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Design of an experiment for the biomechanical
and thermal analysis of athletes during prolonged
running exercise
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ABSTRACT

Biomechanics and thermoregulation of human running are key aspects playing an important role in the
training of professional athletes. In the case of a prolonged exercise, as occurs during the marathon race,
the intensity and duration of the exercise (in concert with environmental conditions) can affect the
thermoregulatory response and the running mechanics. The aim of this study is the design of a novel
experiment able to simultaneously capture information conceming the biomechanics of lower limbs and the
surface temperature map of the whole body during a prolonged running exercise on treadmill. Kinematics
quantities, such as linear and angular displacement, velocity and acceleration of relevant body markers are
recorded by a video system, while surface temperature evolution on time is detected by an infrared thermal
camera. A group of five amateur athletes, with long experience in long-distance running competitions, was
involved in this study. Results for the sample group, in terms of kinematic (displacements and angles) and
thermal (local and total-body skin temperatures) quantities, revealed features related to individual response
to the effort. Even though the relatively little number of athletes does not permit to infer general conclusions,
the combined mechanical and thermal experiment is deemed to be a useful tool for the investigation of
endurance running characteristics.
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INTRODUCTION

The increasing popularity of running has led to a larger and larger number of recreational runners participating
in long-distance running events like marathons and ultra-marathons. This has motivated a comparable
explosion of research to improve the understanding of the biomechanics of running and to make technical
advances in measurement systems (Novacheck, 1998, Souza, 2016). A basic understanding of the
kinematics of running is helpful to prevent injuries related to overuse phenomena and/or improper training
techniques (Thordarson, 1997). Since biomechanics is fatigue sensitive (Williams et al., 1991, Vercruyssen
et al, 2016), biomechanics degradation during endurance running might lead to an improper kinematics that
increases the occurrence of injuries. For this reason, the investigation of the biomechanical gesture is useful
to understand when its degradation attains a safe limit to properly arrange training session and effort levels.

Running biomechanics has been studied in past years for both sprinters (e.g., Mero et al, 1992) and long
distance running (e.g., Cavanagh, 1987, Millet et al, 2010). Generally speaking, studies on biomechanics can
be classified in three categories on the basis of the respective objectives: (i) training optimization, including
improvements in running biomechanics (e.g., Brown et al., 2014, Tawa et al., 2018), (ii) efficiency and
energetic aspects also related to muscle activities (e.g., Scholz et al., 2008, Tartaruga et al., 2012), (iii)
injuries prevention and/or injuries identification according to specific biomechanical patterns (e.g., Fields et
al.,2010, Murphy et al., 2010). Results are commonly obtained using treadmill running in experimental even
though the differences between treadmill and over ground running may cast doubt on their equivalence as
running surfaces (Garcia-Pérez et al., 2013).

Biomechanical measurement techniques usually require the use of a video system with a set of markers on
the subject (Winter, 2009). More recently, wearable inertial measurements units (IMU) have been used to
measure movement kinematics during normal sport activities, including running (e.g., Howard et al., 2016,
Reenalda et al., 2016). In the present experiment, the continuous measurement of subject motion is a
mandatory issue. Even though wearable IMU sensors fulfil this requirement, their use is discouraged due to
their invasiveness, since they introduce masses strictly tied to segments under investigation. On the other
hand, optical markers are smaller and lighter and require a less invasive application on the subject, so they
could be a more convenient option to gain reliable and not invasive measurement throughout the exercise
(Crenna et al., 2015).

A second important issue to be addressed when the running exercise is prolonged (as occurs during
marathon races) is the severe heat stress induced by high skin and core temperature levels that may result
in collapse related to physical exhaustion, heat exhaustion and dehydration (Kenefick et al., 2007). Core
temperature has a direct relationship with exercise intensity and duration (and it is largely independent of a
wide range of environmental conditions); it is well known that the increased internal temperature during
prolonged exercise limits the ability to continue exercise (Gonzalez-Alonso et al., 2008). On the contrary, skin
temperature is rather influenced by skin blood flow and environmental conditions, as reported by Lim et al,
(2008). Whereas internal (core) temperature measurements, typically performed by rectal or ingestible
sensors, are invasive and can cause discomfort to runners, modern thermal imaging devices like infrared
thermography (IRT) are particularly suitable to precisely map the cutaneous temperature distribution and its
evolution during exercise. The use of IRT to measure skin temperature in biomedical sciences is documented
in some review papers (e.g., Ring and Ammer, 2012, Lahiri et al., 2012, Fernandez-Cuevas et al, 2015).
Application of IRT to the study of skin temperature during running exercise dates back to the pioneering
investigation performed by Clark et al. (1977). They recorded skin temperature distributions and changes in
two athletes standing and running outdoor and on a treadmill. During running, skin temperature distributions
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differed markedly from that observed before exercise. More recent thermographic analyses during running
exercise reported the skin temperature response to running exercise with graded (incremental) or constant
load, with some authors (Roberts et al., 2007) focusing their attention to the upper part of the body (back and
front torso), and others investigating the anterior part of the body (Merla et al., 2010) or both anterior and
posterior part of the body (de Andrade Fernandes et al., 2016, Tanda, 2016 and 2018). These studies report
a general and continuous decrease in skin temperature over the monitored spots during running with graded
load or a decrease followed by a quasi-steady or a slight increase during running with constant load. The
above mentioned literature studies demonstrated that thermographic imaging is particularly indicated to
record the temperature distribution on the skin surface during running exercise.

