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Muscle Tuning During Running:
Implications of an Un-tuned
Landing
Background: The impact force in heel-toe running is an input signal into the body that
initiates vibrations of the soft tissue compartments of the leg. These vibrations are heavily
damped and the paradigm of muscle tuning suggests the body adapts to different input
signals to minimize these vibrations. The objectives of the present study were to investi-
gate the implications of not tuning a muscle properly for a landing with a frequency close
to the resonance frequency of a soft tissue compartment and to look at the effect of an
unexpected surface change on the subsequent step of running. Method: Thirteen male
runners were recruited and performed heel-toe running over two surface conditions. The
peak accelerations and biodynamic responses of the soft tissue compartments of the leg
along with the EMG activity of related muscles were determined for expected soft, unex-
pected hard and expected hard landings. Results and Conclusions: For the unexpected
hard landing there was a change in the input frequency of the impact force, shifting it
closer to the resonance frequency of the soft tissue compartments. For the unexpected
landing there was no muscle adaptation, as subjects did not know the running surface
was going to change. In support of the muscle-tuning concept an increase in the soft
tissue acceleration did occur. This increase was greater when the proximity of the input
signal frequency was closer to the resonance frequency of the soft tissue compartment.
Following the unexpected change in the input signal a change in pre-contact muscle
activity to minimize soft tissue compartment vibrations was not found. This suggests if
muscle tuning does occur it is not a continuous feedback response that occurs with every
small change in the landing surface properties. In previous studies with significant ad-
aptation periods to new input signals significant correlations between the changes in the
input signal frequency and the EMG intensity have been shown, however, changes in soft
tissue accelerations have not been found. The results of the present study showed that
changes in these soft tissue accelerations can occur in response to a resonance frequency

input signal when a muscle reaction has not happened. �DOI: 10.1115/1.2354202�
ntroduction
During running the body experiences an impact force as a result

f the rapid deceleration of the foot and part of the leg during
nitial ground contact. The results of the many studies focusing on
he effects of impact forces on the body have been inconclusive
1�. In contradiction to the initial hypothesis in this research area
onclusive evidence has not been provided to support the hypoth-
sis that impact force magnitudes are directly related to overuse
njuries in running. Subject specific reactions to different impact
nterfaces have been measured. These include changes in the leg
eometry �2–5�, joint compliance �6–9�, energy consumption �10�,
nd muscle activity �11–13�. The reasons for these adaptations are
ot well understood. As a result of the rapid deceleration of the
eg during landing, vibrations of the soft tissue compartments
muscle, fascia, surrounding tissue and skin� of the leg are initi-
ted. The initial magnitude of these vibrations can be large, but
hey are heavily damped �14,15�. Muscle activity prior to landing
n locomotion is responsible for generating the correct joint stiff-
ess �16,17,1,18� and leg geometry for landing �19,1,20�. In addi-
ion to these two tasks changes it has been suggested that changes
n muscle activity may also occur to minimize the magnitude of
he soft tissue vibrations that are initiated at landing �1,21�. The
aradigm of muscle tuning �21� states that:

• Impact forces in locomotion are input signals to the body
that initiate vibrations;
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• muscles attempt to minimize vibrations of the soft tissue
compartments by changing their natural frequency and/or
damping characteristics;

• muscle activity will be greatest when the frequency of the
input signal is close to the natural frequency of the soft
tissue compartment.

The effects of vibrations �continuous and transient� on the body
range from potentially beneficial to extremely debilitating �22�.
Effects have been shown in the neuromuscular �23–26�, endocrine
�27� and cardiovascular �28–30� systems. Recent theoretical and
experimental work �30� has shown that an increase in the total
peripheral resistance �TPR� to blood flow occurs during vibration
exposure that is due to deformation of the blood vessels as they
move with the muscles. Thus, a muscle tuning adaptation may
occur to minimize this increase in the TPR and thus reduce the
load on the cardiovascular system. Vibration exposure can also
result in a reduction in comfort and in the ability to perform a
motor task �22�. The effects of a muscle tuning adaptation are
expected to be found in comfort, performance and fatigue devel-
opment for a specific activity �21�.

