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Changes in running biomechanics during the 2017 IAAF
world championships men’s 1500 m final
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mechanical characteristics in world-class middle-distance racing. Eight men
were recorded halfway along the home straight on the second, third, and final
laps in the 2017 IAAF World Championship 1500m final. Video data (150 Hz)
from three high-definition camcorders were digitized to calculate relevant vari-
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ables, subsequently analyzed in relation to running speed and finishing position.
Better-placed finishers had greater hip extension at initial contact and through

Correspondence late stance, greater knee excursion throughout stance, and longer overstrid-
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USA. tact phases and greater fluctuations in speed through the step cycle, which were
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ing distances. Step length did not change with faster speeds as runners relied
on increasing step frequency, but the highest-finishing athletes had longer con-

related to higher normalized peak horizontal forces. The best athletes also had
lower leg stiffnesses and vertical stiffnesses. The extended contact phase and
greater compression could allow for more sustained force production, enabling
better acceleration and maintenance of sprinting speed, indicating a trade-off be-
tween aerobic energetic efficiency and anaerobic power capacity. Coaches should
note that these factors, as well as the best athletes’ greater overstriding distances,
show that elite 1500 m runners might prioritize a technique that favors running

speed over economy.
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1 | INTRODUCTION Games and World Athletics Championships. Whereas the

aerobic system contributes approximately 80% of energy

“...the miler is a strange beast, half sprinter, half distance requirements, the remaining anaerobic contribution is

»1

runner.

The dynamic interplay of speed and strength uniquely
characterizes middle-distance racing and elevates the
1500m to a perpetual blue riband status at the Olympic

critical to performance and most heavily exercised during
the final lap.” Indeed, the predominant pacing profile of
male 1500m championship runners is to gradually in-
crease speed from 300 m until the finish,® with world-class
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men achieving speeds of 26-28km/h in the final stages.
This tactical progression presents the enigmatic phenom-
enon that defines the event: athletes tend to be most tired
when they must run their fastest. At running speeds above
20km/h, increases in step frequency are more pronounced
than increases in step 1ength4; however, as faster runners
are just as likely to run with lower rather than higher step
frequencies,” it is important to analyze the role of these
variables relative to race finishing position as well as to
changes in speed.

The mechanical features of runners who successfully
navigate this event are similar to those of high-standard
long-distance runners. Lower vertical oscillation, less
horizontal velocity decrement during stance, and a lower
duty factor (the ratio of contact time to total stride time)
have been linked to greater performance capacities in both
middle- and long-distance specialists.’ These features have
been linked to running economy, suggesting that their
contribution to middle- and long-distance performance
is due to their beneficial effects on locomotor and aero-
bic efficiency.” In middle-distance runners, spring-mass
characteristics® discriminate between runners of differing
abilities, with greater leg and vertical stiffnesses, lower
duty factors, and steeper impact angles distinguishing
elite from highly trained runners.” However, the demands
of successful middle-distance racing are not satisfied by
efficient running characteristics alone; the need to modu-
late and sustain speeds across a spectrum of paces and to
execute fast sprint finishes are essential.® Given the com-
plexity of the event's dynamics, the kinematic, spatiotem-
poral, and global mechanical characteristics that facilitate
superior 1500 m racing are unclear. The aim of this study
was to analyze key kinematic, spatiotemporal, and global
mechanical characteristics in world-class middle-distance
racing across different running speeds and to assess how
those characteristics differed with respect to the finishing
position of the racers.

2 | METHODS AND METHODS

2.1 | Participants

Data were collected as part of the London 2017 World
Championships Biomechanics Project, and the use of
those data (including athlete identities) was approved by
the TAAF (now renamed World Athletics), who control
the data, and locally through the institution's research eth-
ics procedures (application no. 52410). Participants’ dates
of birth and personal best (PB) times were obtained from
World Athletics,” whereas their statures and masses were
obtained from Matthews'® and online sources (en.wikip
edia.com/wiki and en.asiangames2018.id/sport/athletics).