METHODS

The aim of this study was to devise an experiment able to capture, during a prolonged running exercise on
treadmill, variables related to the kinematics and to the thermoregulation of the subject, without interrupting
the exercise. This in order to evaluate the changes in posture, running style, and thermal state during the
running effort. The experiment takes advantage of markers of small dimension, fixed to the skin at given
locations, whose positions are detected by processing a video file recorded during the exercise, while the
rest of the body skin is framed by an infrared thermal camera. From the kinematic point of view, attention is
focused on the sagittal plane where markers are properly positioned. On the other hand, thermoregulation
inspection is focused on frontal plane from the anterior and posterior directions, so there is no interference
between light emitted by the markers (high intensity leds) and the IR emission by the subject.

Experiment design

The experimentis designed in order to simultaneously gather kinematic and thermal quantities. The kinematic
quantities, such as linear and angular displacement, velocity and acceleration of relevant body points and
segments are acquired by a video system operating with markers. The positions of points of interest in the
sagittal plane can be obtained directly from video, based on a black and white camera and a set of eight
markers placed along the right side of the subject in specific anatomical landmarks. Figure 1 shows the
position of the markers and the absolute y and relative ¢ angles deduced from the biomechanical model.
Number and position of markers, listed in Table 1, are deemed to be suitable to infer the kinematical quantities
of interest and the biomechanical variability of subjects during a prolonged running exercise, as stated by
Winter (2009) and Crenna et al. (2018).

A black and white camera — DALSA Falcon, 1.4 Mpix, frame rate 100Hz — records the movement of the light
emitting markers (diameter 3 mm, intensity 5 mcd) on the subject (at a distance of about 3.5 m) and stores it
in an uncompressed video file for processing purposes. Before each test, the video system is properly aligned
to obtain an image plane as parallel as possible with the sagittal plane of subject. Calibration is performed
before and at the end of the test by using both a chessboard with known dimensions and a 1.2 m linear
reference with 100 mm marks, consistent with the procedure provided by Zhang (2000). Before processing
the video file, calibration data are processed to verify camera alignment and to obtain the sensitivity factor
between the image plane (pixels) and the real sagittal plane (mm). The typical sensitivity is about 1.7 -1.8
mm/pixel. Calibration uncertainty is negligible as compared with other uncertainty sources such as subject
movements out of the sagittal plane, as found by Crenna et al. (2015). It is worth noting that a £ 50 mm
movement out of the plane implies a deviation in sensitivity, due to perspective effects, of about = 2%,
deemed to be absolutely acceptable in this study; moreover, if such movement is rigid (i.e., the sagittal plane
has moved forward or backward with respect to the camera), absolute segment angles and relative articular
angles are expected not to vary at all. This scenario is reasonable for this experiment since subject orientation
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is constrained by equipment position and by treadmill movement, while the subject can afford slight
movements out of the plane by moving nearer to treadmill borders.

1 shoulder 1 shoulder

2 iliac crest Whole body CoM height = iliac crest

Segment
absolute angle
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5 malleolus

metatarsus Treadmill velocity

8 foot tip

‘ treadmill ‘ treadmill

Figure 1. (a) Biomechanical model and location of markers; markers are placed on the right side of the
subject, with camera at about 3.5 m distance. (b) Kinematical quantities under investigation; angles are
measured on the basis of marker positions.

Table 1. Marker positions and landmark points.
Marker Landmark

Shoulder (acromion)

lliac crest (upper lateral)

Femur (great trochanter)

Knee

Ankle (malleolus)

Heel

Metatarsus (fifth)

Foot tip

O~NOoO O WwN

Infrared thermography is used as diagnostic tool to obtain detailed maps of temperature in large parts of the
body surface; average skin temperatures of specific regions of interest (arms, trunk, legs) can be easily
derived by an image processing system. Thermal images of subjects during running exercise are taken by
using a digital infrared camera (FLIR T335, Flir Systems Inc., 320x240 pixels, thermal sensitivity/NETD <
0.05°C). The accuracy of infrared temperature measurements is assessed by a calibration test described by
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Tanda (2016). Sequences of thermal images of anterior and posterior body are taken at given time intervals
without interrupting the physical activity and at a distance of about 3 m from the subject in order to gather a
full image of the body.

