Samozino et al. (2016) — using 10 ms™* maximum velocity).
Given that some power will be lost due to segment movements relative to CoM, which are not
included in the abovementioned values, total muscle mechanical power is likely higher.

We can compare these values with the (approximate) value for ‘elastic’ energy storage and
release of 3 J kg presented in the previous section by multiplying this with a typical step
frequency of 4.5 Hz (e.g., Graubner and Nixdorf 2011; Nagahara et al. 2018b; Rabita et al.

2015). For an 80-kg athlete, this gives a value of ~1000 W. Thus, once again, if the spring-mass

14
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model reflects true spring mechanisms, this gross analysis indicates that both power production
and the storage and reutilisation of elastic power are significant mechanisms in sprinting, the
former most prominent during acceleration, the latter at maximal velocity sprinting.

Based on a large sample of sprinting athletes, Haugen et al. (2019) reported very large
correlations between maximum horizontal power output (Pmax) and sprint performance; the
shorter the sprint distance, the higher the association was with Pmax. However, the strength of
this relationship diminishes in homogenous subsets of elite sprinters (Slawinski et al. 2017).
The relationship between sprint improvement and power increase is not linear, but exponential
(Seiler et al. 2007). Sprint time differences are accompanied by a threefold difference in power
output (Haugen et al. 2019; Kristensen et al. 2006). Haugen et al. (2019) reported step-averaged
Pmax Values in the range 13-25 and 11-21 W-kg™ for men and women, respectively, based on
sprint tests of 666 elite athletes from 23 different sports. Slawinski et al. (2017) reported that
Pmax in male and female world-class sprinters was 30.3 + 2.5 and 24.5 + 4.2 W-kg?,
respectively, typically attained after ~1 s of sprinting. The highest individual values were 36.1

W-kg?t and 29.3 W-kg™, representing current upper limits in humans (Haugen et al. 2018c).

Metabolic demands

Sprint running relies heavily on anaerobic metabolism. During a single 6-s sprint, the relative
energy system contributions from stored ATP, stored phosphocreatine, anaerobic glycolysis
and aerobic processes are reported to be ~ 6, 46, 40 and 8%, respectively (Girard et al. 2011).
Logically, the aerobic contribution of ATP resynthesis increases with increasing sprint duration.
On the basis of accumulated oxygen deficit (AOD) measures, the relative anaerobic energy
system contribution is estimated to be about 80% for 100-m, 70% for 200-m and 60% for 400-
m runs (Duffield et al. 2004, 2005; Nummela and Rusko 1995; Spencer and Gastin 2001;

Zouhal et al. 2010). However, the AOD method has clear limitations for estimation of metabolic

15
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power during brief and intense exercise (Gastin 2001). Estimates based on lactate measures and
mathematical modelling display higher anaerobic energy contribution during sprinting
compared to AOD measures (Duffield et al. 2004). Although instantaneous energy delivery is
mainly anaerobic in sprinting, still 80-95% of peak oxygen uptake is obtained during a 400-m
run (Duffield et al. 2005; Hanon et al. 2010; Nummela and Rusko 1995) and reached after ~25
s, i.e., ~200 m (Hanon et al. 2010). Possibly due to the same challenges, no relationship is found
between sprint performance and blood lactate values (3-7 minutes) after 100-m sprinting
(Hautier et al. 1994; Hirvonen et al. 1987), typically being 8-10 mmol-1* (Duffield et al. 2004;
Hautier et al. 1994; Hirvonen et al. 1987). However, significant relationships between 200 and
400-m sprint performance and physiological variables, such as AOD (Dal Pupo et al. 2013;
Weyand et al. 1993; Weyand et al. 1994), blood lactate level (Lacour et al. 1990; Nummela et
al. 1992; Weyand et al. 1994) and plasma enzyme activity (Ohkuwa et al. 1984) have been
reported.

Another approach has been developed by considering cost of force production in sprinting and
mechanical equivalents in uphill and downhill steady speed running (di Prampero et al. 2005).
For the latter, physiological steady state can be achieved and a metabolic cost can be estimated.
Thus, this approach avoids the inherent challenge of the physiological non-steady state in
sprinting. In the model, any acceleration corresponds to a particular slope (di Prampero et al.
2005). Based on this approach, metabolic power over the first 30-m of Usain Bolt’s 100-m
world record race was estimated to 104 (mean) and 199 (peak) W-kg™!. Corresponding values
for intermediate sprinters (100-m personal best 11.30 +0.35 s) were 44 and 92 W-kg™! (di
Prampero et al. 2015). Beneke and Taylor (2010) made estimates on world-level sprint
performance based on the same principles, but reached different peak values. Hoogkamer et al.
(2014) approached this issue in more detail by taking into account several identifiable energy

cost components. Even this more detailed approach relies on assumptions about efficiency of
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doing muscle work, which the model outcome is quite sensitive for. Thus, as Hoogkamer et al.
(2014) explicitly point out as well, at present, these types of approaches should aim at
understanding general principles rather than at coming to exact estimates of metabolic cost in

sprinting.

Horizontal and vertical combined: one action

Decomposition of one force

The horizontal component of propulsive force is often referred to as ‘effective force’, because
only this component leads to acceleration in the horizontal (end-goal) direction. The rationale
seems logical, because one differentiates between total force production and one component
that, likely through technique, can be maximised. The use of this term, however, is misleading
because it implicitly suggests that the perpendicular, vertical component is ‘ineffective’ and
should be minimised. It may be obvious that without any (or with low) vertical GRF, an athlete
would not be able to keep upright, let alone sprint. We do not suggest that authors using this
term mean to state that vertical force is a ‘waste’, but expressing effective force in percentage
of total GRF (Morin et al. 2011a) can easily be misinterpreted to mean that any vertical force
component could be avoided. Adding to the argument, the expression as a percentage (Fef%)
suggests that the other component of GRF equals 100-Fef%, which obviously is incorrect. In
fact, the expression is simply the cosine of the angle between total GRF and the horizontal, and
thus merely indicates the direction of the GRF vector. There is nothing wrong with this kind of
information, but it bears an unfortunate ‘label’. The use of ‘ratio of forces’ (RF) (e.g., Morin et
al. 2011a) is more appropriate. Force effectiveness and RF have been introduced in sprint
running as an analogy to the analysis of perpendicular crank force in cycling (see e.g., Samozino
et al. 2016). However, in cycling, although hardly avoidable, a force component in line with

the crank arm (i.e., not contributing to crank moment) is not a mechanical requirement. In
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running, the perpendicular component is required, and thus, RF (or force direction) must be

interpreted differently than in cycling.