Eight men (age: 27 +4years; stature: 1.81+0.05m; mass:
65+ 3 kg) were analyzed approximately halfway along the
home straight on the second, third, and fourth laps of the
men's 1500m final (~650m, 1050m, and 1450 m of total
race distance). The other four finalists could not be ana-
lyzed because they were obscured by other competitors on
at least one lap. Athletes’ finishing times were obtained
from the World Athletics website."*

2.2 | Data collection

Three stationary Sony PXW-FS7 digital cameras (Sony)
recording at 150 Hz (shutter speed: 1/1250s; ISO: 1600;
FHD: 1920%x 1080 px) were used to record the athletes
as they ran through the calibrated middle section of the
home straight (47.0-55.5 m from the start line used for the
100 m event). The cameras were placed in three locations
along the home straight, and angled at approximately 45°,
100°, and 135° to the plane of motion, respectively. A rigid
cuboid calibration frame (length: 3.044 m, width: 3.044 m,
height: 3.044 m) was positioned twice over discrete prede-
fined areas on the track to ensure an accurate definition
of a volume within which the athletes ran. Markings on
the frame produced 24 non-coplanar control points per in-
dividual calibrated volume (48 points in total) and facili-
tated the construction of a global coordinate system.

2.3 | Data analysis

All videos were manually digitized by a single experi-
enced operator using SIMI Motion version 9.2.2 (Simi
Reality Motion Systems GmbH). An event synchroniza-
tion technique using four gait events (right initial con-
tact, right toe-off, left initial contact and left toe-off) was
applied to synchronize the two-dimensional coordinates
from each camera. Digitizing started at least 15 frames be-
fore the first analyzed gait event and completed at least
15 frames after the last analyzed gait event to provide
padding during filtering.'* Each file was first digitized
frame-by-frame and, upon completion, adjustments were
made using the points-over-frame method,'® where each
point was tracked through the entire sequence with the
aid of the trajectory-tracking function in SIMI Motion.
The direct linear transformation (DLT) algorithm14 was
used to reconstruct the three-dimensional coordinates
from each camera's x- and y-image coordinates. Sixteen
segment endpoints and the head were digitized for each
participant and de Leva's body segment parameter mod-
els'® used to obtain data for the CM and for various body
segments. Occasionally, dropout occurred where joint po-
sitions were not visible, and estimations were made by the
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operator. The 3D still image measurement tool in SIMI
Motion was used to assist this process as it allowed for the
prediction of a joint position in any frame, provided it was
identified in the other two cameras. A recursive second-
order, low-pass Butterworth digital filter (zero phase-lag)
was employed, where the cut-off frequencies were calcu-
lated using residual analysis,'® ranging between 10.7 and
22.6 Hz.

To measure reliability of the digitizing process on the
speed and spatiotemporal data, repeated digitizing of one
running sequence (a single digitized gait cycle from one
lap of one runner) was performed with an intervening pe-
riod of 48 h. Three statistical methods for assessing reliabil-
ity were used: 95% limits of agreement (LOA), coefficient
of variation (CV), and intraclass correlation coefficient
(ICC)." The data for each tested variable were assessed for
heteroscedasticity by plotting the standard deviations (SD)
against the individual means of the two trials.'” If the data
exhibited heteroscedasticity, a logarithmic transformation
of the data (log,) was performed.18 The LOA (bias+ran-
dom error), CV, and ICC (3, 1) values for CM horizontal
speed were —0.004 +0.034m/s, +£0.29%, and 0.98, respec-
tively; for the CM horizontal coordinates —0.001 +0.001 m,
+0.02% and 1.00, respectively; and for both right and left
foot horizontal coordinates 0.001+0.001 m, +0.01%, and
1.00, respectively. The results relating to the most import-
ant spatiotemporal variables therefore showed minimal
systematic and random errors, and confirmed the high
reliability of the digitizing process.

The spatiotemporal and joint angular variables ana-
lyzed are described in Table 1. When summed, the foot
ahead, foot behind, flight distance, and foot movement
distances equal step length. Joint angular data were aver-
aged between left and right sides and have been presented
at specific events of the gait cycle, as defined below:

« Initial contact - the first instant during stance where
the athlete's foot visibly contacted the ground.

« Midstance - the instant during stance where the ath-
lete's foot center of mass was directly below the CM (i.e.,
in the anteroposterior direction).

» Toe-off: the last instant during stance before the foot
visibly left the ground.