Evidence in support of the muscle-tuning concept has been pro-
vided for both quasi-static and dynamic situations �12,15,31�.
These studies have shown that the magnitude of the soft tissue
compartment accelerations remain constant for a given activity
�walking or running� even when the frequency of the input signal
is changed and approaches the natural vibration frequency of the
soft tissue compartment. In conjunction with the changes in input
frequency for both walking and running, changes in the EMG
activity have been measured �12,15�. The EMG changes were

considered possible muscle-tuning responses and, therefore, as-
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umed to be the reason for the unexpected maintenance of the soft
issue acceleration levels as the input signal approached resonance
alues of the soft tissue compartments. The body is a mechanical
ystem with rigid �skeleton� and attached wobbling masses �soft
issue compartments� and it would be expected that the accelera-
ions of the wobbling masses would increase if the frequency of
he excitation signal approached the natural frequency of the sys-
em �32�. Up to this time evidence provided to support the muscle
uning concept during locomotion has been derived from studies
here the input signal was known to the subject �12,15�. It has
een speculated that increases in soft tissue accelerations would
ave occurred had the muscles not reacted. However, this has not
een tested.

To further understand the significance of the muscle responses
o changes in impact force characteristics, conclusions should be
rawn from studies where unexpected impact situations do occur.
n an unexpected landing situation the soft tissue compartments
nd the engaged muscles must follow certain behaviors if the
roposed muscle tuning paradigm is correct. When landing on a
arder than expected surface, one should expect that the input
ignal frequency increases and approaches the soft tissue compart-
ent resonant frequency. Due to this unexpected increase in the

nput signal frequency, an increase in the magnitude of soft tissue
ompartment acceleration should occur. When landing on a softer
han expected surface one would expect that the input signal fre-
uency would decrease and move away from the soft tissue com-
artment resonance frequency. As the input signal frequency is
oved away from the resonance frequency no increases in the soft

issue compartment acceleration should occur. The purpose of this
tudy are:

�1� To determine the soft tissue accelerations of selected soft
tissue compartments of the lower extremities for landing on
an unexpected surface condition for which the soft tissue
compartments were not properly tuned; and

�2� to quantify changes in muscle activity of selected muscles
defining soft tissue compartments for the next landing after
a landing on an unexpected surface condition for which the
soft tissue compartments were not properly tuned.

he hypotheses to be tested are:

�1� The magnitude of the soft tissue vibrations will increase for
the first ground contact with an unexpected higher input
frequency;

�2� no changes will occur in muscle activity or resonance fre-
quencies for the first ground contact with an unexpected
higher or lower input frequency;

�3� there will be an increase in the intensity of the EMG pre-
activation for the next ground contact following the un-
tuned landing with a higher input frequency;

�4� there will be a decrease in the magnitude of the vibration of
the soft tissue compartment and a change in either the reso-
nant frequency or the damping properties of the soft tissue
compartment for the next ground contact following the un-
tuned landing with a higher input frequency.

ethods
Thirteen male heel-toe runners �30.5±1.6 years; 179.7±1.6 cm;

4.4±1.6 kg� participated in the study and gave informed consent
n accordance with the University of Calgary’s policy for research
ith human subjects. Subjects performed heel-toe running at
.8±0.2 m/s on a running track with three consecutive force plat-
orms �KISTLER� while soft tissue accelerations, muscle activity
EMG� and kinematics in the sagital plane were collected. The
unning track was 21.9 m long and had force plates spaced 3.4 m
part, with the first plate located 7.3 m from the beginning of the
unway. The force plates’ spacing was chosen based on step length
easurements at 15 and 18 km/h for elite male middle and long
istance running �33,34�. Two experimental conditions were
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tested �Fig. 1�, for the control condition a soft sport surface cov-
ered the first two-thirds of the running track. Immediately after the
second force plate the track surface was changed to a hard indus-
trial flooring. For the test condition the same soft surface covered
the first one-third of the track. Immediately before the second
force plate the surface was changed to the hard flooring. To hide
the location of the surface change a thin carpet was placed on top
of the flooring. The experimental conditions were presented in a
randomized block sequence, ABBAAB. A total of three left foot
landings per trial and 36 running trials per subject were collected.

Running speed over the second and third force platforms was
monitored by two sets of timing lights. The integral of the
anterior-posterior �A-P� ground reaction force was used to ensure
subjects were not accelerating or decelerating as they crossed the
force plates. Those trials where the integral of the A-P ground
reaction force was greater than 5000 Ns ��20% difference in
braking and push off force� were discarded. Subjects were given
as many practice attempts as needed on the control condition prior
to the start of testing.

Soft Tissue Movement. Tri-axial accelerometers �EGAX accel-
erometer Entran Devices, Inc., NJ, USA� ��2 g� were placed on
soft tissue compartments of the triceps surae, quadriceps, and
hamstrings. The accelerometers were attached to the skin using
Medical adhesive glue �Hollister, Inc., Libertyville, IL, USA�, and
then secured in place with adhesive tape. In addition, one accel-
erometer was attached to the heel-cup of the shoe �15,31�.

