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Abstract

The purpose of this study was to investigate whether there are any age-related differences in impact characteristics during
running between healthy older and younger men. Ten healthy older (age: 58.7 +2.5 years) male and ten healthy younger
(age: 22.3 + 1.6 years) male recreational runners ran on a treadmill at three different running speeds (i.e. 2.2 m/s, 2.8 m/s,
and 3.2 m/s). Tri-axial accelerometers (Noraxon, USA) were firmly attached to the tibia and the sternum. Gait parameters,
three-dimensional peak tibial accelerations, peak sternum accelerations and shock attenuation were calculated during the
stance phase of running. The ANOVA repeated measures was applied at an alpha level of .05. Older runners showed greater
impact on the sternum, leading to reduced shock attenuation compared with younger runners (p <.05). In addition, older
runners showed a shorter lag between peak resultant accelerations experienced by the upper body and peak acceleration
experienced by the lower leg compared with younger runners (p <.05). This study suggests that the intensity (i.e. speed and
duration) and types of exercise should be carefully considered for older adults because of lower shock attenuation of the

body and changes in coordination strategy between the segments in high-impact activities like running.

Keywords Impact - Resultant acceleration - Shock attenuation - Upper body

1 Introduction

Regular running provides many health benefits for those in
middle and old age including improved cardiovascular health
[1], bone mineral density [2] and motor skills function [3].
However, repetitive high impacts during running may play a
role in the development of running-related overuse injuries
in older runners because of age-related decrease in function
[4]. In the process of aging, the human body loses muscle
strength [5] and flexibility [6], and changes running biome-
chanics [4, 7-9]. Older runners decrease running velocity,
stride length [4], and knee range of motion [7] while greater
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ground reaction force impact peaks and loading rates have
been observed in older runners compared with younger run-
ners [7]. It has been suggested that the older body’s reduced
ability to attenuate high-impact forces during running may
lead to a higher incidence of lower extremity joint injuries
in an older population [7, 10, 11].

Several studies have compared the differences in joint
kinematics and kinetics between young adult runners and
older adult runners to understand age-related adaptations in
running biomechanics [4, 7-9, 12]. Reduced lower extremity
joint motion [7, 12] in older runners is thought to be related
to a reduced impact-attenuation ability compared with young
runners. Previous studies suggest that older adults redistrib-
ute mechanical demands in the lower extremity during walk-
ing [13, 14] and running [15]. However, little is known about
the impact-attenuation ability of older individuals during
high impact exercise like running. The magnitude of impact
on the body and the response to reduce high impacts from
the ground during running in older runners haven’t been well
investigated in previous studies. Thus, a better understand-
ing of impact characteristics in older runners may help to
mitigate lower extremity joint injury in this population [16].
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An accelerometer has been widely used as a portable and
reliable device for the measurement of the impact at initial
contact (i.e. within 50 ms of touchdown) in running since
positive correlations were found between the peak accelera-
tions from the accelerometer and the impact variables such
as impact peak and its loading rate measured by a force plate
[17-19]. Repetitive impact, such as when the foot strikes
the ground during running, can be measured by accelerom-
eters as the accelerometer signals are clearly differentiated
by running style (i.e. foot strike pattern, stride length and
lower extremity joint angles) as well as running surface and
footwear compliance [20]. The findings from accelerometers
regarding age-related changes in impact characteristics have
shown an important dynamic role of the upper body of the
older person in impact attenuation during walking [21, 22].
However, to our knowledge, there are no studies that have
investigated the impact attenuation ability of older individ-
uals during running when impacts are more pronounced.
Furthermore, biomechanics studies of older runners should
measure three dimensional impact because acceleration in
the medial-lateral (M—L) and anterior—posterior (A—P) axes
contributes a substantial amount to overall impact [21, 22]
and they are closely related to stability and control of move-
ment in the older adult [21-23]. Therefore, the purpose of
this study was to investigate impact characteristics of older
runners using tri-axial accelerometers for a better under-
standing of their strategy to attenuate impacts. We adopted
the term, impact acceleration to represent the magnitude of
impact at an initial contact of stance phase during running
[24]. The first hypothesis was that older runners would show
greater magnitudes of impact accelerations compared with
younger runners. The second hypothesis was that older run-
ners would show a lower impact attenuation, calculated by a
relative reduction of impact acceleration on the upper body
with respect to impact acceleration on the lower leg [25],
compared with younger runners. Also, it was expected that
the magnitudes of impact and the level of impact attenua-
tion would increase with increased running speed for both
groups of runners.