Measures of spring-mass behavior were estimated
using the method presented by Morin et al.'® Briefly, this
approximates the vertical ground reaction force (GRF)
time series as a sinusoid and uses the contact and flight
times of the runner to estimate peak GRFs, vertical dis-
placement during stance (Ay), leg compression (AL), ver-
tical stiffness (key), leg stiffness (k,), and impact angle
(o) (Figure 1B). Contact times were adjusted by a factor
of 0.93 to account for deviations from global spring-mass

behavior in the final stages of propulsion and thus more
accurately model the runners' spring-mass dynamics.?
The stance velocities and peak horizontal forces were esti-
mated using the method of Burns and Zernicke.*

2.4 | Statistical analysis

For each measurement variable, the effects of speed and
final finishing position were assessed with an individ-
ual multiple linear regression model, where speed and
final finishing position were each treated as independ-
ent continuous predictors. Although finishing position
as a variable is ordinal in nature, it was treated as an
interval-scaled variable here, assuming monotonic in-
creases between subsequent positions. Type I error was
controlled at p <0.05, and all p-values from the analysis
were adjusted for multiple comparisons using Benjamini-
Hochberg's false discovery rate correction.? All statistical
analyses were conducted using R (v4.0.2, R Foundation
for Statistical Computing).

3 | RESULTS

The mean (1 SD) PB (min:s) for the eight athletes ana-
lyzed was 3:30.93 (£2.96) and their mean finishing time
was 3:35.82 (+1.63). Five athletes ran their fastest during
lap 4, two on lap 3, and one on lap 2. As such, the indi-
vidual data in Figures 2 and 4 are presented with respect
to running speed, irrespective of lap sequence, but the lap
number for each data point is indicated within the respec-
tive circle.

In terms of joint kinematic variables (Figures 2 and 3),
faster running speeds were associated with more extended
elbows at contact (Table 2). Better finishing positions were
associated with longer foot ahead and foot behind dis-
tances, as well as greater overstriding distances. At initial
contact, the hip flexed more in better-placed finishers, and
their knees had a greater range of motion from initial con-
tact to midstance. Better-placed finishers also had greater
hip extension and knee extension from midstance to toe-
off during the unloading phase (Table 2).

Regarding spatiotemporal variables, faster running
speeds were associated with shorter contact times and
concomitantly greater step frequencies (Figure 4). Faster
running was also associated with higher relative contact
velocity, less vertical compression, and greater vertical stiff-
ness (Table 3). Better finishing positions were associated
with longer contact times and greater fluctuations in speed
during the step cycle. In terms of estimated GRF variables,
better finishing positions were associated with higher nor-
malized peak horizontal forces. Better finishing positions
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TABLE 1 Variables analyzed in the study and their description.

Variable name
Running speed (km/h)
Step length (m)

Step frequency (Hz)
Contact time (s)
Flight time (s)
Swing time (s)
Duty factor

Flight distance (m)

Foot ahead distance (m)
Foot behind distance (m)

Foot movement distance (m)

Overstriding distance (m)

Stance velocity (m/s)

Relative contact velocity (%)

Impact angle () (°)

Leg compression (AL) (m)

Vertical displacement (Ay) (m)

Hip angle (°)

Knee angle (°)

Ankle angle (°)

Shoulder angle (°)

Elbow angle (°)

Description

The mean CM horizontal speed during a complete gait cycle

The distance between successive foot contacts from a specific event on the gait
cycle on a particular foot (e.g., toe-off) to the equivalent event on the other
foot

Calculated by dividing horizontal speed by step length

The time duration from initial contact to toe-off

The time duration from toe-off of one foot to initial contact of the opposite foot
The time duration from toe-off on one foot to initial contact on the same foot

The proportion of stride time (contact time plus swing time) when the foot is in
contact with the ground

The distance the CM traveled during flight (from the instant of toe-off on a
particular foot to the instant of initial contact on the other foot)

The horizontal distance from the foot center of mass to the CM at initial contact

The horizontal distance from the foot center of mass to the CM toe-off

The distance the foot center of mass moved from its horizontal position at
initial contact to toe-off

The distance between the horizontal coordinate of the contact leg knee and
the ipsilateral ankle, where larger distances indicated that the ankle landed
farther in front of the knee

The mean CM horizontal velocity during the stance phase (from initial contact
to toe-off)

The velocity during stance relative to the mean CM horizontal speed during a
complete gait cycle

The vertical angle between the foot's contact position and the CM at initial
contact

The shortening of the effective lower limb (relative to its standing length) as the
CM pendularly rotates over the foot during stance, mostly achieved through
knee flexion

The maximum vertical displacement of the CM during stance, partly caused by
leg compression

The sagittal plane angle between the trunk and thigh segments (180° in the
anatomical standing position). Angles above 180° indicate hyperextension.