EMG. Myoelectric signals were collected for the lateral gas-
trocnemius �LG�, rectus femoris �RF�, vastus medialis �VM�, and
biceps femoris �BF� muscles. Following removal of hair and
cleaning with isopropyl wipes, bipolar surface electrodes
�Ag-AgCl� �Biovision, Wehrheim, Germany� with preamplifiers
near the source were secured to the skin overlying the selected leg
muscle and wrapped with Cover-Roll stretch tape �Beiersdorf AG,
Hamburg, Germany� �31�. The electrodes were 10 mm in diameter
and had an inter-electrode spacing of 22 mm.

Data acquisition: Voltage signals from both the accelerometers
and the EMG electrodes were sampled at 2400 Hz and transmitted
to a base computer. The subjects were required to wear a back-
pack containing the data acquisition unit and power supply. This
backpack weighed less than 2 kg.

Kinematics. Three reflective skin markers �diameter 12.7 mm�
were attached to each of the three segments of the left leg �thigh,
shank and shoe, respectively� using medical adhesive spray �Hill-
ister Incorporated, Libertyville, IL, USA�. Marker positions were

Fig. 1 Experimental set-up with a control condition „top… and a
test condition „bottom…. Light color indicates a soft surface,
dark color indicates a hard surface. FP indicates the force plate
locations along the track.
chosen to minimize the effects of soft tissue movement over the
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one and ensure an unobstructed camera view of all markers dur-
ng running. Additional markers on the left anterior superior iliac
pine �ASIS�, greater trochanter, medial and lateral epicondyles of
he femur, and medial and lateral malleoli were used to define the
oint centers. Static standing trials were collected to relate the
osition of each limb’s surface markers with the corresponding
oint centers. Segment embedded coordinate systems were defined
sing the methods described earlier �35�. Sagital plane kinematics
ere collected using eight high-speed infrared video cameras

Motion Analysis Corporation, Santa Rosa, CA, USA� collecting
t 120 Hz.

ata Analysis

Ground Reaction Forces. Ground contact was defined by an
ncrease in the vertical ground reaction above 3 N. The input sig-
al for the soft tissue compartment vibrations is the rapid decel-
ration of the skeleton at landing. The impact portion of the
round reaction force results mostly from this rapid deceleration
f the leg and thus can be used to estimate the effect of a surface
ntervention on the input frequency. The effect of the surface in-
ervention on the input signal was quantified by changes in the
oading rate and magnitude of the impact portion of the ground
eaction force �12,15�. The loading rate was defined as the average
lope �from 20 to 80% of the impact peak� of the impact phase
RF. An estimate of the frequency of the input signal was calcu-

ated as

fin =
1

2�Fz/Gzl,ave�
�1�

here
Fz � Impact force magnitude.

Gzl,ave � average loading rate �slope from 20 to 80% of impact
peak�.

Input Signal. As the geometry of the contact limb did not
hange substantially during the impact phase �36�, the heel-cup
ccelerometer provided an excellent representation of the input
ignal magnitude and an approximation of the input signal fre-
uency. The accelerometer data were filtered at 50 Hz and the
eak magnitude and frequency spectrum of the shoe acceleration
uring the impact phase of ground contact was determined. The
requency spectrum of the impact was determined using a discrete
ourier transformation of the shoe acceleration during stance
hase. The details of this analysis are outlined in the soft tissue
cceleration section.

EMG Analysis. EMG data were analyzed using a wavelet tech-
ique, which allowed the signals to be simultaneously resolved
nto their intensities in both time and frequency space as described
arlier �37,38�. The intensity of the myoelectric signal is the
ower of the signal contained within a given frequency band and
s equivalent to twice the square of the root mean square activity
38�. In summary the analysis used a set of 11 wavelets with
enter frequencies ranging from 7 Hz �wavelet 0� to 395 Hz
wavelet 10�. The total intensity was calculated as the sum of
ntensities across wavelets 1–10, which is equivalent to band-pass
ltering the signal between 11 and 432 Hz. The intensity was also
alculated for a low and high frequency band �38�. Recent evi-
ence suggested that the different frequency components of the
MG signal represent differential muscle recruitment, with the
igh frequency band EMG representing type II muscle fiber ac-
ivity and the low frequency band representing type I fiber activity
39�. The low frequency band was calculated as the sum of the
ntensities of wavelets two and three �38� with center frequencies
f 37.7 and 62.1 Hz. The high frequency component �Ihigh� was
alculated as the sum of wavelets six through eight with center
requencies ranging from 170.4 to 271.5 Hz.