Work analysis in force decomposition

The approach described above is increasingly problematic when considering work that must be
done by the athlete. A proper naming of GRF components in a propulsion action is by the
definition of work (W), i.e., the dot product of force (F) and associated displacement (d) of
CoM: W = ||F|| - ||d||cosB, 6 being the angle between the force and displacement vectors. The
size of the ‘effective’ component of the GRF equals ||F||cos8, i.e., the force component in the
direction of movement of CoM. In accelerated running, CoM moves obliquely forward-upward,
as does the propulsive component. Any component perpendicular to this movement direction
is associated with change of that direction (as in centripetal force). If such a component exists,
CoM’s movement will be curvilinear. If this is beneficial for sprinting performance or if such
a component is to be regarded as ‘waste’, and if so, if it IS a necessary investment, are central
questions that cannot be answered by only considering force components in the end-goal
direction. Work is a scalar; it may be associated with movement in a particular direction
(vector), but it has no direction itself. This distinction is essential for understanding that work
done in a vertical movement may be (re)utilised in horizontal movement.

This issue is best exemplified by considering a perfect circular motion of an object at constant
speed, driven by a centripetal force (Fig. 1). When analysing this situation, one will find that
the product of centripetal force- and displacement components in ‘end-goal’ direction will lead
to the correct amount of ‘quasi work’ done. That is, it equals the increase in Kkinetic energy
associated with motion in end-goal direction. Apparently, energy has been ‘transferred’ from
the original state to the end-state with a redirected velocity vector. Thus, work seems to be

associated with the centripetal force, which by definition is not possible. The solution to this
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paradox is that when incorporating the same product for force - and displacement components
orthogonal to the end-goal direction, the same but negative ‘work’ is obtained. The centripetal
force’s only action is changing the velocity vector’s direction, while the Kinetic energy
associated with this vector is maintained. Mathematically this is represented as instantaneous
increase in Kinetic energy associated with end-goal direction motion and an identical reduction
of energy associated with starting direction of motion. Both amounts are truly ‘fictive work’;
they appear mathematically, but no real work is done. Consequently, decomposing forces into
components in the end-goal direction (positive power) and perpendicular to it (negative power)
leads to the correct outcome if all dimensions are included in the analysis. However, analysing
only one (end-goal directed) dimension, and ignoring the orthogonal one(s), may lead to
erroneous findings about the work done by end-goal directed ‘propulsive’ forces. We refer to
e.g., van Ingen Schenau and Cavanagh (1990) and Donelan et al. (2002) for a detailed
description of analysis.

Approaches calculating power directly from horizontal forces and horizontal velocity (e.g.,
Morin et al. 2011a), not accounting for CoM movement direction, only provide information
about propulsion outcome, not about instantaneous power, i.e., where and when power that
leads to propulsion is generated. As long as only mean power over a whole movement cycle is
considered (e.g., Samozino et al. 2016; Slawinski et al. 2017), the outcome is valid because
mean power associated with vertical movement (perpendicular to propulsion) will be zero.
However, such approaches may give misleading results regarding power delivered by the
athlete through GRF and will not provide insight into the mechanisms leading to power
generation and end-goal directed motion. This issue on dynamics analysis is not restricted to
sprint running. Interesting parallels can be found in speed skating, cross-country ski-skating
(both entailing zig-zag motion of CoM in the horizontal plane) and ski poling (Gopfert et al.

2016; Smith 1992; Stoggl and Holmberg 2016).
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Force direction: technique or strength capacity?
Having emphasised the mechanical importance of the vertical component of GRF in sprinting,
ultimately, only the horizontal component leads to acceleration (and maintenance of speed) in

the horizontal direction, and, therefore, should be as large as possible. Given the vertical

component being equal to E, =thci—“e, the direction of the total GRF equals a =

c

t
F cycle
asin < Z Ftc ) Fn being horizontal force. If we assume that the GRF should be directed through
h

(or close to) the CoM, the line between CoM and ground contact point (of push-off) should
have approximately the same angle. The typical start position allows for making o as small as
possible (e.g., Morin et al. 2011a; Morin et al. 2011b; Samozino et al. 2016). The angle
increases during accelerated running and approaches 90° (RF=0) at maximum sprint velocity,
and is linearly dependent on velocity (Samozino et al. 2016). Similar results can be deduced
from (Haugen et al. 2018a) and (Ettema et al. 2016), showing that touchdown and lift-off angles
gradually increase throughout the acceleration phase. That is, the sprinter’s support area shifts
forward relative to CoM with increasing sprint velocity. When assuming start position,
sprinting athletes typically lower their CoM ~20 cm (compared to upright position), which is
accomplished by a combination of lowering the hips (i.e., bending the knees) and leaning the
upper body forward (Haugen et al. 2018a; Nagahara et al. 2014b; Otsuka et al. 2016; Slawinski
et al. 2010). Competitive sprinters are able to sprint with their CoM in front of the support area
during the 3-4 initial steps (Haugen et al. 2018a; Mero et al. 1983). However, given the muscle
force-velocity characteristics in motion, the upper body must gradually be moved upright
because one is simply not strong enough to generate the same required forces at high speed.

Haugen et al. (2018a) reported that trunk angle (relative to the horizontal) in well-trained
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sprinters increased from 36 +7 (first step) to 84 +3° (maximum velocity) throughout
acceleration, and (Nagahara et al. 2014b) observed a similar development.