Data processing

Kinematic quantities

At regular intervals during the test (typically 5 minutes), as synchronized as possible with thermal
measurements, a 5 s long video recording is acquired. The file is then processed offline, frame by frame, to
obtain marker positions in time. Non-integer values (below pixel resolution) can be obtained considering the
grey level of the white dots representing the markers on the image. Marker positions are properly tracked to
obtain their movement overtime and video system sensitivity is used to obtain their positions on the sagittal
plane. From marker positions, segments absolute angles i and relative articular angles ¢ are obtained as
shown in Figure 1(b). Moreover, the iliac crest marker (Number 2 in Figure 1), can be assumed as the
approximated position of the Centre of Mass (COM) of the subject, as indicated by Winter (2009). Once 5-
seconds of kinematic data had been recorded, the representative gait cycle of the subject was extracted. The
gait cycle was defined by the time interval from touchdown of the right foot to the successive touchdown of
the same foot. Comparison of kinematics among different subjects running at different speeds or for the same
subject at different time instants of the exercise were performed on the basis of the representative gait cycle.

Figure 2 shows some representative examples of data collected for a single gait cycle. In particular, the
typical trajectories of markers, together with the rigid segment model representing the subject body till the
height of shoulders, is illustrated in Figure 2(a), while Figure 2(b) shows the metatarsus trajectory (most distal
and fastest moving segment in the model) of the same subject, averaged among a set of cycles during the
treadmill exercise, together with the standard of the mean. Information provided by Figure 2(b) is important
since it points out the repeatability of each gait cycle at a specific exercise time, and/or the gait differences
between subjects or at different exercise times.

Since a large amount of biomechanical measurement data are gathered for each subject (eight anatomical
landmark positions, four absolute segment angles v, for foot, leg, thigh, and torso, plus three articular angles
o, for ankle, knee, and hip, measured for about 7-10 gait cycles, about every 5 minutes of exercise, leading
to about 200 cycles to analyse for a 100 min exercise) a synthetic approach is required to illustrate the most
important features of kinematics during exercise. A key variable adopted to characterize the subject
kinematics is the Range of Motion (ROM), defined as the difference between the maximum and minimum
values reached, during a single cycle, by a specific parameter.

Thermal quantities

In principle, the true skin temperature of total body can be obtained by recording the skin temperature over
an infinite number of measuring site. For practical reasons, the mean skin temperature of the total body is
typically estimated on the basis of a finite number of local (or regionally averaged) skin temperatures and the
corresponding weighting factors. According to previous works (Tanda, 2016 and 2018), with reference to the
sketch of the athlete body shown in Figure 3, the total-body surface temperature has been estimated as the
arithmetic mean of the following fourteen regionally-averaged surface temperatures: cheek (A-A’), chest (B),
abdomen (C), anterior forearm (D-D’), hand (E-E’), anterior thigh (F-F’), anterior calf (G-G’), scapula (H),
subscapula (I), lumbar (L), posterior upper arm (M-M’), posteromedial thigh (N-N’), posterolower thigh
(0-0), posterior calf (P-P’). The double symbol (for instance A-A’) indicates that the mean between right
and left side of the same anatomical region has been considered. Each region of interest (ROI) associated
with a specific site of body surface was selected by drawing its anatomical contour with a dedicated software
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program (Flir Reporter Professional®©, Flir Systems); details about the ROI selection and its locally-averaged
skin temperature are reported by Tanda (2018). In addition to the total-body skin temperature, additional
regional skin temperatures (i.e., over upper limbs, lower limbs, chest, back) can be deduced from values
recorded over the regions highlighted in Figure 3.
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Figure 2. (a) Marker trajectories during a standard cycle. (b) Metatarsus trajectory averaged among a set of
8 cycles. Solid line: mean value, dashed lines: + o of the mean.
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Figure 3. Sketch of regions of interest (ROI) where regional skin temperatures have been estimated.
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Case study

A group composed of five amateur athletes (n = 5), including one of the authors, was involved in this study.
Anthropometric characteristics of the subjects are listed in Table 2; all of them, having long experience in
long-distance (half-marathon, marathon) running competitions, were informed about the procedures of the
investigation and gave their consent to participate in this research. The subjects were asked to run on
treadmill, at a velocity typically close to that maintained in the most recent competitive half-marathon, for a
duration as long as possible, depending on the subject willing. Experiments were conducted in a relatively
warm and humid indoor environment (air temperature 23—27°C, air relative humidity 60—70%), without forced
ventilation of indoor air and with the treadmill set at zero inclination. According to the scale of apparent
temperature reported by Steadman (1979), the perceived temperature Tapp obtained by the combination of
indoor air temperature and relative humidity was 23—24°C for two athletes, 25°C for one athlete and 27—28°C
for two athletes (who ran in a rather uncomfortable environment). During tests, the subjects wore only shorts
and running shoes. Each experiment was conducted at the same time of day (late morning) to avoid variation
due to circadian rhythm of body temperature.