The mean low, high and total intensity were determined for

hree time intervals: �1� A pre-activation window from −50 ms to

ournal of Biomechanical Engineering
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heel-strike; �2� an impact phase window defined as the first 30%
of the total stance time; and �3� a stance phase window from
heel-strike to toe-off. For each subject and muscle the EMG in-
tensity was normalized to the average mean EMG intensity for the
stance phase of the running stride from both conditions �40�.

Kinematic Spatial Reconstruction. The three dimensional
marker positions were reconstructed using a direct linear transfor-
mation with the Expert Vision Three-Dimensional Analysis soft-
ware �EVA REALTIME, version 4.2.1; Motion Analysis Corporation,
Santa Rosa, CA, USA�. Due to marker occlusion only the first
50% of the stance phase was analyzed for the step on the third
force platform. The kinematic data were filtered using a recursive,
fourth order low-pass Butterworth filter at 50 Hz �41�. Analyses of
movement data were performed using KINTRAK software �KIN-

TRAK 6.3, University of Calgary, Canada�. The angle, velocity and
acceleration curves were normalized with respect to touch-down
and take-off, as determined by the vertical ground reaction force
data. The kinematic data were then fit with a third order polyno-
mial and re-sampled at 2400 Hz to synchronize with the analog
data. The leg stiffness describing the mechanical behavior of the
leg’s musculoskeletal system during the impact phase was calcu-
lated as the ratio of the impact force peak to the compression of
the leg in the first 30% of stance.

kleg =
Fz,i

�l
�2�

where
Fz,i � Impact force magnitude.
�l � change in the length of leg from touch-down to 30% of

stance.

Soft Tissue Accelerations. For running at 4.5–5.0 m/s the
stance phase lasts about 200–250 ms and the impact phase lasts
about 40–60 ms �16–30% of total stance phase�. Therefore, a
total of 500–600 data points were available for analysis with the
approximately the first 125 points corresponding to the impact
phase. Soft tissue accelerations were measured relative to an in-
ertia reference frame and thus were a convolution of the input
signal �bone acceleration� and the relative soft tissue compartment
accelerations.

In the time domain the peak acceleration, asoft tissue, and the
time of peak acceleration, tpeak, following initial ground contact
were determined. Differences in the magnitude of the accelera-
tions represented changes in the soft tissue accelerations relative
to an inertial reference frame. Changes in the acceleration magni-
tude may have been the result of a change in the input signal
magnitude and/or a change in the magnitude of relative motion
between the soft tissue compartment and the underlying bone.
Thus, using an estimate of the tibial acceleration from the distal
shank marker the difference in the magnitude of the relative ac-
celeration �arel� between the triceps surae and the tibia was deter-
mined as

arel =
aTS − atibia

atibia
�3�

where
aTS � maximal triceps surae acceleration.

atibia � maximal tibia acceleration.
The acceleration of the tibia was determined from double differ-
entiation of the position time history of a skin marker placed on
the distal aspect of the shank just proximal to the lateral malleo-
lus. The distal shank marker was chosen to minimize the influence
of soft tissue motion artifacts on the acceleration estimate �42,43�.
Markers on the thigh and on the lateral gastrocnemius where there
is a substantial soft tissue mass show much larger errors than
markers place over bonier landmarks �44�. As a greater trochanter
or a lateral knee marker was not available for the running trials

only estimates of the tibia acceleration and not femur acceleration
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ere made. The global coordinates were transformed to the tibia
oordinate system and the longitudinal tibia acceleration, which
orresponds to the axial accelerometer axis, was determined.

Frequency Domain. The acceleration data for the stance phase
f running were also analyzed in the frequency domain using a
iscrete Fourier transformation �DFT�. Approximately 500 data
oints representing the soft tissue compartment accelerations for
he stance phase of running were first selected and then padded
ith zeros to increase the number of data points and thus the

esolution of the DFT representation of the continuous Fourier
pectrum. The frequency resolution is a function of the sampling
ate and the length, of the raw data �32�. A consequence of pad-
ing the real data with zeros is that the calculated power within
ach frequency increment �bin� is reduced. The magnitude of the
ower reduction of the original signal depends on the number of
eros added to the data. To account for small differences in the
tep lengths and thus number of data points associated with the
riginal signal a correction factor, k, was included in the calcula-
ion of the power spectrum.

k =
�N + Z�

N
�4�

here
N � Number of data points in the trial.
Z � Number of zeros added to the data set.