2 Method
2.1 Participants

Ten healthy older (age: 58.7 +2.5 years, mass: 72.3+7.4 kg,
height: 171.1+4.7 cm, BMI: 24.7+ 2.1, weekly running:
4.4+2.4 h) and ten healthy younger (age: 22.3 + 1.6 years,
mass: 73.5+£5.2 kg, height: 176.2+6.7 cm, BMI: 23.8 +2.1,
weekly running: 1.5+ 1.3 h) male recreational runners par-
ticipated in the study. There were significant differences in
age and weekly exercise levels between two groups (p <.05)
but no difference in mass, height, or BMI. Subject criteria

@ Springer KE;E

included no lower extremity injuries within the past six
months, rearfoot striker, minimum running distance of
10 km/week, the ability to run comfortably on a treadmill,
and a time of under one hour for 10 km of running. The run-
ning shoe was not standardized and each participant wore
their own shoes to perform their natural running patterns
[26]. The research was approved by the Korea National
Sport University ethics committee and written consent was
obtained from each participant prior to the start of the exper-
iment (Ethics ID: 20,150,618-693, 20,180,611-046).

2.2 Procedure

Two tri-axial accelerometers (Noraxon, USA, model: DTS
519 3D accelerometer, mass: 2.4 g, size: 20 mm by 15 mm
by 7 mm, operational range of 100—400 g) were firmly
attached to the middle of the runner’s right tibia and the ster-
num with double sided tape and elastic straps (Fig. 1). The
orthogonal coordinate system was set in the tibia [27]. To
measure vertical acceleration on the tibia, the vertical axis
of the accelerometer was set in the direction (+) aligned with
the longitudinal axis of the tibia. Due to the shape of the
bone surface of the tibia, the direction (+) of the A-P axis
of the accelerometer was pointing approximately 45 degrees
medially [28]. The direction (+) of the M-L axis was set
perpendicular to the plane created by the vertical and A—P
axes. The vertical axis of the accelerometer on the sternum
was aligned with the direction (+) pointing upward while
the A-P and M-L axes were set with the axes perpendicu-
lar to the vertical axis, respectively [29] (Fig. 1). After an
adaptation period of running on a treadmill (Bertec, USA)
built into the floor, the subjects were asked to run at three
different speeds (2.2 m/s, 2.8 m/s and 3.2 m/s). The running
shoe was not standardized and each participant wore their
own shoes to perform their own natural running patterns.
The order of running speed was randomly assigned to avoid
a learning effect. The last ten steps of the right foot during
the three minutes running trials were selected for analysis
[30]. Data was collected at 500 Hz and low-pass filtered at
50 Hz [31].

Orientation of 3 axes :

Vertical (+)

Lateral (+)

Anterior (+)

Fig. 1 Orientation of 3 axes for each tri-axial accelerometer on the
participant
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2.3 Data Analysis

The data was imported into software (Visual 3D, C-Motion,
USA) to calculate running parameters such as contact time,
stride time, stride length and stride frequency [30]. Figure 2
shows the three-dimensional accelerations and the result-
ant value on the tibia during running at 2.8 m/s. Peak tibial
acceleration (PTA) and peak sternum acceleration (PSA) for
all three axes and their resultant accelerations (Eq. 1) during
the stance phase of running were calculated for comparison.
A method for detecting heel contact and toe off using an
accelerometer was applied to determine the stance phase of
running [32]. Shock attenuation (SA) using longitudinal and
resultant acceleration was determined by calculating the per-
centage of peak acceleration from the sternum with respect
to the peak acceleration from the tibia [33-35] (Eq. 2). Data
were processed by using a custom written Matlab code
(Mathworks, USA).