Table 2. Anthropometric characteristics of subjects and main exercise parameters.

Subject Age Height Weight BMI Test Colourin  Speed Intensity of  Tapp
(years) (m) (kg)  (kg/m?) the plots  (km/h)  exercise (%) (°C)
1a white 10.2 75 23
1 58 1.73 59 19.7 1b grey 12.0 90 24
1c black 12.9 95 23
2 52 1.77 64 20.4 2 blue 14.0 95 25
3 47 1.83 75 224 3 orange 12.0 95 23
4 46 1.74 61 20.1 4 magenta 14.0 90 28
5 35 1.75 Al 23.2 5 green 14.0 95 28

The treadmill running exercise was preceded by a 10 minute acclimatization period, where the participants
stood motionless. At the end of acclimatization, thermal images of the front and the back of the body were
taken. The running exercise started with a first 5 minute warm-up period at the reduced treadmill velocity of
6 km/h. Immediately after the warm-up, the treadmill velocity was incremented up to the value scheduled for
each subject and maintained for the whole duration of exercise. Table 2 reports also the main test
characteristics: velocity, intensity of exercise and the apparent temperature of indoor air. The running velocity
set for each subject varied from 10.2 to 14 km/h. The intensity of the exercise was assumed as the ratio
between the velocity imposed during the exercise and the race velocity maintained in the most recent half-
marathon competition. This value typically corresponded to 90-95% for all the subjects, with the exception of
one subject (Number 1) who repeated the exercise at three different velocities, corresponding to 75%, 90%
and 95% of his competitive race velocity (test 7a, 1b, and 7c, respectively). Subjects were asked to run at
the prescribed velocity as much as possible; typical duration of exercise was in the 1h — 1h,45 min range. A
sequence of 3-4 thermal images (within few seconds) of anterior and posterior body was typically acquired
every 5 minutes throughout each exercise without interrupting the physical activity. The first image of each
series has been typically employed to identify each region of interest. The remaining images of the series
were used only in case of lack of information or image defects (i.e., blurred image) on a specific body region
due to the subject movement and in order to randomly assess the repeatability of skin temperature
measurement over the same surface region (typically 0.1°C and always confined within 0.3°C). During the
exercise, synchronized with thermal images, the vision measurement system recorded a five seconds video
for further offline processing. After the completion of each exercise, subjects stood motionless for a further
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5-10 minute rest period, during this period other thermal images of the body were taken. During the
experiments, the heart rate of subjects was continuously monitored by means of a standard ECG device.

RESULTS

In order to provide a full non-dimensional representation of results, a dimensionless time 1 was further
introduced and defined as follows:

T= t/trace

where tis the actual time and trace is the time required to complete a half-marathon race (21.097 km) at the
velocity sustained during the exercise. The 5-min warm-up period was included in the estimation of trace.
Since the exercise velocity was different from one subject to the others, the time resulted to be scaled
according to a conventional duration related to the intensity of the exercise.

11— T T T T T T T T T T

1.0 -
09 -
08 -
0.7 -

06 -

0.5

Normalized heart rate (%)

04 -

03

0.2 I I I I I I | I I I I
00 01 02 03 04 05 06 07 08 09 10

Dimensionless time

Figure 4. Normalized heart rate during the exercise.

Figure 4 shows the heart rate recorded for each subject during the running exercise, normalized by the
maximal age-predicted value (estimated according to the formula reported by Nes et al., 2013). Even though
no measurements of maximal oxygen uptake were performed, variation of heat rate during the running
exercise is believed to be correlated with exercise intensity and to be considered as a rough measure of the
physical effort sustained by the subjects during exercise (Karvonen and Vuorimaa, 1988).