Frequency Response Function-Transmissibility. The fre-
uency response function, referred to as the transmissibility, is a
ransfer function that describes the magnitude and phase of a me-
hanical systems’ response as a function of the input frequency. In
he region of a resonance frequency of the system the magnitude
f the transmissibility reaches a local maximum and there is a
harp transition in the phase angle. To determine the transfer func-
ion from the shoe acceleration �input� to the soft tissue compart-
ent accelerations the auto power spectrum and cross power

pectrum for the stance phase of running were determine for each
f the landing situations. A combination of the auto and cross
ower spectrums was used to minimize the effects of signal noise
f the transfer function result �45�. The auto power spectrum was
alculated with the formula

P�f� = I�f� * Ī�f� �5�
here:
I�f� � signal amplitude as a function of frequency.

Ī�f� � complex conjugate of frequency spectrum.
he cross power spectrum was determined as

Px�f� = A�f� * Ī�f� �6�

here:
A�f� � soft tissue acceleration signal amplitude as a function

of frequency.

Ī�f� � complex conjugate of frequency spectrum of input
acceleration.

he transfer function, known as the transmissibility, for each land-
ng condition was the determined for each subject as

H�f� =
Px�f�
P�f�

�7�

here
P�f� � the average auto from all accepted steps for each land-

ing condition.
Px�f� � the cross power spectrums from all accepted steps for

each landing condition.
he mean transmissibility of the shoe acceleration to the triceps
urae was determined for each subject and then a global average
as computed for each landing condition. A peak in the transmis-
ibility indicates a resonance frequency in the vibrating system.

18 / Vol. 128, DECEMBER 2006
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Statistics. A one way repeated measures ANOVA with Bonfer-
roni post hoc adjustment was employed to determine if there were
statistically significant differences among the landing conditions
�a significance level of 0.05 was chosen�. Where significant out-
liers or non-normal distributions in the data were found a Kruskai-
Wallis nonparametric test for K independent samples was used.
The variables that were tested between the unexpected hard and
expected soft landings and the unexpected hard and expected hard
landings were: GRF magnitude, maximum and average loading
rate, impact frequency and contact time; shoe heel-cup accelera-
tion magnitude and frequency; knee and ankle joint angles and
angular velocities, segment angles with respect to horizontal,
landing velocity; shank and thigh peak vertical accelerations; peak
soft tissue accelerations after impact and acceleration transmissi-
bility; total EMG intensity and low and high frequency EMG
intensity for the impact and stance phases of the gait cycle.

Results

Input Signal

Ground Reaction Force. Data from the first force platform were
discarded as the anterior-posterior ground reaction force integral
indicated most subjects were still accelerating. The effect of the
unexpected hard surface on the ground reaction force was a sig-
nificant increase in the maximum and average loading rate, the
magnitude of the impact force and the frequency of the input
signal as calculated with the ground reaction force �Table 1�.
There was a substantial amount of variation in the input frequen-
cies between subjects and the magnitude of change between con-
ditions for each subject was also different. Typical input frequen-
cies ranged from 14.8 to 25.4 Hz and the magnitude of change
among subjects ranged from 0 to 5 Hz. For the unexpected hard
landing there was a significant decrease in the ground contact
time.

For the next landing on the hard surface, the “expected hard
landing,” no significant differences were found in the ground re-
action force variables compared to the unexpected hard landing.
However, a significant difference in the ground reaction force was
found between this expected hard landing and the expected soft
landing. The magnitude of the impact force was greater on the
hard surface for expected and unexpected landings compared to
the soft surface. The loading rate was also greater although the
difference �expected soft to expected hard� was not significant. An
increase in the ground contact time was found with the expected
hard landing having the greatest contact time of all landing con-
ditions.

Input Signal-Shoe Accelerometer. The magnitudes of the
peak shoe accelerations were not significantly different between
the landing conditions. The dominant frequencies of the shoe ac-
celeration were significantly different for the expected soft and

Table 1 Mean and standard error for the variables determined
from the ground reaction force, i.e., impact peak, Fzi, maximal
vertical loading rate, Gzi,max average loading rate, Gzi,ave impact
frequency, fi, and ground contact time, tc. The symbol� indi-
cates a significant difference compared with the expected soft
landing.

Landing
Fzi
�N�

Gzi,max
�kN/s�

Gzi,ave
�kN/s�

f i
�Hz�

tc
�ms�

Expected soft 864.8
�44.7�

59.9
�5.3�

35.6
�2.1�

20.6
�0.8�

206
�4.8�

Unexpected hard 919.4*

�50.4�
69.4*

�7.1�
39.2*

�2.5�
21.4*

�0.8�
202
�4.9�

Expected hard
�adaptation�

948.1*

�59.8�
64.0
�6.4�

39.9
�2.4�

21.4
�0.8�

212*

�4.7�
unexpected hard landings and for the unexpected hard and the
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xpected hard landings. The mean input frequencies were 19.9,
0.5, and 19.0 for the expected soft, unexpected hard and ex-
ected hard landings, respectively.