Generating a larger horizontal force cannot be obtained by simply changing the direction of a
given total GRF (in conjunction with changing body angling, i.e., CoM-support line). On the
contrary, it can only be obtained by a combination of a larger horizontal force and upholding at
least the same vertical component. Thus, the total GRF must increase. Once more, as a sprint
develops and speed increases, given the force-velocity characteristics in motion, this will be
even harder. We do not suggest that technical ability does not play a role, but we disagree with
the notion that RF and its decrease during accelerated running (Drr) describes a pure technical
ability in which a small absolute Drr value, i.e., small decline of RF over velocity, relates to
good performance (Morin et al. 2011a; Samozino et al. 2016). In the abovementioned, recently
developed models, possibly most completely described by Samozino et al. (2016), running
speed is assumed to develop according to a mono-exponential function given a time constant,
1. Thus, t is a measure of acceleration capability independent of the maximum velocity. As
mentioned earlier, the general validity of this model is well established. In the model, Drr is
the outcome of the combination of maximum velocity and t. In other words, Drr is a different
way of looking at performance outcome and does not discriminate between capacity and
technical ability. The relationship between Drr and performance depends on which parameter
—acceleration capability (t) or maximum velocity — that is affected in the description of athletic
capacity and performance. If t is improved, absolute Drr is increased; if maximum sprint
velocity is improved, the opposite occurs. The extremely high correlation (r=0.99, n=666)
found between Dgrr and the slope of the constructed force-velocity development during
sprinting (Srv) for athletes in a wide range of sports (Haugen et al. 2019) points in the same
direction of strong mathematical interdependence of these variables because they are model

outcomes from the same measurement data.
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On a sprint track, using spikes, one may assume that horizontal friction is not a delimiting
factor. The placement of the CoM far in front of the push-off area (feet at ground contact) allows
for a large horizontal force component while the total force is directed towards CoM. The ability
to keep the body in this angled position depends on forces the athlete is able to generate, not
vice versa. Interestingly, kinematic data from Ettema et al. (2016), their S1 — supporting
information file, suggest an average Dgr value of -0.048 (% sm™) for national level sprinters,
which is very close to the lowest absolute value reported by Morin et al. (2011a) on non-
specialists (-0.051). These data indicate that t is correlated with performance when comparing
athletes (Morin et al. 2011a) and effect of fatigue (Morin et al. 2011b), which suggests that in
practice the impact of maximum velocity supersedes that of acceleration capability. In the data
by Ettema et al. (2016) © shows no relationship with performance at all (r=0.06, n=24). The
latter may be caused by the rather homogeneous performance level in the group of participants,
but not by a lack of differences between athletes regarding Drr (range -0.039 to -0.062). In
conclusion on Drr and related mechanisms, in light of the above-presented model, it is not
possible to alter Drr given the performance capacity of a sprinter as expressed in t and
maximum velocity. Of course, the model is nothing more than that, a model, even if it describes

velocity development during sprinting very well.

Translation to practice — directly observable variables

Spatiotemporal variables

The world’s fastest male and female track sprinters reach maximum velocities of ~12 and ~11
m-s*, respectively (Graubner and Nixdorf 2011; Slawinski et al. 2017). The duration of the
acceleration period is well documented and varies as a function of athlete performance level.
International and national 100-m track sprinters achieve maximum velocity after 50-80 and 40-

50 m of sprinting, respectively (Arsac and Locatelli 2002; Bae et al. 2011; Debaere et al. 2013b;
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Graubner and Nixdorf 2011; Nagahara et al. 2014a; Nagahara et al. 2014b; Taylor and Beneke
2012), and men peak at ~20% further in distance than women (Debaere et al. 2013b; Graubner
and Nixdorf 2011; Slawinski et al. 2017). In contrast, non-specialists typically achieve
maximum velocity at ~30 m of linear accelerated running (Babi¢ et al. 2011; Chatzilazaridis et
al. 2012; Haugen et al. 2012, 2013).

Sprint speed is a product of step length and step rate. Step length development follows a
hyperbolic pattern, similar to velocity, with steep increases in the early acceleration phase (Bae
et al. 2011; Chatzilazaridis et al. 2012; Coh et al. 2006; Graubner and Nixdorf2011; Haugen et
al. 2018a; Hay 2002; Nagahara et al. 2014a; Nagahara et al. 2014b), stabilising at the time of
maximum velocity (Chatzilazaridis et al. 2012; Debaere et al. 2013b; Nagahara et al. 2014a;
Nagahara et al. 2014b). Step length at the end of the acceleration phase in male and female
world-class sprinters is in the range 2.3-2.8 m and 2.05-2.3 m, respectively, while
corresponding values for step rates are in the range 4.5-5.0 Hz for both men and women
(Graubner and Nixdorf 2011; Rabita et al. 2015). Men have longer absolute step lengths than
women, but these differences diminish or reduce considerably when normalised for body height
(Debaere et al. 2013b). There is a large inter-subject variability regarding when maximum step
rate is achieved (Bae et al. 2011; Chatzilazaridis et al. 2012; Coh et al. 2001; Debaere et al.
2013b; Graubner and Nixdorf 2011; Nagahara et al. 2014a; Nagahara et al. 2014b; Nummela
et al. 2007), but step rate exceeds 90% of the rates attained at maximum velocity for most
athletes already by the first step (Debaere et al. 2013b; Haugen et al. 2018a; Nagahara et al.
2014a; Nagahara et al. 2014b).

Several studies have shown that step length remains stable over time in well-trained sprinters,
and individual performance-changes across competitions, trials or between training and
competition are mainly regulated by step rate (Bezodis et al. 2018; Haugen et al. 2018a; Hunter