Biomechanical measurements

As previously discussed, biomechanical analysis is based on a standardized gait cycle, in which time histories
and/or synthetic parameters of several biomechanical quantities are considered and analysed. First, attention
is focused onto the trajectories of markers in the sagittal plane during a cycle. Among the anatomical regions
monitored by markers, the foot movement is described by four markers (malleolus, heel, metatarsus and foot
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tip). The iliac crest marker is deemed to provide useful information about subject vertical oscillation in a gait
cycle, due to the fact that the whole body centre of mass (COM) position for a standing subject can be
assumed at the height of the iliac crest. Second, attention is turned to articular or relative angles in the sagittal
plane. The biomechanical model here considered includes three main articulations (hip, knee and ankle),
their angles are computed considering the absolute angles of the articulated segments. For example, with
reference to the knee, ¢, = ¥, — ;. Since zero value corresponds to the standing anatomical position
(i.e., thigh aligned to the leg), positive knee angle values indicate a knee flexion; knee extension is strictly
limited and only a few negative degrees are possible. With reference to the ankle, the relative angle definition
requires an offset to obtain zero at standing, so ¢, = ¥ — ¥, —90°. In this case, a foot dorsal flexion is
a positive angle while a plantar flexion is negative. Trajectories and angles described by markers are typically
considered during an overall gait cycle or at a specific time instant such as when the foot is landing.

Muscular actions of legs produce the movement of foot, which is the body final actuator on the ground and
the most distal body segment. The trajectories of the metatarsus marker in the sagittal plane for two subjects
(Number 1, test 7c and Number 4) and two different values of the dimensionless time are shown in Figure 5.

Since foot trajectory is associated with legs kinematics, it is also of interest to investigate the angles
generating the movement. Figures 6(a), 6(b) and 6(c) show the knee angle ¢, for subject Number 1, test c,
Number 3 and Number 4, respectively, taken at different dimensionless time values.

Metatarus trajectory

-600 -400 -200 0 200
X (mm)
Figure 5. Mean metatarsus trajectory for subjects Number 1, test 7¢ (black colour) and Number 4 (magenta

colour), at dimensionless time 1 = 0.2 (dotted line) and 0.8 (bold line). Dashed lines represent + ¢ of the
mean for 1=0.8.
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Figure 6. Mean knee angle ¢, during a standard cycle. (a) Subject Number 1, test 7c. (b) Subject Number
3. (c) Subject Number 4. Bars indicate + o of the mean.
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Figure 7. ROM during exercise time for the five subjects. (a) Mean ankle angle, ¢,, . (b) Mean knee angle, ¢,.

Bars indicate + o of the mean. Colours indicate different subjects according to colour code reported in Table
2.

Figure 7 shows the mean ROM for the ankle angle, ¢, and for the knee angle ¢, during the exercise, for
all the five subjects, each of them identified by a different colour. As an intuitive indication of fatigue, Figure
8 reports the vertical motion of the COM of the body, deduced from the iliac crest marker, for the same
subjects and dimensionless time values considered in previous Figure 5 (subjects Number 1, test 7¢ and
Number 4, 7=0.2 and 0.8). The vertical displacement of COM during a cycle can also be efficiently described
by its ROM as presented in Figure 9. A further interesting feature of kinematics is represented by the ankle
and knee angles taken at the initial foot contact with the ground; mean angles for all the subjects, at different
dimensionless time values, are shown in Figure 10.

Thermal measurements

Typical thermal images taken for one of the athletes are reported in Figure 11. They refer to the posterior
part of the body before, during and immediately after the running exercise. The figure clearly shows the effect
of running exercise on skin temperature distribution, resulting in large disuniformities depending on the
specific body compartment. Blood perfusion associated with blood redistribution under skin is visible in the
image taken at the end of exercise. In order to provide a compact representation of thermal results, the total-
body skin temperature Tsk, evaluated according to the procedure previously described, has been normalized
by using the initial skin temperature Tsk0 and the indoor air temperature Tair as follows:
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6= (Tsk - Tair) / (Tsk,O - Tair)
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Figure 8. Mean COM vertical movements for subject Number 1, test 7c¢ (black colour) and Number 4 (magenta
colour) at 1= 0.2 (dotted) and 0.8 (bold).
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Figure 9. ROM of mean COM vertical displacement during the exercise. Bars indicate £ o of the mean.
Colours indicate different subjects according to colour code reported in Table 2.
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Figure 10. (a) Mean ankle angle, ¢, , (b) mean knee angle, ¢, at the initial foot contact with the ground
during the exercise, for the five subjects considered. Bars indicate £ o of the mean. Colours indicate different
subjects according to colour code reported in Table 2.