Kinematics. Due to technical difficulties the kinematic data
ere available for only 12 of the 13 subjects. No significant dif-

erences between the three landing conditions were found for peak
nee angle, peak ankle angle, landing velocity, initial foot angle
ith respect to the horizontal, initial shank angle, initial thigh

ngle, hip vertical velocity, peak knee and ankle angular velocity,
nd peak shank acceleration. A significant decrease was found for
he initial knee flexion angle between the unexpected hard and
xpected hard landings �Table 2� and the expected soft and ex-
ected hard landing. Although not significant at the 0.05 level a
imilar trend was shown for the initial ankle dorsiflexion angle
etween the unexpected hard and expected hard landings. There
ere no differences in the landing leg stiffness for the expected

oft �20.1±1.3 kN/m�, unexpected hard �20.9±2.3 kN/m� and
xpected hard �22.3±2.6 kN/m� landings.

Soft Tissue Accelerations. For all three soft tissue compartments
quadriceps, hamstrings, and triceps surae� there was a significant
ncrease in the peak acceleration after impact �Table 3� for the
nexpected hard landing compared to the expected soft landing.
he hamstrings also had a significantly higher magnitude of peak
cceleration for the expected hard landing compared to the ex-
ected soft landing. There was no difference in the time of peak
cceleration between the difference landing conditions. The rela-
ive acceleration of the triceps surae showed an increase for the
nexpected and expected hard landings compared to the expected
oft landing.

Frequency Response Function. The relationship between the
hoe acceleration and the triceps surae acceleration is displayed as
frequency dependent transfer function �Fig. 2�. There are two
ain resonant frequencies as determined by a peak in the ampli-

ude and a phase transition in the transmissibility. The first peak
nd sharp phase transition occurs around 7 Hz for all three land-
ng conditions with the magnitude of this peak being greatest for

able 2 Mean and standard error for changes in the knee flex-
on angle, �, and the ankle dorsiflexion angle, �, and touch-
own velocity, vTD, for the unexpected hard landing „uh… com-
ared to the expected soft landing „es… and the expected hard

anding „eh…. The symbol� indicates a significant difference be-
ween landing conditions, p<0.05.

anding
��
�°�

��
�°�

vTD
�m/s�

h - es −0.58
�0.56�

−0.38
�0.19�

−0.018
�0.086�

h – eh −2.52*

�0.78�
−6.21
�2.05�

−0.001
�0.021�

able 3 Mean and standard error of the absolute acceleration
fter impact for the quadriceps, aQ, hamstrings, aH, and triceps
urae, aTS, and the relative acceleration for the triceps surae,
rel. The symbol� indicates a significantly greater value than the
xpect soft landing conditions at p<0.05.

anding
aQ

�m/s2�
aH

�m/s2�
aTS

�m/s2�
arel
�%�

xpected soft 200.9
�19.1�

44.1
�5.1�

116.73
�12.9�

96.2
�19.4�

nexpected hard 231.1*

�19.4�
50.4*

�5.4�
135.44*

�13.5�
115.9*

�33.1�
xpected hard

adaptation�
232.7*

�17.3�
59.4*

�7.8�
127.73
�12.2�

108.1*

�30.5�
ournal of Biomechanical Engineering

 https://biomechanical.asmedigitalcollection.asme.org on 01/14/2019 Terms of Us
the unexpected hard landing. The next peak and phase transition is
in the range of 18–24 Hz, again for the unexpected hard landing
the magnitude is greatest. The expected hard landing has a slightly
higher frequency of this second peak and shows an additional
peak around 12 Hz.

Muscle Activity. For the four muscles tested �rectus femoris
�RF�, vastus medialis �VM�, biceps femoris �BF�, and gastrocne-
mius medialis �GM�� there was no significant difference in the
total EMG intensity for the pre-activation, impact phase or total
stance phase windows between the expected soft and the unex-
pected hard landings. In addition, no differences were found in the
EMG intensity for the low and high frequency bands for these
four muscles.

For the next landing on the hard surface following the unex-
pected surface change, the expected hard landing, no significant
differences in the EMG pre-activation intensity were found for
any of the tested muscles. For the VM and BF there was a sig-
nificant decrease in the EMG intensity for the impact phase. For
the VM, BF, and GM there was a significant decrease in the total
EMG intensity for the stance phase window. The decrease in
EMG intensity for the VM during stance occurred in the low
frequency band. The decrease in BF EMG intensity was a result of
significant changes in both the low and high frequency bands for
the impact and stance windows. Finally, the decrease in GM EMG
intensity was a result of changes predominantly in the high fre-
quency band.