et al. 2004a; Otsuka et al. 2016). Anecdotally, the classic Ben Johnson steroid abuse case has
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gained considerable attention among practitioners over the years. Visual inspections of
television recordings reveal that his 0.65-s improvement over 100-m sprint, from 10.44 s in
1983 (World Championships in Helsinki) to 9.79 s in 1988 (Olympic Games in Seoul), was
caused exclusively by increased step rate as he used 46.5 steps over the distance in both of these
competitions. Overall, step rate seems to be the speed modulator in well-trained sprinters at an
intra-individual level. However, differences in step length between fast and intermediate
sprinters are more pronounced than differences in step rate (Babi¢ et al. 2011; Brughelli et al.
2011; Hay 2002; Korhonen et al. 2009). Contact time in well-trained sprinters reduces gradually
from 0.15-0.20 s in the first step to nearly half at the time of maximum velocity, whereas aerial
time increases gradually throughout acceleration (Coh et al. 2006; Debaere et al. 2013b; Ettema
et al. 2016; Haugen et al. 2018a; Nagahara et al. 2014a; Nagahara et al. 2014b; Rabita et al.
2015). Faster athletes achieve shorter ground contact times during sprinting, without significant
differences in aerial time, compared to slower athletes (Chatzilazaridis et al. 2012; Coh et al.
2001; Lockie et al. 2013; Murphy et al. 2003; Otsuka et al. 2016). Because contact time is
strongly associated with step rate, it is not surprising that changes in individual sprint
performance across trials are accompanied by changes in contact time, at least when
approaching maximum velocity (Haugen et al. 2018a). Indeed, contact time is without any
overlap the lowest (<0.1 s) in the world’s best (Taylor and Beneke 2012) and higher in all other
studies used here (> 0.1 s). In all, the above suggests that sprint conditioning in most well-

trained senior sprinters should be targeted to enhance step rate.

Link to coaching philosophies
These main characteristics of sprinting can be summarised as follows: to sprint fast, for starters,
one needs to be able to generate large strides (step length), which requires strength. Using this

principal ability, generating a high step rate will lead to further development of performance.
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Moving the swing leg forward quickly allows for a rapid preparation for the next propulsion.
Moreover, such strong forward movement of the swing leg (while the contralateral leg has
ground contact) contributes to propulsion, similar to arm swing in jumping, a mechanism that
has been overlooked in most sprint literature. The kinematics of the swing leg action should be
executed purposefully so that during initial ground contact, braking forces are kept low and
forceful propulsion may occur as quickly as possible. Logically, this leads to low contact times
as an outcome, not as an aim by itself. These principles are described in different educational
terms in practice. The focus on what happens at the front of the body’s midline, referred to as
‘front-side mechanics’ (Mann and Murphy 2015), reflects the notion of bringing the swing leg
forward quickly. This philosophy should not be mistaken as saying that what happens at the
‘back-side’ is of no importance. After all, the propulsive push-off happens at the ‘back-side’.
Indeed, recent observations by Haugen et al. (2018a) do not support the notion that variables
related to the ‘front-side’ are better performance predictors than spatiotemporal variables and
variables related to segment configurations and - velocities at touchdown. This suggests that
although the ‘front-side mechanics’ philosophy can be defended with sound mechanics, the
kinematics that are focused on may be of educational value rather than an end-goal. However,
on a critical note, the notion that since the force generated during the very last part of ground
contact is minimal, sprinters could move to the ‘front-side’ earlier by skipping this
‘unproductive’ part (Mann and Murphy 2015) is flawed; at the end of push-off, force is, ‘by
law’, bound to be low and will reach zero at lift-off independent of running technique.

The purposeful landing movement of the swing leg is often referred to as the ‘active touchdown’
and ‘foot speed’ philosophy (Hunter et al. 2004b, 2005). While these terms may seem redundant
or uncommunicative for the scientist, from a didactic perspective they indicate that foot
placement at initial ground contact must be executed consciously and is not a part of the step

cycle that just happens automatically. ‘Foot speed’ refers to the notion that the foot should have
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minimal velocity at ground contact, which from a mechanical perspective seems like an ‘open
door’, but from a didactic point of view ensures that the athlete initiates a movement of the leg
backwards relative to CoM, such that propulsion can be initiated early during ground contact
and braking is minimised. The same applies for the ‘hip extension - knee flexion’ philosophy,
which is the joint kinematics translation of the same principle (see e.g., Mann et al. 1984; Mann
and Sprague 1980). Scientific support for these “hip extension’ or ‘foot speed’ philosophies also
arises from the association between sprint performance and angular kinematics of the stance
thigh (Kunz and Kaufmann 1981; Mann and Herman 1985; Mann and Sprague 1980), hip
extension strength (Guskiewicz et al. 1993) and hip extensor activity (Wiemann and Tidow
1995). Hunter et al. (2005) observed a significant relationship between an ‘active’ touchdown
(low horizontal ankle velocity relative to the ground immediately prior to touchdown) at the
16-m mark and magnitude of braking forces, but did not relate this variable to sprint
performance. Haugen et al. (2018a) observed significant correlations (moderate to large effect
magnitudes) between horizontal ankle velocity relative to CoM and mean step speed during
accelerated running. Inevitably, horizontal ankle velocity relative to CoM during support must
be equal to forward velocity (i.e., performance). Therefore, it would be reasonable to expect a
significant relationship between sprint performance and lower-limb segment velocities

immediately prior to touchdown as well.

Final remarks

We have described sprint running from a mechanics perspective, and critically reviewed (part
of) the literature, highlighting some pitfalls regarding interpretation and consequences for the
practical field. The basic principles of accelerated running are relatively simple, the way an
athlete handles the mechanical constraints and utilises the opportunities is far more complex.

Well established didactic philosophies on the technical execution may at face-value seem
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awkward in the eye of the scientist, but still make sense when analysed keeping ‘translation’ in

mind.

27



©CO~NOOOTA~AWNPE

References

Arsac LM, Locatelli E (2002) Modeling the energetics of 100-m running by using speed curves
of world champions. J Appl Physiol 92 (5):1781-1788

Babi¢ V, Coh M, Dizdar D (2011) Differences in kinematic parameters of athletes of different
running quality. Biol Sport 28 (2):115-121. doi:10.5604/946493

Bae Y-S, Park Y-J, Park J-J, Lee J-S, Chae W-S, Park S-B (2011) Sport Biomechanics Research
Project at IAAF World Championships Daegu 2011. Kor J Sport Biomech 21 (5):503-
510

Beneke R, Taylor MJ (2010) What gives Bolt the edge-A.V. Hill knew it already! J Biomech
43 (11):2241-2243. doi:10.1016/j.jbiomech.2010.04.011

Best CH, Partridge RC (1928) The equation of motion of a runner, exerting a maximal effort.
Proc Roy Soc B 103 (724):218-225. doi:doi:10.1098/rspb.1928.0036