Figure 12 shows the time-evolution of dimensionless skin temperature for all subjects, while local thermal
response to exercise is reported in Figures 13-15. Three distinct regional skin compartments were chosen:
lower limbs, upper limbs, and lower back. The lower-limb skin temperature, evaluated as the average among
values measured on anterior and posterior calves and thighs (indicated as F-F’, N-N’, G-G’ and P-P’ in
Figure 3), corresponds to the anatomical region closer to active muscles during exercise, where blood is
directed especially at the beginning of the effort. The skin temperature over the upper limbs (average between
values detected on anterior and posterior arms and forearms, indicated as R-R’, M-M’, D-D’ and Q-Q’ in
Figure 3) indicates the response to exercise of the peripheral body compartment. Finally, the lower back
(lumbar) region (indicated as L in Figure 3) was chosen since one of the most involved in the sweating
process to facilitate heat losses to the environment, as found by Smith and Havenith (2011). Due to the
adopted normalization of time and temperature, dimensionless local skin temperatures of the subjects
generally start from values different from one (an initial value lower than one denotes an initial local skin
temperature lower than the initial total-body skin temperature and vice versa).

DISCUSSION

As shown in Figure 4, normalized heat rate typically has a quick rise during the first part of exercise (including
warm-up). The lower normalized heart rate was maintained by subject Number1 during his most comfortable
exercise (test 1a); subjects running at a velocity close (90-95%) to their competitive race velocity attain, at
the end of exercise, a normalized heart rate between 80 and 100%. The highest normalized heart rates were
recorded for subjects (Number 4 and Number 5) running in a relatively uncomfortable environment (with the
highest indoor apparent temperature). The range of variation of heart rate among the subjects seems to be
related to the exercise intensity and in part also to the perceived temperature of indoor air. For one subject
(Number 5) the high apparent temperature of indoor air (28°C) combined with the high intensity (95%) of
exercise led to a significant rise of heart rate that reached the maximal age-predicted value, thus determining
the prompt stoppage of exercise.

The main feature of the present experiment is the data gathering throughout the exercise, without any
interruption of the effort and thus of the monitoring of biomechanical and thermal parameters during their
evolution in time, whereas most of similar literature papers refer to parameters collected before and after the
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exercise. Results show some examples of biomechanical measurements performed in the present
experiment. Figure 5 shows metatarsus trajectory, during a gait cycle, for two subjects with evident
differences in running style and consequently in movement strategies. It is worth noting that, in treadmill
running, when the metatarsus is on the ‘ground’, it stands on the treadmill, and it moves with respect to the
point of view of the camera toward left at the speed imposed on the treadmill. Inspection of the figure shows
that, during a cycle, subject Number 4 moves his metatarsus upward of about 400 mm while subject Number
1 makes a vertical movement of about a quarter. This effect is deemed to be correlated with subjective
running style and, at a larger extent, with subject running speed, the wider movement being recorded for
faster subject. Of course, different trajectories correspond to different kinematic strategies. Comparison of
trajectories measured at different 1 values shows very little differences for both subjects, particularly related
to trajectory length more than to vertical movement. Such small variations seems to be compatible with
subject’s repeatability indicated with dashed lines. Itis worth noting that, at the authors’ knowledge, no studies
focused onto the foot trajectory during running exercise are available in literature, where angle analysis is
typically performed (e.g., Koblbauer et al., 2014, Tian et al., 2020).

Figure 11. Skin temperature over the posterior part of the body measured before, during and immediately
after the completion of exercise, subject Number 2.

Attention is now turned to angular strategies. Figure 6 shows the knee angle (¢, in Figure 1(b) ) for three
subjects at different 1 values during the session. Subject Number 1 (test 7¢) and Number 4 present very
similar traces of the knee angle, with only little deviations from 1 ranging from 0.1 to 1.0, denoting a very
repeatable knee biomechanics constant during the entire exercise. This result is consistent with those
available in the literature for fatigue-inducing running exercises (e.g., Koblbauer et al., 2014, Tian et al.,
2020), irrespective of the different exercise protocol. A detailed analysis performed for subject Number 3 and
limited to the early stage of exercise (1 < 0.30) shows that as the subject increases his speed from the warm-
up (1= 0.05) to the prescribed treadmill velocity (> 0.10) the biomechanics changes, even if the behaviour
within the cycle is similar. The swing /suspension phases in the cycle present a wider knee flexion due to a
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longer duration of these phases since speed is higher than in the warm-up. A similar behaviour was noticed
for the other subjects.
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Figure 12. Dimensionless total-body skin temperature during exercise.
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Figure 13. Dimensionless skin temperature over lower limbs during exercise.
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Figure 14. Dimensionless skin temperature over upper limbs during exercise.
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Figure 15. Dimensionless skin temperature over lower back during exercise.