Resultant Acceleration(R) = \/ L? + ML? + AP? (1)

L, peak acceleration in the longitudinal axis; ML, peak
acceleration in the M-L axis; AP, peak acceleration in the
A-P axis

PTA — PSA

Resultant SA = <
PTA

) x 100[%] 2
SA, shock attenuation; PTA, peak tibial acceleration, PSA,
peak sternum acceleration.

3 2.4 Statistical analysis

A sample size from each group was determined using the
results of a previous study [21] regarding upper body accel-
erations in older adults. The mean and standard deviation of
peak accelerations in the A-P axis from the aforementioned

Acc.(G)

Time (%)

Fig.2 Time normalized accelerations in three axes and the resultant
value on the tibia during running at 2.8 m/s. G=9.8 m/s%, L, longi-
tudinal axis; ML, medial-lateral axis; AP, anterior—posterior axis; R,
resultant value

study were utilized to calculate the effect size of 1.34
(G-power software), with a statistical power set to .8 and
an alpha level of .05. Based on the analysis of G-power, a
minimum of eight participants for each group was required
to compare the differences between the two groups. The
normality test (Kolmogorov—Smirnov & Shapiro—Wilk) was
conducted if the variables met the criteria for parametric
statistics. All statistical comparisons were made using the
2 (age effect) X 3 (speed effect) ANOVA repeated measures
with the least significant differences method for post-hoc
analysis at an alpha level of .05 (SPSS Inc., USA). p values,
effect size (n?) and power (B) were reported in the statistical
analysis results.

4 Results
4.1 Gait Parameters

Table 1 shows the results of age (older runners vs. younger
runners) and running speed (i.e. 2.2 m/s, 2.8 m/s, and
3.2 m/s) effects on gait parameters. Older runners showed a
shorter contact time and stride time compared with younger
runners while both groups of runners tended to decrease
contact time and stride time with increased running speed
(p<.01). Older runners showed a shorter stride length and
higher stride frequency compared with younger runners
while both groups of runners tended to increase stride length
and stride frequency with increased running speed (p <.01).

4.2 Peak Tibial Acceleration (PTA)

Table 2 shows the results of age and running speed effects
on PTA. In the longitudinal direction, there were no dif-
ferences in PTA between the two age groups while both
groups of runners increased PTA with increased running
speed (p <.01). In the M—L direction, there were no differ-
ences in PTA between the two groups while both groups of
runners increased maximum PTA with increased running
speed (p <.01). In the A—P direction, there were no differ-
ences in PTA between the two groups while both groups of
runners showed increased minimum PTA with an increased
running speed (p <.01).

4.3 Peak Sternum Acceleration (PSA)

In the comparisons of PSA, older runners showed greater
PSA in the longitudinal direction, compared with younger
runners while a speed effect on PSA was observed in both
groups of runners (Table 2, p <.01). Furthermore, in the
A-P direction, older runners also showed greater maximum
PSA compared with younger runners (p =.04). Finally, in the
M-L direction, there were no differences in PSA between
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a>b>c

0.32+0.02 0.30+0.02

0.33+0.03

0.08

0.20 (0.82) 0.02

1.00

0.83

41.18 (0.00)*
a>b>c

0.97

0.48

161.47 (0.00)*

0.65+ 0.04*
0.73+0.04

0.69+0.05%  0.66+ 0.04*
0.74+0.04

0.77+0.05

o

Stride time (s)

0.76

0.22

5.05 (0.01)*

939.35 (0.00)* 098 1.00

a<b<c

0.97

0.47

15.93 (0.00)*

2.08 + 0.14%*
2.33+0.14

1.5240.11%  1.85+0.12%
2.07+0.10

1.70+0.11

(¢]

Stride Length (m)

0.16

0.04

.81(0.43)

36.85 (0.00)* 0.67 1.00

a<b<c

0.97

1.45+0.10%  1.52+0.09* 1.55+0.10%  16.256 (0.00)*  0.48
1.30+0.08 1.36+0.07

(0}

Stride frequency (Hz)

1.38+0.08

power

O older runners; Y younger runners; n>=effect size; p

Bold numbers and asterisks indicate significant differences at an alpha level of .05

22.2 m/s; °2.8 m/s; ©3.2 m/s

the two groups while both groups of runners increased
maximum PSA with increased running speed (p <.01). In
addition, there was an interaction effect as younger runners
tended to show a greater increase in PSA in the M-L direc-
tion with increased running speed compared with older run-
ners (p=.02).