Sensitivity and Accuracy of Measurements. Based on a repre-
sentative data collection session the average reconstruction error
for marker data was 0.8 mm. The mean error in marker position
due to skin movement was 0.529 mm for the shank and 4.27 mm
for the thigh. This translates to an uncertainty in joint angles of
1.42 deg, thus differences found exceeding 1.42 deg cannot be
explained by inaccuracies due to skin motion or camera sensitiv-
ity. These errors are small in comparison to the magnitude of
movement measured in the sagital plane. For the transmissibility

Fig. 2 Transmissibility, H„f…, „top… and phase, �„f…, „lower… for
12 subjects for the unexpected hard landing „dark dashed…, the
expected soft landing „light dashed… and the expected hard
landing conditions „dark solid…
calculations, the coherence values, indicating the correlations be-
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ween the input and output signals, ranged between 0.8 and 1 for
ll subjects, with one indicating a very strong relation between the
wo signals.

iscussion
In this study the effect of an unexpected change in the hardness

f the running surface on vibrations of soft tissue compartments
nd EMG activity of associated muscles was assessed. It was
xpected that the change in surface would change the frequency of
he excitation signal for the soft tissue vibrations shifting it closer
o the natural frequency of the soft tissue compartments of the leg.
s a result of this shift in the relative input frequency it was
ypothesized that there would be an increase in the magnitude of
he soft tissue compartment vibrations �H1� and no changes in the
MG activity or the soft tissue compartment mechanical proper-

ies with this sudden changed in the input signal �H2�. It was also
ypothesized that the muscles would react to this shift in the rela-
ive input frequency, increasing the pre-activation intensity and
amping properties of the soft tissue compartment vibrations to
educe the magnitude of the vibrations for the next ipsilateral foot
all on the new hard surface �H3 and H4�. The results of this study
rovided support for the first two hypotheses, however, a muscle
uning reaction was not found for in the subsequent step of run-
ing.

Unexpected Surface Change. Unaware that the running sur-
ace and thus input signal was going to change the subjects should
ot have been prepared properly for the first landing on the hard
urface. In agreement with this and in support of hypothesis two,
o changes were found in the EMG activation pattern landing
inematics or landing leg stiffness for the unexpected hard landing
ompared to the expected soft landing. If the surface change had
een expected then changes in the EMG activation �46,13,38�, leg
tiffness �7� and or landing kinematics �3,8� might have been ex-
ected to maintain similar running mechanics on the different sur-
ace. These active changes can influence or eliminate the effect of

surface intervention on the input signal and ground reaction
orce �19,4�. The results of this study indicated that there was a
hange in the input signal into the body when a runner unknow-
ngly landed on the harder running surface. This change was il-
ustrated by the changes found in the ground reaction impact force

agnitude, its loading rate and frequency and by the changes in
he dominant frequency of the shoe heel-cup accelerations.

It was expected that if this increase in the input signal fre-
uency moved it closer to the resonance frequency of a given soft
issue compartment that an increase in the magnitude of the vibra-
ions would occur. The acceleration transmissibility was used to
etermine the resonance vibration frequencies for the subjects
hile running. Peaks in the magnitude of the transmissibility

unction were found around 6 and between 18 and 24 Hz. These

Fig. 3 Transmission of the longitudinal shoe accele
S and „b… Subject M. The frequency dependent res
dashed vertical lines indicated the frequency of the
hard landings.
eaks identify the regions of the resonance vibration frequencies
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of the body and are in agreement with experimental and modeling
studies from the literature. Matsumoto and Griffin �47� found for
standing a main peak frequency of the transmissibility to the iliac
crests that ranged between 5 and 6 Hz, with slightly greater values
for straight compared to bent legs. Garg and Ross �48� found
resonance frequencies at 6, 18–20 Hz and at 40 Hz, which corre-
spond to the resonance frequencies identified in this study. The
stiffness of the soft tissue compartment depends on the activation
level of a muscle and for different experimental situations the
primary resonance frequency of the soft tissue/accelerometer sys-
tem have been shown to lie between 10 and 60 Hz with the pri-
mary resonance peak for the soft tissue compartment of the legs of
a standing man to be around 14 Hz �49,31� and the natural fre-
quency tissue/accelerometer system to be around 20 Hz �50�.
Based on these results the second resonance peak found in the
transmissibility curves at 18–24 Hz can be attributed to the wob-
bling motion of the soft tissue compartments relative to the un-
derlying skeleton.