Bezodis IN, Kerwin DG, Cooper SM, Salo AIT (2018) Sprint running performance and
technique changes in athletes during periodized training: an elite training group case
study. Int J Sports Physiol Perform 13 (6):755-762. doi:10.1123/ijspp.2017-0378

Bezodis IN, Kerwin DG, Salo Al (2008) Lower-limb mechanics during the support phase of
maximum-velocity sprint running. Med Sci Sports Exerc 40 (4):707-715.
d0i:10.1249/MSS.0b013e318162d162

Bezodis NE, Salo Al, Trewartha G (2014) Lower limb joint kinetics during the first stance
phase in athletics sprinting: three elite athlete case studies. J Sports Sci 32 (8):738-746.
doi:10.1080/02640414.2013.849000

Biewener AA, McGowan C, Card GM, Baudinette RV (2004) Dynamics of leg muscle function
in tammar wallabies (M. eugenii) during level versus incline hopping. J Exp Biol 207
(Pt 2):211-223

Blickhan R (1989) The spring-mass model for running and hopping. J Biomech 22 (11):1217-
1227. doi:https://doi.org/10.1016/0021-9290(89)90224-8

Bobbert MF, Gerritsen KG, Litjens MC, Van Soest AJ (1996) Why is countermovement jump
height greater than squat jump height? Med Sci Sports Exerc 28 (11):1402-1412

Brughelli M, Cronin J, Chaouachi A (2011) Effects of running velocity on running kinetics and
kinematics. J Strength Cond Res 25 (4):933-939. d0i:10.1519/JSC.0b013e3181c64308

Cavagna GA, Dusman B, Margaria R (1968) Positive work done by a previously stretched
muscle. J Appl Physiol 24 (1):21-32. doi:10.1152/jappl.1968.24.1.21

Cavagna GA, Komarek L, Mazzoleni S (1971) The mechanics of sprint running. J Physiol 217
(3):709-721

Chatzilazaridis I, Panoutsakopoulos V, Papaiakovou GI (2012) Stride characteristics progress
in a 40-m sprinting test executed by male preadolescent, adolescent and adult athletes.
Biol Exercise 8:115-121

Chelly SM, Denis C (2001) Leg power and hopping stiffness: relationship with sprint running
performance. Med Sci Sports Exerc 33 (2):326-333

Clark KP, Weyand PG (2014) Are running speeds maximized with simple-spring stance
mechanics? J Appl Physiol 117 (6):604-615. doi:10.1152/japplphysiol.00174.2014

Coh M, Milanovi¢ D, Kampmiller T (2001) Morphologic and kinematic characteristics of elite
sprinters. Coll Antropol 25 (2):605-610

Coh M, Tomazin K, Stuhec S (2006) The biomechanical model of the sprint start and block
acceleration. Phys Educ Sport 4:103-114

Colyer SL, Nagahara R, Salo AIT (2018a) Kinetic demands of sprinting shift across the
acceleration phase: Novel analysis of entire force waveforms. Scand J Med Sci Sports
28 (7):1784-1792. doi:10.1111/sms.13093

28


https://doi.org/10.1016/0021-9290(89)90224-8

©CO~NOOOTA~AWNPE

Colyer SL, Nagahara R, Takai Y, Salo AIT (2018b) How sprinters accelerate beyond the
velocity plateau of soccer players: Waveform analysis of ground reaction forces. Scand
J Med Sci Sports 28 (12):2527-2535. d0i:10.1111/sms.13302

Cross R (2002) Grip-slip behavior of a bouncing ball. A J Phys 70 (11):1093-1102.
doi:10.1119/1.1507792

Dal Pupo J, Arins FB, Antonacci Guglielmo LG, Rosendo da Silva RC, Moro AR, Dos Santos
SG (2013) Physiological and neuromuscular indices associated with sprint running
performance. Res Sports Med 21 (2):124-135. doi:10.1080/15438627.2012.757225

Debaere S, Delecluse C, Aerenhouts D, Hagman F, Jonkers | (2013a) From block clearance to
sprint running: characteristics underlying an effective transition. J Sports Sci 31 (2):137-
149. doi:10.1080/02640414.2012.722225

Debaere S, Jonkers |, Delecluse C (2013b) The contribution of step characteristics to sprint
running performance in high-level male and female athletes. J Strength Cond Res 27
(1):116-124

di Prampero PE, Botter A, Osgnach C (2015) The energy cost of sprint running and the role of
metabolic power in setting top performances. Eur J Appl Physiol 115 (3):451-4609.
doi:10.1007/s00421-014-3086-4

di Prampero PE, Fusi S, Sepulcri L, Morin JB, Belli A, Antonutto G (2005) Sprint running: a
new energetic approach. J Exp Biol 208 (Pt 14):2809-2816. doi:10.1242/jeb.01700

Donelan JM, Kram R, Kuo AD (2002) Simultaneous positive and negative external mechanical
work in human walking. J Biomech 35 (1):117-124. doi:https://doi.org/10.1016/S0021-
9290(01)00169-5

Duffield R, Dawson B, Goodman C (2004) Energy system contribution to 100-m and 200-m
track running events. J Sci Med Sport 7 (3):302-313

Duffield R, Dawson B, Goodman C (2005) Energy system contribution to 400-metre and 800-
metre track running. J Sports Sci 23 (3):299-307. doi:10.1080/02640410410001730043

Edman KA, Elzinga G, Noble M1 (1978) Enhancement of mechanical performance by stretch
during tetanic contractions of vertebrate skeletal muscle fibres. J Physiol 281:139-155

Ettema G, McGhie D, Danielsen J, Sandbakk O, Haugen T (2016) On the Existence of Step-
To-Step Breakpoint Transitions in Accelerated Sprinting. PLoS One 11 (7).
doi:10.1371/journal.pone.0159701

Ettema GJ, van Soest AJ, Huijing PA (1990) The role of series elastic structures in prestretch-
induced work enhancement during isotonic and isokinetic contractions. J Exp Biol
154:121-136

Ettema GJC (2001) Muscle efficiency: the controversial role of elasticity and mechanical
energy conversion in stretch-shortening cycles. Eur J Appl Physiol 85 (5):457-465.
doi:DOI 10.1007/s004210100464