4.4 Resultant Acceleration and Shock Attenuation
(SA)

Figure 3 represents the comparison of the resultant accelera-
tions on the tibia and the sternum between the two groups.
Table 3 shows the comparisons of resultant accelerations and
shock attenuations between the two groups at three running
speeds. Regarding the magnitude of the resultant accelera-
tions (i.e. summation of all three acceleration components),
older runners showed greater resultant acceleration on the
sternum compared with younger runners (p <.01) while
both groups of runners showed increased resultant sternum
acceleration with an increased running speed (p <.01). Fur-
thermore, older runners showed earlier peak accelerations at
the sternum compared with younger runners while no speed
effect was observed on the time to peak resultant accelera-
tions for either group of runners (Fig. 3, Table 3, p<.01).
When calculating SA using peak acceleration along the
longitudinal axis, older runners showed significantly lower
SA compared with younger runners (p =.01). Furthermore,
when considering peak resultant accelerations of the tibia
and the sternum in the calculation, SA was also lower in
older runners compared with younger runners (p <.01).
There was a speed effect on SA using resultant accelera-
tions for both groups of runners (p <.05). In addition, older
runners showed greater increment in SA with an increased
running speed compared with younger runners but it was not
statistically significant.

5 Discussion

The purpose of this study was to investigate whether any
age-related differences exist in the magnitude of impact and
the level of impact attenuation of the body during running
between healthy older and younger runners. There were no
significant differences in the magnitude of impact on the
lower leg between the two groups, but greater magnitude of
peak acceleration on the upper body was observed in older
runners compared with younger runners. In the longitudinal
axis PSA was approximately 17-19% higher in older runners
and in the A-P axis PSA was approximately 21-24% higher
in older runners. Using resultant accelerations, about 18%
higher PSA was also observed in the older group compared
with the younger group. Thus, the first hypothesis that older
runners will show greater impact on the body compared with
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Fig. 3 Comparisons of the resultant accelerations between the two groups at three running speeds (* indicates significant differences in the mag-

nitude and timing of peak resultant acceleration at an alpha level of .05.)

younger runners was partially supported. Furthermore, SA
was approximately 29-48% lower in the longitudinal axis
and 25-36% lower using resultant accelerations in the older
group compared with the younger group. Thus, the sec-
ond hypothesis that older runners will show a lower level
of shock attenuation (SA) compared with younger runners
was also supported.

There were no differences between the two groups in the
magnitudes of impact on the lower leg using accelerom-
eters. A study compared ground reaction forces and lower
extremity kinematics between 16 older (55-65 years old)
and 13 younger (20-35 years old) runners at a preferred
and a controlled running speed, respectively [7]. The find-
ing showed that, using a force plate under controlled speed
of running at 3.3 m/s, greater impact peak and loading rate
was observed in older runners when compared with younger
runners. However, our results regarding the magnitude of
impact on the tibia using accelerometers showed similar lev-
els of impact on the lower leg between the two age groups.
The values of peak tibial acceleration in this study ranged
from 5 to 7 g for the longitudinal axis, 3.5-5 g for ML axis,
and 2-3 g for AP axis, which are comparable to the val-
ues under similar experimental settings in previous studies
[35-38]. Previous studies have suggested that peak accelera-
tion using a bone-mounted accelerometer and impact peak
and loading rate collected by a force plate are reasonably
correlated during walking and running [17, 27]. However,
this relationship becomes weaker with a skin-mounted accel-
erometer [39] and it is also dependent on the attachment
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methods and placement location of accelerometers [20]. Our
findings suggest no age effect on the magnitude of impact
using a tri-axial accelerometer on the tibia as both groups of
runners experience similar levels of impact on the lower leg
during running. However, because of the expected decreased
in bone mineral density (BMD) and weaker muscle structure
with the aging process [40—42], it is suggested that older
adults exposed to repetitive high impact during running may
be more vulnerable to bone and muscle injuries of lower
extremity joints [9, 16].