The sagittal plane angle between the thigh and lower leg segments (180° in the
anatomical standing position)

The sagittal plane angle between the lower leg and foot segments, calculated in
a clockwise direction (110° in the anatomical standing position)

The sagittal plane angle between the trunk and upper arm (0° in the anatomical
standing position; negative values for the shoulder therefore indicate a
hyperextended position)

The sagittal plane angle between the upper arm and forearm (180° in the
anatomical standing position)

were associated with shallower impact angles, greater leg in world-class middle-distance racing across different
compression, and lower leg and vertical stiffnesses (Table 3). running speeds and in relation to finishing position.

4 | DISCUSSION

Typically, individuals increase both step length and fre-
quency to run faster, and the magnitude of increase in
step length is more substantial.”® Here, at faster running
speeds, step length did not change, but frequency sub-

The aim of this study was to analyze key kinematic, stantially increased instead. This could be indicative of a
spatiotemporal, and global mechanical characteristics  shift in mechanical strategy for the runners in the upper
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FIGURE 1 Visual representations of the mechanical analyses: (A) kinematic joint angles; and (B) global spring-mass characteristics.

domains of their maximal anaerobic speed capacities.
Runners achieve faster speeds by increasing step length
at lower speeds, but shift to increasing step frequency
to achieve their fastest speeds.” In both elite and highly
trained middle-distance runners, Burns et al.” observed
a predominantly linear relationship with speed between
both step length and step frequency across submaximal
running speeds. However, at the fastest observed speeds
in each group (23-25km/h in the elite and 21-23km/h in
the sub-elite), there was a distinct nonlinear shift, with
a similar plateau in step length and a sharp increase in
step frequency.” As middle-distance runners race in the
anaerobic speed domain with the finish necessarily being
a maximal sprint,8 the mechanical strategies exhibited
here indicate that elite middle-distance runners compete
at speeds above this mechanical shift.

Whereas the spatiotemporal observations suggest some
differences related to finishing position, the global charac-
teristics were more discriminatory. The top two finishers,
as well as their compatriot and former Olympic and World
Champion, had longer ground contacts for a given speed
with higher duty factors and lower step frequencies. These
characteristics produced lower estimated vertical forces
and higher estimated horizontal forces. As such, they had
more compliant spring mechanics, with greater leg and
vertical compression and, correspondingly, lower leg and
vertical stiffnesses. This finding is distinct from the previ-
ous observations of Burns et al.,” who observed higher leg
and vertical stiffnesses in elite middle-distance runners
across a range of speeds. In the present study, most of the
world-class athletes did exhibit those relatively homoge-
nous, stiffer spring characteristics observed by Burns et al.”
(i.e., kjeg values ~11.5 kN/m). However, the differing pat-
terns in the top two individuals and the former Olympic
Champion could highlight a unique, discriminating at-
tribute of world-class middle-distance racers: extended

ground contacts and “softer” spring characteristics that
allow for greater horizontal propulsive force development.
Although this style might not be the most energetically
economical running technique for distance runners,” it
could allow for greater sprint performance and higher an-
aerobic speed capacity, a necessary ingredient for cham-
pionship 1500m sprint finishes. This extended contact
phase and greater compression could allow for greater
muscular force development,26 facilitating better acceler-
ation when needed and maintenance of top speed.?” This
again indicates a trade-off between aerobic energetic ef-
ficiency and anaerobic power capacity. Similarly, the top
finishers also had the longest foot ahead distances and
overstriding distances (see Table 1 for definitions), which
could be detrimental to running economy but conducive
to longer step lengths and greater top speeds. Although
running coaches have recommended short foot ahead
distances at initial contact (e.g., Anderson?®), world-class
male sprinters moving at 10 m/s have foot ahead distances
of approximately 0.38m long,” only slightly more than
the values found in this group of top middle-distance ath-
letes running 7.0-7.5 m/s. In an event where submaximal
efficiency is less deterministic than in long-distance ana-
logues, 1500 m athletes could thus gain an advantage in a
championship setting by having a technique that favors
speed over economy.