Farley CT, Gonzalez O (1996) Leg stiffness and stride frequency in human running. J Biomech
29 (2):181-186

Fenn WO (1930) Work against gravity and work due to velocity changes in running. Am J
Physiol 93 (2):433-462. doi:10.1152/ajplegacy.1930.93.2.433

Furusawa K, Hill AV, Parkinson JL (1927) The dynamics of "sprint" running. Proc Roy Soc B
102 (713):29-42. doi:d0i:10.1098/rspb.1927.0035

Gastin PB (2001) Energy system interaction and relative contribution during maximal exercise.
Sports Med 31 (10):725-741. doi:10.2165/00007256-200131100-00003

Girard O, Mendez-Villanueva A, Bishop D (2011) Repeated-sprint ability - part I. factors
contributing to fatigue. Sports Med 41 (8):673-694. doi:10.2165/11590550-000000000-
00000

Graubner R, Nixdorf E (2011) Biomechanical analysis of the sprint and hurdles events at the
2009 IAAF World Championships in athletics. New Stud Athl 26:19-53

29


https://doi.org/10.1016/S0021-9290(01)00169-5
https://doi.org/10.1016/S0021-9290(01)00169-5

©CO~NOOOTA~AWNPE

Griffiths RI (1989) The mechanics of the medial gastrocnemius muscle in the freely hopping
wallaby (Thylogale Billardierii). J Exp Biol 147 (1):439-456

Guskiewicz K, Lephart S, Burkholder R (1993) The relationship between sprint speed and hip
flexion/extension strength in collegiate athletes. Isokinet Exerc Sci 3:111-116

Gopfert C, Lindinger SJ, Ohtonen O, Rapp W, Miuller E, Linnamo V (2016) The effect of
swinging the arms on muscle activation and production of leg force during ski skating
at different skiing speeds. Hum Mov Sci 47:209-219. doi:10.1016/j.humov.2016.03.009

Hanon C, Lepretre PM, Bishop D, Thomas C (2010) Oxygen uptake and blood metabolic
responses to a 400-m run. Eur J Appl Physiol 109 (2):233-240. doi:10.1007/s00421-
009-1339-4

Haugen T, Breitschadel F, Seiler S (2019) Sprint mechanical properties in athletes: Reference
values for practitioners. PLoS One under review

Haugen T, Danielsen J, Alnes LO, McGhie D, Sandbakk O, Ettema G (2018a) On the
Importance of "Front-Side Mechanics" in Athletics Sprinting. Int J Sports Physiol
Perform 13 (4):420-427. doi:10.1123/ijspp.2016-0812

Haugen T, Danielsen J, McGhie D, Sandbakk O, Ettema G (2018b) Kinematic stride cycle
asymmetry is not associated with sprint performance and injury prevalence in athletic
sprinters. Scand J Med Sci Sports 28 (3):1001-1008. doi:10.1111/sms.12953

Haugen T, Paulsen G, Seiler S, Sandbakk O (2018c) New records in human power. Int J Sports
Physiol Perform 13 (6):678-686. doi:10.1123/ijspp.2017-0441

Haugen TA, Tonnessen E, Seiler S (2012) Speed and countermovement-jump characteristics
of elite female soccer players, 1995-2010. Int J Sports Physiol Perform 7 (4):340-349

Haugen TA, Tonnessen E, Seiler S (2013) Anaerobic performance testing of professional
soccer players 1995-2010. Int J Sports Physiol Perform 8 (2):148-156

Hautier CA, Wouassi D, Arsac LM, Bitanga E, Thiriet P, Lacour JR (1994) Relationships
between postcompetition blood lactate concentration and average running velocity over
100-m and 200-m races. Eur J Appl Physiol Occup Physiol 68 (6):508-513

Hay JG (2002) Cycle rate, length, and speed of progression in human locomotion. J Appl
Biomech 18 (3):257-270. doi:10.1123/jab.18.3.257

Hirvonen J, Rehunen S, Rusko H, Harkonen M (1987) Breakdown of high-energy phosphate
compounds and lactate accumulation during short supramaximal exercise. Eur J Appl
Physiol Occup Physiol 56 (3):253-259

Hof AL, Van Zandwijk JP, Bobbert MF (2002) Mechanics of human triceps surae muscle in
walking, running and jumping. Acta Physiol Scand 174 (1):17-30. doi:10.1046/j.1365-
201x.2002.00917.x

Hoogkamer W, Taboga P, Kram R (2014) Applying the cost of generating force hypothesis to
uphill running. PeerJ 2:e482. doi:10.7717/peerj.482

Hunter JP, Marshall RN, McNair PJ (2004a) Interaction of step length and step rate during
sprint running. Med Sci Sports Exerc 36 (2):261-271.
doi:10.1249/01.Mss.0000113664.15777.53

Hunter JP, Marshall RN, McNair PJ (2004b) Segment-interaction analysis of the stance limb in
sprint running. J Biomech 37 (9):1439-1446. doi:10.1016/j.jbiomech.2003.12.018

Hunter JP, Marshall RN, McNair PJ (2005) Relationships between ground reaction force
impulse and kinematics of sprint-running acceleration. J Appl Biomech 21 (1):31-43

Johnson MD, Buckley JG (2001) Muscle power patterns in the mid-acceleration phase of
sprinting. J Sports Sci 19 (4):263-272. doi:10.1080/026404101750158330

Korhonen MT, Mero AA, Alén M, Sipilda S, Hékkinen K, Liikavainio T, Viitasalo JT,
Haverinen MT, Suominen H (2009) Biomechanical and skeletal muscle determinants
of maximum running speed with aging. Med Sci Sports Exerc 41 (4):844-856.
doi:10.1249/MSS.0b013e3181998366

30



©CO~NOOOTA~AWNPE

Kristensen GO, van den Tillaar R, Ettema GJC (2006) Velocity specificity in early-phase sprint
training. J Strength Cond Res 20 (4):833-837

Kugler F, Janshen L (2010) Body position determines propulsive forces in accelerated running.
J Biomech 43 (2):343-348. doi:10.1016/j.jbiomech.2009.07.041