When comparing PSA along the longitudinal and A—P
axes as well as the resultant PSA (i.e. summation of all
three acceleration components) between the two groups, the
older runners experienced a greater amount of impact on
the upper body than the younger runners. Previous studies
have emphasized the importance of the upper body in con-
trolling movement stability and coordinating joint coupling
with lower extremity joints [21, 22, 43, 44]. Specifically, due
to greater weight distributed on the upper body compared
to the lower body [44], controlling upper body movement
plays an important dynamic role in attenuating impact [21,
23]. Previous observations suggest that the upper body of
older adults becomes stiffer than that of young adults with a
loss of effective control of lower body motion during walk-
ing [21]. This increased rigidity of the upper body due to
reduced pelvic rotation both in the sagittal and the transverse
plane [22, 23, 45] and diminished balance control by the
lumbar and the cervical hinges [23] may compromise the
function of the upper body as an attenuator to high impact
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during running as well. Our findings revealed that older
runners demonstrated greater magnitudes of impact on the
upper body, possibly caused by the changes in running bio-
mechanics due to potentially decreased trunk function.

The impact from the ground is transmitted to the upper
body during running and its magnitude can be reduced with
the use of protective mechanisms by the runner [7]. Older
runners reduce speed [7] and modify gait parameters as they
have a shorter stride length and higher stride frequency com-
pared with younger runners [8]. This is also supported by our
findings in gait parameters. In addition, it has been reported
that older adults reduce the range of knee flexion—extension
and hip joint loading in the frontal plane by decreasing their
hip adduction angle during running [14]. This indicates that
older runners carefully adjust many biomechanical factors
to reduce the effect of high impact generated from contact
with the ground.

A study has suggested that shock attenuation and energy
absorption during the impact phase of running are increased
with increased stride length [46]. The results indicated that
increased stride length creates more flex in the knee which
contributes to increased overall shock attenuation and energy
absorption by the knee compared with the ankle and hip
joints. More specifically, a study has reported that older run-
ners tend to show a more flexed knee at initial contact but
reduction in the total range of knee flexion—extension during
the stance phase of running at a speed of 3.1 m/s compared
with young runners [8]. This increase in knee flexion at heel
contact may adapt the role of active muscles in impact atten-
uation in the lower extremity [47], which may compensate
for stiff and weak lower extremity joints in older runners [7].
However, decreased range of knee flexion throughout the
impact phase during running is observed in older runners
[8]. This change would be linked to weak eccentric contrac-
tions surrounding the knee which may compromise the func-
tion of adequate energy absorption within the musculoskel-
etal system [46, 47]. Previous studies also supported the idea
that modifying knee joint motion plays an important role
in adjusting the impact characteristics of runners [47, 48].
However, older runners tend to decrease stride length with
more knee extension during the impact phase [8] and this
strategy may be disadvantageous to absorption of impact on
the body during running [46]. Furthermore, a study suggests
that older runners take more steps (approximately 21%) in
the same distance due to a shorter step length [7], eventually,
accumulating a greater amount of impact compared to that
of the younger runners. Thus, it is important to understand
how biological structures (i.e. ligament, cartilage, tendon,
bone and muscle) in the older runner respond to rapid high
impact as well as to accumulated amounts of impact during
a longer period of running and this warrants further study.