Figure 7 shows the ROM of the ankle and knee angles versus the dimensionless time for all the five subjects.
Neglecting data collected at the starting of exercise (warm-up), the ROM of ankle and knee angle are affected
by intra-subject variability, with a random behaviour during the test, except for subjects Number 1 and
Number 2, which present a slight increase in ankle ROM and a corresponding slight decrease in knee ROM.
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It can be argued that the effect of fatigue is not clearly related to the ROM of the ankle and knee angles, with
some authors stating that there is no substantial fatigue effect (e.g., Brown et al, 2014), and others claiming
that either an increase (e.g., Chan-Roper et al., 2012) or a decrease (e.g., Mizrahi et al., 2010, Tian et al.,
2020) in knee angle ROM occurs over time. The fatigue protocol and the measurement method adopted (with
measurements taken during or after the fatigue test) deeply affect the results in the opinion of the authors of
the present research. In the present case, measurements gathered during the test, without any interruption,
permit to closely investigate what happens during a long distance run.

Efficient running requires a rather stable behaviour of body COM height during the gait cycle, since vertical
movements are energy dispersive. Thus, the observation of vertical movement of the subject during the
exercise is of great importance (Mohler et al., 2019). Figure 8 shows the COM vertical movements for two
subjects at 7= 0.2 and 0.8 during a cycle. Apart from the offset deviation it is difficult to appreciate different
behaviours during the exercise; therefore, an analysis based on the ROM of COM height for all the subjects,
as shown in Figure 9, is more effective. The graph is noisy due to the differences in motion strategies of
subjects; nevertheless, it seems to be featured by a decreasing trend as the exercise time increases as a
consequence of changes in running pattern over time throughout the prolonged exercise. This is confirmed
by Morin et al. (2011), who examined the stance phase alone and with investigation before and a few hours
after an endurance performance.

Figure 10 presents knee and ankle angles measured at the initial contact with the treadmill within a
representative gait cycle. Even if in presence of inter and intra subject variability, a systematic behaviour with
exercise time is observed for subjects Number 1 and Number 2. The former presents a knee angle slightly
increasing over time and an ankle angle slightly decreasing while the opposite happens for the latter, denoting
a compensation strategy between ankle and knee throughout the exercise. Results similar to those for subject
Number 1, but obtained with a faster and much shorter exercise, are reported by Derrick et al. (2002). The
above mentioned effect suggests a possible subjective biomechanical response to fatigue according to
different adaptation strategies.

The total-body skin temperature, plotted in Figure 12, exhibits a marked decrease even during the short
warm-up period (typically rfrom 0 to 0.05) preceding the exercise. For some subjects (Number 1, Number 2,
and Number 3) the skin temperature decrease continues up to a dimensionless time equal to 0.1-0.2, after
that a progressive increase up to the exercise completion is observed. When subject Number 1 ran at the
lowest intensity (test 1a), the skin temperature decrease, with respect to the exercise starting, is lower than
that recorded when running at a higher intensity (tests 7b and 1c). Moreover, the pre-running value for the
75% intensity exercise (test 1a) is approached earlier than 90 and 95% intensity exercise (tests b and 1c),
probably due to a not excessive demand for blood from active muscles during the relatively mild exercise
(even though a successive skin temperature decrease in the second half of the exercise is noticed). The
temperature distributions for subjects Number 4 and Number 5 reveal completely different features as
compared each with the other and both with the common trend exhibited by subjects Number 1, Number 2,
and Number 3. Subjects Number 4 and Number 5 run at a very uncomfortable apparent temperature (28°C),
markedly higher than those occurring for the rest of the sample group, and at similar intensity (90-95% of
competitive race velocity) but while the skin temperature of subject Number 4 is characterized by a continuous
decrease throughout the exercise, subject Number 5 experimented a first decrease of skin temperature
followed by a prompt rise up to values well in excess of that recorded prior the exercise. This completely
different response of thermal regulation of these two subjects running under the same environmental
conditions is probably to be ascribed to individual physiological characteristics. Obviously, the limited number
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of athletes involved in the study and performed tests does not permit a generalization or a deeper
interpretation of results.

For the purpose of comparison with literature, the time evolution of total-body skin temperature, averaged
among all the subjects (5 subjects, 7 tests) within the first 30 minutes of exercise has been plotted in Figure16,
together with total-body skin temperature distributions for different sample groups (12 subjects: de Andrade
Fernandes et al., 2016, and 4 subjects: Tanda, 2018), performing the same type of running exercise (treadmill
at constant load). Skin temperatures were obtained by infrared thermography measurements, with total-body
values calculated by means of slightly different formulas. Despite the non-homogeneity of the three groups,
running at medium-high intensity in the present research, at low intensity (de Andrade Fernandes et al., 2016)
and at constant velocity (Tanda, 2018), when data are averaged among a significant number of subjects they
denote a common trend, characterized by a marked reduction of skin temperature immediately after the onset
of exercise, followed by a little increase after 10-15 mins of exercise. The three temperature distributions
plotted in the figure are shifted along the temperature axis mainly due to the different environmental
conditions imposed during the experiments (apparent temperature of 25°C in de Andrade Fernandes et al.
(2016) , 22°C in Tanda (2018) and 23-28°C in the present study). Individual data for four subjects (out of
five) of the present sample group (not reported for the sake of brevity) showed exactly the same trend as the
subject-averaged temperature distribution, with initial skin temperature starting from different values
depending on the ambient temperature. The only exception was subject Number 5, who run at relatively high
intensity and high perceived ambient temperature and thus in uncomfortable conditions, as previously
discussed. Therefore, for the majority of subjects, individual distributions of total-body skin temperature have
a common shape in the first part of exercise but tend to diverge as the exercise progresses over time,
probably reflecting an individual response to the exercise as it becomes longer and more demanding.