The higher placing athletes had greater knee flexion
and extension during the loading and unloading phases of
stance, respectively. They also exhibited greater hip exten-
sion during unloading in late stance. Previous research on
kinematic measures and their relationship to performance
in distance runners have been somewhat inconclusive and
not particularly discriminating.” For example, in a study
on national-standard middle-distance runners where the
men ran overground in a laboratory setting at a target pace
(mean speed: ~26km/h), Trowell et al.* also observed
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that the best 1500 m runners exhibited greater knee flex-
ion during stance. By contrast, both Leskinen et al.,!
whose analysis included data from the 2005 ITAAF World
Championships men's 1500m final, and Folland et al.,’
who analyzed runners during a controlled, incremental
treadmill test, postulated that less flexion was related to a
greater lower limb stiffness, which could be more efficient
in recycling energy through the step cycle. Trowell et al.*
suggested that greater flexion and more compliance in the
limb allowed for a more favorable force-length-velocity re-
lationship in the muscles and facilitated a greater vertical
impulse. In this study, the performance relationship was
driven primarily by the top two finishers, who were able
to increase speed on the final lap much more than their ri-
vals. Perhaps both sets of conclusions from these previous
investigations are therefore true in the context of a cham-
pionship 1500m race: greater knee flexion might be less
energetically efficient, but also affords a greater capacity
to generate force and higher speeds.

Among the upper limb joints, the only measures that
consistently changed with speed during the race were the
elbow angles, with wider angles at initial contact appear-
ing as the athletes ran faster and more movement arose
during the loading phase. The other upper limb measures

bore no consistent relationships with speed as the pat-
terns within each athlete were highly individualized.
Interestingly, arm carriage was cited as a key mechanical
point of intervention by one of the athletes' coaches,*
who postulated that an athlete’s propensity to extend their
elbows in a race's closing stages was a sign of “tying up”
and fatiguing, and thus that maintenance of arm position
is a developmental aim during fast running.

Whether the characteristics described above are in-
herent in the athletes or developed is an open question.
Most elite 1500m runners employ some common attri-
butes of training: endurance running, threshold running,
anaerobic intervals, hill repetitions, plyometric drills, and
strength training.*® The global attributes of all athletes
in this cohort, as well as those related to speed and those
that separated performers, might respond to these training
interventions. Plyometric drills immediately before run-
ning enhanced both leg stiffness and running economy in
recreational athletes,** and improved running economy
and time trial performance as a training intervention in
trained distance runners.*® Similarly, resistance training
increased tendon stiffness*® and improved running econ-
omy and time-to-exhaustion in runners.*” Those elements
could help develop the global mechanical characteristics
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TABLE 2 Kinematic characteristics during stance.
Mean Place
(SE) Speed (SE) (SE)
Hip
Contact (°) 152 (1) 2.1(3.8) 0.8 (0.3)*
Loading (A®) -8(1) —3.4(1.9) —0.0(0.1)
Unloading (A°) —42(1) 2.2(2.9) 0.1 (0.2)*
Knee
Contact (°) 154 (1) —2.6(2.8) 0.1(0.2)
Loading (A°) 16 (1) —3.6 (2.4) —0.5 (0.2)*
Unloading (A°) —26(1) 1.4 (2.9) 0.7 (0.2)*
Ankle
Contact (°) 108 (1) 2.5(2.5) 0.2(0.2)
Loading (A°) 25(1) 1.5(1.9) —0.2(0.1)
Unloading (A°) —49 (1) 4.4(2.9) 0.5(0.2)
Shoulder
Contact (°) —47 (2) 2.1(6.4) 0.9 (0.5)
Loading (A°) -17(1) —5.0(3.5) 0.8 (0.3)*
Unloading (A°) —59(2) —8.7(7.7) 0.1 (0.6)
Elbow
Contact (°) 72(2) 24.0 (6.9)* 0.9 (0.5)
Loading (A®°) 2(1) 9.3(3.0) 0.1(0.2)
Unloading (A°) 17 (1) 4.2 (4.0) —0.2(0.3)

Note: Coefficients for speed indicate changes per m/s (e.g., A° per m/s)
during the loading (initial contact to midstance) and unloading phases
(midstance to toe-off). Coefficients for finishing place indicate changes per
final race position, with a positive coefficient indicating a relation with a
worse finishing position.