Kunz H, Kaufmann DA (1981) Biomechanical analysis of sprinting: decathletes versus
champions. Br J Sports Med 15 (3):177-181

Lacour JR, Bouvat E, Barthelemy JC (1990) Post-competition blood lactate concentrations as
indicators of anaerobic energy expenditure during 400-m and 800-m races. Eur J Appl
Physiol Occup Physiol 61 (3-4):172-176

Lai A, Schache AG, Brown NA, Pandy MG (2016) Human ankle plantar flexor muscle-tendon
mechanics and energetics during maximum acceleration sprinting. Journal of the Royal
Society, Interface 13 (121). doi:10.1098/rsif.2016.0391

Lai A, Schache AG, Lin YC, Pandy MG (2014) Tendon elastic strain energy in the human ankle
plantar-flexors and its role with increased running speed. J Exp Biol 217 (Pt 17):3159-
3168. d0i:10.1242/jeb.100826

Latash ML, Zatsiorsky VM (1993) Joint stiffness: Myth or reality? Hum Mov Sci 12 (6):653-
692. doi:https://doi.org/10.1016/0167-9457(93)90010-M

Lichtwark GA, Wilson AM (2007) Is Achilles tendon compliance optimised for maximum
muscle  efficiency during locomotion? J Biomech 40 (8):1768-1775.
d0i:10.1016/j.jbiomech.2006.07.025

Lockie RG, Schultz AB, Callaghan SJ, Jeffriess MD, Berry SP (2013) Reliability and validity
of a new test of change-of-direction speed for field-based sports: the change-of-direction
and acceleration test (CODAT). J Sports Sci Med 12 (1):88-96

Mann R, Herman J (1985) Kinematic analysis of Olympic sprint performance: men's 200
meters. Int J Sport Biomech 1:151-162

Mann R, Kotmel J, Herman J, Johnson G, Schultz B (1984) Kinematic trends in elite sprinters.
In: Terauds J (ed) Sports biomechanics. Academic Publishers, DelMar (CA), pp 17-33

Mann R, Sprague P (1980) A kinetic analysis of the ground leg during sprint running. Res Q
Exerc Sport 51 (2):334-348. doi:10.1080/02701367.1980.10605202

Mann RV, Murphy A (2015) The mechanics of sprinting and hurdling. CreateSpace,

McMahon TA, Cheng GC (1990) The mechanics of running: How does stiffness couple with
speed? J Biomech 23:65-78. doi:https://doi.org/10.1016/0021-9290(90)90042-2

Mero A (1988) Force-time characteristics and running velocity of male sprinters during the
acceleration phase of sprinting. Res Q Exerc Sport 59 (2):94-98.
doi:10.1080/02701367.1988.10605484

Mero A, Komi PV, Gregor RJ (1992) Biomechanics of sprint running. A review. Sports Med
13 (6):376-392. doi:10.2165/00007256-199213060-00002

Mero A, Luhtanen P, Komi PV (1983) A biomechanical study of the sprint start. Scand J Sports
Sci 5 (1):20-28

Monte A, Muollo V, Nardello F, Zamparo P (2017) Sprint running: how changes in step
frequency affect running mechanics and leg spring behaviour at maximal speed. J Sports
Sci 35 (4):339-345. doi:10.1080/02640414.2016.1164336

Morin JB, Bourdin M, Edouard P, Peyrot N, Samozino P, Lacour JR (2012) Mechanical
determinants of 100-m sprint running performance. Eur J Appl Physiol 112 (11):3921-
3930. doi:10.1007/s00421-012-2379-8

Morin JB, Dalleau G, Kyrolainen H, Jeannin T, Belli A (2005) A simple method for measuring
stiffness during running. J Appl Biomech 21 (2):167-180

Morin JB, Edouard P, Samozino P (2011a) Technical ability of force application as a
determinant factor of sprint performance. Med Sci Sports Exerc 43 (9):1680-1688.
doi:10.1249/MSS.0b013e318216ea37

31


https://doi.org/10.1016/0167-9457(93)90010-M
https://doi.org/10.1016/0021-9290(90)90042-2

©CO~NOOOTA~AWNPE

Morin JB, Gimenez P, Edouard P, Arnal P, Jimenez-Reyes P, Samozino P, Brughelli M,
Mendiguchia J (2015a) Sprint acceleration mechanics: the major role of hamstrings in
horizontal force production. Front Physiol 6:404. doi:10.3389/fphys.2015.00404

Morin JB, Jeannin T, Chevallier B, Belli A (2006) Spring-mass model characteristics during
sprint running: correlation with performance and fatigue-induced changes. Int J Sports
Med 27 (2):158-165. doi:10.1055/s-2005-837569

Morin JB, Samozino P, Edouard P, Tomazin K (2011b) Effect of fatigue on force production
and force application technique during repeated sprints. J Biomech 44 (15):2719-2723.
doi:10.1016/j.jbiomech.2011.07.020

Morin JB, Slawinski J, Dorel S, de Villareal ES, Couturier A, Samozino P, Brughelli M, Rabita
G (2015b) Acceleration capability in elite sprinters and ground impulse: Push more,
brake less? J Biomech 48 (12):3149-3154. doi:10.1016/j.jbiomech.2015.07.009

Murphy AJ, Lockie RG, Coutts AJ (2003) Kinematic determinants of early acceleration in field
sport athletes. J Sports Sci Med 2 (4):144-150

Nagahara R, Matsubayashi T, Matsuo A, Zushi K (2014a) Kinematics of transition during
human accelerated sprinting. Biol Open 3 (8):689-699. doi:10.1242/bi0.20148284

Nagahara R, Mizutani M, Matsuo A, Kanehisa H, Fukunaga T (2018a) Association of sprint
performance with ground reaction forces during acceleration and maximal speed phases
in a single sprint. J Appl Biomech 34 (2):104-110. doi:10.1123/jab.2016-0356

Nagahara R, Naito H, Morin JB, Zushi K (2014b) Association of acceleration with
spatiotemporal variables in maximal sprinting. Int J Sports Med 35 (9):755-761.
d0i:10.1055/s-0033-1363252