Skin temperatures averaged over the active muscles involved in the running exercise (lower limbs), shown
in Figure 13 in dimensionless form, are characterized by a common reduction (as the total-body values) at
the beginning of exercise. As the exercise progresses, subject Number 1 exhibits, for all the three exercise
intensities, a skin temperature increase over legs, probably due to thermal conduction from muscles under
skin or to partial redirection of cutaneous blood flow, while for subjects Number 2, Number 3, and Number 4
the vasoconstrictor stimulus seems to be maintained for a longer time since the local skin temperature
continues to decrease with time. For subject Number 5, the marked skin temperature increase is associated
with thermoregulatory vasodilation.

Upper limbs and lower back are regional compartments that are inactive form the running point of view and
over skin temperature is expected to be markedly reduced at the beginning of exercise, as inspections of
Figures 14 and 15 confirm. For the majority of subjects (Numbers 1-4), the skin temperature over upper
limbs, after the initial descending trend, is maintained stable (or slightly increased) and well below the starting
value, probably indicating a poor redistribution of blood flow towards this region throughout the exercise. The
time-distributions of skin temperature over the lumbar region, where the sweating rate is expected to be
significant (as reported by Smith and Havenith, 2011), reflect the thermoregulatory response of each subject:
the redirection of blood flow toward this skin region to facilitate heat loss to the environment seems to be
evident for subject Number 1 (regardless of the intensity of the exercise), while for subjects Numbers 2-4 the
ascending trend of local skin temperature, after the initial decrease, appear to be more gradual, with values
always lower than the initial value. Inspection of skin temperature distributions over upper limbs and lower
back for subject Number 5 reveals that the excess heat accumulated during the exercise is delivered to the
environment through both upper limbs and lower back, thus signalling an urgent requirement of body
thermoregulation.
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Figure 16. Total-body skin temperature, averaged among groups of subjects, in the early stage of exercise.
Comparison with the literature.

A feature brought by the present study is the possible correlation between thermal data and biomechanical
parameters. Even if a correlation between biomechanical and thermal parameters has to be investigated on
the basis of a larger number of tests and athletes, a clear association between them is noticed by comparing
the evolution in time of skin temperature over legs (Figure 13) and knee angle at landing plotted in
Figure10(a); ascending or descending trends of skin temperature over legs during exercise show a similarity
to the time-evolution of knee angle at landing, with some subjects showing a reduction of both quantities
(e.g., Number 4), others showing an initial decrease followed by an increase of both quantities (e.g., Number
5); and others showing quasi-constant distributions over time (e.g., Number 1). This outcome suggests that
the thermoregulatory response of lower limbs could be reflected in the dynamics of the gesture at landing.
Conversely, no evidence of a clear association between distributions over time of total-body skin temperature
and the other biomechanics variables detected in this study was found. Nonetheless the effect of fatigue
seems to be more promptly identified by the thermal analysis rather than the biomechanics variables here
considered, within the limitation of the small sample group investigated.

CONCLUSIONS

This study is aimed at presenting an experiment able to simultaneously gather data conceming the
biomechanics and thermoregulation of athletes during a prolonged running exercise on treadmill. Despite the
limitation due to the reduced sample group considered in the case study, experimental data show that thermal
analysis is likely more sensitive to subject fatigue and effort during the prolonged exercise here considered,
while, from the biomechanical point of view, it is more difficult to obtain a clear indication with the data
available, except for the vertical motion of COM.
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An interesting correlation between biomechanics and thermal measurement was found as the time evolution
over time of skin temperature over legs and knee angles at landing are compared: an increase of skin
temperature over legs seems to be reflected in a corresponding increase in knee angle at landing and vice
versa.

Finally, a more detailed characterization could be achieved by reducing the measurement time interval (now
around 5 minutes) or even by obtaining a continuous measurement through a long video recording to be
processed offline. The large amount of data available could be further analysed, introducing for example a
subject normalization in order to compare only variations due to the exercise, and not the values typical of
each subject’s running style.
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