*Coefficient significant at p <0.05.

of elite middle-distance runners, for example, higher leg
stiffnesses, steeper impact angles, and greater vertical
forces,” but how the mechanical characteristics that sep-
arate the top performers here within an elite cohort are
developed might be related to propulsive horizontal force
generation. The gold and silver medalists and the former
Olympic Champion frequently use a less traditional tech-
nique for middle-distance training: resisted running.’®
They employ long repetitions in excess of 1000 m dragging
a tire tied to the waist over undulating terrain or with a
waist-worn harness attached to a braking bicycle behind.*®
Hill training is commonly employed by many middle- and
long-distance runners, but the resistance imposed on the
runner by the incline is considerably smaller than with
weighted sleds.®® The use of level-ground resisted run-
ning could thus serve to uniquely augment the ability of
middle-distance runners to generate horizontal propul-
sive forces, essential to elevating maximal sprinting speed.

This investigation provided novel insight into the
mechanical characteristics that underpin elite 1500m
racing, and further revealed some key attributes that

differentiated medalists from finalists. First were the dis-
tinct spring-mass characteristics of the better placing run-
ners; previous studies of elite 1500 m runners have shown
them to have distinct spring-mass characteristics, namely
higher leg and vertical stiffnesses with more upright im-
pact angles, relative to sub-elite 1500 m runners,” but
here the better finishing runners within the elite cohort
demonstrated less stiff spring mechanics. The reasons
underpinning the differences in spring characteristics are
likely different between the cohorts. The sub-elite runners
in Burns et al.” might have had more compliant spring
mechanics because of characteristics of their musculo-
tendinous structures, their neuromuscular coordination
patterns, or even more inefficient loading and unloading
progressions. The higher placing runners here who had
more compliant spring mechanics were likely not dif-
ferentiated on these aspects, but rather their compliant
systems were a manifestation of their ability to generate
higher propulsive forces, enabling greater speeds during
the final kick. As such, the means to develop these char-
acteristics are twofold: first, developing the characteristics
that lead to stiffer apparent mechanics that are character-
istic of more efficient and more elite runners; and second,
developing the capacity to generate substantial propulsive
forces for the finishing stages, characteristic of runners
who can elevate speed in the closing stages of races. The
techniques to train these characteristics include strength
training, hill work, and resisted sprinting. The develop-
ments within athletes of horizontal force production in
sprinting can be monitored by coaches in the field using
resisted sprints and velocity recordings from photocells,
laser, or radar devices.*°

The second important observation for coaches was
that the athletes exhibited relatively constant step lengths
throughout the race, modulating their speeds largely
through changes in step frequency. This study demon-
strates that elite 1500m racing is contested primarily at
speeds where runners no longer increase step length. This
serves as a mechanical monitoring framework for speed,
with two domains: the step length domain and the step
frequency domain. In the former, runners increase both
step length and step frequency as they run faster and, in
the latter, step frequency only. Profiling step length / step
frequency versus speed within runners could serve as an
informative tool for coaches of elite athletes. Moreover,
how the threshold of those domains change in relation
to performance is an informative adaptive metric, as the
elite middle-distance runners in Burns et al.” exhibited
this shift at higher speeds relative to the sub-elite runners.
Measurement of step length, frequency, and duty factor in
training is highly accessible with the advent of wearable
technology solutions, enabling this sort of profiling to be
readily implemented in the field.
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The main strength of this study was that the use
of in-stadium cameras allowed for the analysis of the
world's best male middle-distance runners and meant
highly ecological findings. However, some compromise
is made in sensitivity against laboratory analysis, which
could be an additional explanation for the lack of dis-
criminatory kinematic variables. Additionally, because
of this capture method, single gait cycles only were
captured for each athlete per lap. Ideally, future efforts
would capture multiple steps to improve the precision
of the estimates and inform intra-individual variances.
Furthermore, the global characteristics (e.g., the spring-
mass variables) were estimated using temporal mea-
surements rather than direct kinetic measurement. This
method has demonstrated good agreement with kinetic