The main finding of this study was that older runners
demonstrated a lower impact attenuation by the upper body
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during running compared with their younger counterparts. It
has been suggested that restricted trunk motion due to rigid-
ity increased by aging may reduce the coordination between
the lower leg and upper body during walking [22]. In our
comparison of the timing of peak resultant accelerations
between the two groups, older runners showed a shorter
lag between peak acceleration experienced by the lower
leg and peak acceleration experienced by the upper body
compared with younger runners (Fig. 3). Whether these
shorter timings of accelerations between the lower leg and
upper body reflect a more cautious and conservative running
strategy requires further attention. In addition, investigating
how kinematic variables such as trunk and lower extremity
joint angles and angular velocities are linked to decreased
impact attenuation of in older runners would be beneficial
to understanding the mechanism of impact attenuation. On
the other hand, a compensatory mechanism (i.e. transferring
the mechanical loads from the ankle to the hip joint) has
been reported during walking in older adults [49, 50]. Fur-
thermore, weaker ankle plantar-flexors and knee extensors
in older adults may also compromise the ability of impact
attenuation and transfer the loads from the ankle and knee to
the hip and upper body during running. Interestingly, even
though older runners demonstrated a lower degree of impact
attenuation of the body, they increased SA up to 35% with
an increased running speed. Therefore, our study revealed
that a possible protective mechanism to high intensity or
increased demands created by a faster running speed may
activate in older runners. However, it is still questionable if
this increment in SA is enough to compensate for the older
runner’s potential age-related reduced biomechanical func-
tions when both groups of runners are exposed to the same
amount of impact.

There are some limitations and implications in this study
that need to be addressed for a proper interpretation of the
results. First, due to skin laxity, a skin-mounted acceler-
ometer would overestimate actual impact compared with
the impact measured by a bone-mounted accelerometer
[51]. Furthermore, it is expected that this effect would be
amplified in older-aged individuals. A study showed that
there are regional variations in skin elasticity of the body
with a general trend toward decreased skin elasticity with
age [52]. Studies have suggested that a lighter accelerom-
eter on the skin with a firm attachment would be critical in
order to reduce skin movement for the measurement [51,
53]. We used a light weight accelerometer with a mass of
2.4 g to reduce the effect of skin movement artefact [54]
and selected the proper attachment method [20, 54]. Careful
preparation of the method and interpretation of the results
when using a skin-mounted accelerometer is necessary.
Second, we chose to label the components of acceleration
from a tri-axial accelerometer on the tibia as A—P and M-L
accelerations, which, in some instances, may not be well



International Journal of Precision Engineering and Manufacturing (2022) 23:1465-1476 1473

aligned with the direction of running. However, our study
calculated the resultant acceleration of all three axes using
a tri-axial accelerometer to avoid the issue of the alignment
of the device to the tibia [34]. Third, different placements
of an accelerometer on the tibia may not give comparable
data [19] because linear acceleration is influenced by tibial
angular motion and the distance of the device with respect to
the ankle joint may differ [55]. Fourth, the current findings
also indicate that measuring accelerations only in the longi-
tudinal direction underestimates the total impact at the tibia
(approximately 12-19%) and the sternum (approximately
2-3%) compared with determining three-dimensional vec-
tor summed resultant accelerations. When considering the
contributions from accelerations in the M-L and A—P axes
to overall impact, the resultant acceleration may suggest a
better understanding of the impact mechanism during run-
ning in regards to age, gender, skill level, movement patterns
and so on. Thus, it is recommended that future studies inves-
tigating impact characteristics (i.e. peak acceleration and
shock attenuation) during running measure all three axial
components and the resultant value for a better estimation
of overall impact. Fifth, the older runners who participated
in this study comprised a small healthy and active group of
middle-aged runners whose running mechanics may not dif-
fer from those of the young runners. Therefore, future study
needs to include a wider range of fitness levels in the older
population for generalization of the findings. Finally, it is
also suggested that controlled running shoes may minimize
the effect of running shoes (i.e. shoe cushioning and design)
on running impacts and biomechanics.

6 Conclusion

Investigating impact characteristics of running biomechan-
ics in older runners would suggest the need for a proper
training method and intensity that concentrates on maintain-
ing physical health by reducing running related musculo-
skeletal injuries. Based on the findings of this study, older
runners demonstrated greater upper body impact due to a
lower impact-attenuation rate which may increase loads on
the musculo-skeletal system compared with younger run-
ners. Thus, the intensity (i.e. speed and duration) and types
of exercise for older adults should be carefully considered
because of reduced control of the body with high-impact
exercise like running. A future investigation of kinematic
and kinetic changes using a motion-capture system would
be helpful for developing a proper exercise program and
specific shoe design and cushioning for older runners.
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