Nagahara R, Takai Y, Kanehisa H, Fukunaga T (2018b) Vertical impulse as a determinant of
combination of step length and frequency during sprinting. Int J Sports Med.
doi:10.1055/s-0043-122739

Nummela A, Kerénen T, Mikkelsson LO (2007) Factors related to top running speed and
economy. Int J Sports Med 28 (8):655-661. doi:10.1055/s-2007-964896

Nummela A, Rusko H (1995) Time course of anaerobic and aerobic energy expenditure during
short-term exhaustive running in athletes. Int J Sports Med 16 (8):522-527.
d0i:10.1055/s-2007-973048

Nummela A, Vuorimaa T, Rusko H (1992) Changes in force production, blood lactate and EMG
activity in the 400-m sprint. J Sports Sci 10 (3):217-228.
doi:10.1080/02640419208729920

Ohkuwa T, Saito M, Miyamura M (1984) Plasma LDH and CK activities after 400 m sprinting
by well-trained sprint runners. Eur J Appl Physiol Occup Physiol 52 (3):296-299

Otsuka M, Kawahara T, Isaka T (2016) Acute response of well-trained sprinters to a 100-m
race: higher sprinting velocity achieved with increased step rate compared with speed
training. J Strength Cond Res 30 (3):635-642. doi:10.1519/js¢.0000000000001162

Rabita G, Dorel S, Slawinski J, Saez-de-Villarreal E, Couturier A, Samozino P, Morin JB
(2015) Sprint mechanics in world-class athletes: a new insight into the limits of human
locomotion. Scand J Med Sci Sports 25 (5):583-594. doi:10.1111/sms.12389

Roberts TJ, Marsh RL, Weyand PG, Taylor CR (1997) Muscular force in running turkeys: the
economy of minimizing work. Science 275 (5303):1113-1115

Roberts TJ, Scales JA (2002) Mechanical power output during running accelerations in wild
turkeys. J Exp Biol 205 (Pt 10):1485-1494

Samozino P, Rabita G, Dorel S, Slawinski J, Peyrot N, Saez de Villarreal E, Morin JB (2016)
A simple method for measuring power, force, velocity properties, and mechanical
effectiveness in sprint running. Scand J Med Sci Sports 26 (6):648-658.
doi:10.1111/sms.12490

32



©CO~NOOOTA~AWNPE

Seiler S, De Koning JJ, Foster C (2007) The fall and rise of the gender difference in elite
anaerobic performance 1952-2006. Med Sci Sports Exerc 39 (3):534-540.
doi:10.1249/01.mss.0000247005.17342.2b

Slawinski J, Bonnefoy A, Levéque J-M, Ontanon G, Riquet A, Dumas R, Chéze L (2010)
Kinematic and kinetic comparisons of elite and well-trained sprinters during sprint start.
J Strength Cond Res 24 (4):896-905. doi:10.1519/JSC.0b013e3181ad3448

Slawinski J, Termoz N, Rabita G, Guilnem G, Dorel S, Morin JB, Samozino P (2017) How
100-m event analyses improve our understanding of world-class men's and women's
sprint performance. Scand J Med Sci Sports 27 (1):45-54. do0i:10.1111/sms.12627

Smith GA (1992) Biomechanics of cross country skiing. In: Rusko H (ed) Handbook of Sports
Medicine and Science: Cross Country Skiing. doi:doi:10.1002/9780470693834.ch2

Spencer MR, Gastin PB (2001) Energy system contribution during 200- to 1500-m running in
highly trained athletes. Med Sci Sports Exerc 33 (1):157-162

Stoggl TL, Holmberg HC (2016) Double-poling biomechanics of elite cross-country skiers: flat
versus  uphill  terrain. Med Sci  Sports Exerc 48 (8):1580-1589.
d0i:10.1249/MSS.0000000000000943

Taylor MJ, Beneke R (2012) Spring mass characteristics of the fastest men on Earth. Int J Sports
Med 33 (8):667-670. doi:10.1055/s-0032-1306283

van Ingen Schenau GJ, Cavanagh PR (1990) Power equations in endurance sports. J Biomech
23 (9):865-881. doi:http://dx.doi.org/10.1016/0021-9290(90)90352-4

Walshe AD, Wilson GJ, Ettema GJC (1998) Stretch-shorten cycle compared with isometric
preload: contributions to enhanced muscular performance. J Appl Physiol 84 (1):97-106

Weyand P, Curcton K, Conley D, Sloniger M (1993) Percentage anaerobic energy utilized
during track running events. Med Sci Sports Exerc 25 (5):S105

Weyand PG, Cureton KJ, Conley DS, Sloniger MA, Liu YL (1994) Peak oxygen deficit predicts
sprint and middle-distance track performance. Med Sci Sports Exerc 26 (9):1174-1180

Weyand PG, Sternlight DB, Bellizzi MJ, Wright S (2000) Faster top running speeds are
achieved with greater ground forces not more rapid leg movements. J Appl Physiol 89
(5):1991-1999. d0i:10.1152/jappl.2000.89.5.1991

Wiemann K, Tidow G (1995) Relative activity of hip and knee extensors in sprinting -
implications for training. New Stud Athl 10 (1):29-49

Zouhal H, Jabbour G, Jacob C, Duvigneau D, Botcazou M, Ben Abderrahaman A, Prioux J,
Moussa E (2010) Anaerobic and aerobic energy system contribution to 400-m flat and
400-m hurdles track running. J Strength Cond Res 24 (9):2309-2315.
d0i:10.1519/JSC.0b013e3181e31287

33


http://dx.doi.org/10.1016/0021-9290(90)90352-4

©CO~NOOOTA~AWNPE

Figure legend

Figure 1: Analysis of power of constant speed circular motion, driven by a centripetal force
(F). Power equals the dot product of force (F) and velocity (v) vectors. This analysis can be
performed on the decomposed vectors in original (0) and end (e) direction, but should never be
considered in isolation. Fictitious loss of kinetic energy (negative power P,) associated with the
original movement direction is instantaneously nullified by the fictitious gain of kinetic energy
(positive power Pe) in the end direction. Thus, no work is done at any time by the total

(centripetal) force.
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