measurement among outcome measures, but it prevents
a high-resolution analysis of force characteristics and
waveforms.'® The horizontal force estimations were
made via the method of Burns and Zernicke,?' which
similarly uses the runners' temporal patterns to estimate
braking and propulsive forces assuming spring-mass dy-
namics. The method performs well in spring-mass mod-
els across a range of speeds, but is less precise in runners
observed at lower speeds. Its utility here is less in the
exact magnitudes of the forces per se, but more in their
relative magnitudes, that is, demonstrating that particu-
lar runners sustain and generate more horizontal forces
at given speeds given their temporal dynamics and an-
thropometric characteristics. Finally, the exceptional-
ity of the athletes and the unique circumstances under
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Mean (SE) Speed (SE) Place (SE) Eﬁ;:;;aciﬁiiéass and estimated

Step length (m) 2.16 (0.02) 0.01 (0.09) —0.02(0.01)

Step frequency (Hz) 3.34 (0.03) 0.44 (0.14)* 0.02 (0.01)

Foot ahead (m) 0.35(0.01) —0.019 (0.031) —0.006 (0.002)*

Foot behind (m) 0.59 (0.01) 0.006 (0.035) —0.008 (0.003)*

Overstriding distance (m) 0.043(0.003)  —0.001 (0.014) —0.003 (0.001)*

Contact time (s) 0.147 (0.022)  —0.023 (0.087)* —0.002 (0.007)*

Flight time (s) 0.153 (0.017) —0.018 (0.007) 0.001 (0.005)

Duty factor 0.245(0.002)  —0.002 (0.008) —0.002 (0.001)*

Relative contact velocity (%) 0.990 (0.000) 0.003 (0.001)* 0.001 (0.001)*

Peak vertical force (BW) 3.21 (0.02) 0.05 (0.10) 0.02 (0.01)

Peak horizontal force (BW) 0.63(0.01) 0.02 (0.02) —0.01 (0.01)*

o (°) 56.7 (0.4) 0.01 (1.4) 0.5 (0.1)*

AL (cm) 0.20 (0.005)  —0.012 (0.020) —0.005 (0.002)*

Ay (cm) 0.043(0.001)  —0.012 (0.004)* —0.001 (0.001)

Kjoq (KN/m) 10.4(0.3) 1.4(1.2) 0.3 (0.1)*

Kyert (KN/m) 48.5(1.2) 15.4 (4.8)* 1.1 (0.4)*

Note: Coefficients for speed indicate changes per m/s (e.g., N/m per m/s). Coefficients for finishing place

indicate changes per final race position, with a positive coefficient indicating a relation with a worse
(higher) finishing position. Contact and flight times have been adjusted by a factor of 0.93.

*Coefficient significant at p <0.05.

which they were observed-a global championship final-
necessarily begs a small sample. As such, caution should
be taken with outright generalization, and the findings
should be interpreted as ecological observation that pro-
vides new insight into this class of athletes and their
success-related characteristics along with opportunity
for future, broader investigation.

5 | PERSPECTIVE

This was the first study to analyze the biomechanics of
elite male 1500 m runners during a World Championship
final over multiple laps. Within this group, the runners
exhibited mechanical characteristics that were related to
both their speeds within the race and their overall fin-
ishing position, showing an important difference in run-
ning mechanics. The highest finishers had longer contact
times, greater fluctuations in speed through the step cycle,
shallower impact angles, and lower leg stiffnesses, which
were important in being able to produce higher propulsive
forces during the sprint finish. We have provided unique
ecological evidence that these elite runners were differen-
tiated from each other by mechanical features, and that
the differences, especially those of global mechanical be-
havior, explained their performance. Coaches should note
that certain aspects of global running style featuring lower
duty factors and higher leg stiffness might be beneficial
to some determinants of performance, such as better

running economy, but those aspects of a style featuring
higher duty factors and lower leg stiffnesses might be ben-
eficial to other determinants, such as greater horizontal
force production. The former might be important for ath-
letes to develop to realize a fast sprint finish, which is a
necessary ingredient for championship middle-distance
racing success.
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