The change in the running surface increased the input signal
frequency and moved it closer to the resonance frequency of the
soft tissue compartments of the leg. In agreement with hypothesis
one, the effect of the change in the input signal was an increase in
the absolute acceleration of the soft tissue compartments of the
leg. The magnitude of the input signal in the longitudinal direction
based on shank kinematic measurement was not different for the
expected soft and unexpected hard landings. Thus, changes in the
magnitude of soft tissue vibrations were not a result of an in-
creased magnitude of the input signal but were the result of an
increase in the relative motion of the soft tissue with respect to the
underlying bone for the shank. This was confirmed by the calcu-
lation of the relative acceleration difference between the distal
shank marker and the triceps surae, which showed a significant
increase for the unexpected and expect hard landings compared to
the expected soft landing.

The anthropometrical characteristics of the tested subjects were
very similar and in general the resonance frequencies of the soft
tissue compartments were also very similar for the group. The
increase in excitation frequency and the proximity of the excita-
tion signal to the resonance frequency was subject specific, pos-
sibly due to running style. As a consequence and in agreement
with the muscle tuning concept the effect of the surface change
was also subject specific and related to the relative frequency of
the input signal. For example for Subject S the frequency of the
input signal was estimated at 18 Hz for the expected soft landing
and 21 Hz for the unexpected hard landing �Fig. 3�a��. Based on
the transmissibility function the resonance frequencies for the tri-
ceps surae of this subject were found around 8, 14, and 21 Hz. So
for the unexpected landing the input signal was right at the reso-
nance frequency of the soft tissue compartment and as a result

ion to the triceps surae acceleration for „a… Subject
se functions are averages of 10 and 13 trials. The
ut signal for the expected soft and the unexpected
rat
pon
inp
there was a 32% increase in absolute peak acceleration and 67%
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ncrease in the magnitude of relative acceleration between the
riceps surae and shank bones. For another example, Subject M,
he frequency of the input signal was estimated for the soft land-
ng at 20.8 Hz and for the hard landing at 21.2 Hz. The resonance
requencies for the triceps surae were around 6 Hz, 17–20 Hz,
nd 30–35 Hz �Fig. 3�b��. Thus, the change in the input signal
as small and the shift in the relative frequency of the input signal
as away from the resonance frequency of the soft tissue com-
artment. Therefore, an increase in the soft tissue accelerations
ould not be expected. In agreement with this only a 1.6% in-

rease in the peak acceleration of the triceps surae was found and
here was a 2% increase its relative motion. For 11 of the 12
ubjects tested the changes in the soft tissue acceleration magni-
ude corresponded with the changes in the input signal frequency
elative to the soft tissue compartment resonance frequency.

In agreement with the first two hypotheses for an unexpected
anding that results in a shift in the input frequency toward the
esonance frequencies of the soft tissue compartments there is an
ncrease in the magnitude of the absolute and relative accelera-
ions of the soft tissue compartments. Evidence provided to sup-
ort the muscle tuning concept has shown that following an ad-
ptation period when the input signal is changed in the direction
f the resonance frequency of the soft tissue compartment that
here is no change in the magnitude of acceleration of the soft
issue compartment �15,12,31�. In these adapted situations a

uscle reaction has been found, which is an increase in the EMG
re-activation and post heel-strike EMG activity. These changes in
MG activations were suggested to be for vibration control be-
ause the expected increase in soft tissue compartment accelera-
ion was not found. The results of the present study support this
uggestion indicating that when a muscle adaptation has not oc-
urred that an increase in the acceleration does occur and it is
reater when the proximity of the input signal frequency is closer
o the resonance frequency of the soft tissue compartment.

Adaptation. The paradigm of muscle-tuning suggests the
uscles prepare for a landing by adjusting stiffness and damping

roperties of the muscle to limit vibration of the soft tissue com-
artments after impact �21�. High vibrations of the soft tissue
ompartments after impact would affect comfort and increase
tresses on the soft tissue that may increase injury risk �51� for
ong distance activities. Recent evidence, providing support for
he concept of muscle tuning, has shown correlated changes in
MG activation patterns and impact force frequency characteris-

ics during running and walking �15,52,12�. These changes in
MG activation pattern have been quantified in subjects following
ignificant adaptation periods to the new input signals. The second
urpose of this study was to gain a better understanding of the role
f changes in EMG activation pattern before landing in the control
f soft tissue vibrations and the effect of unexpected surface
hanges on the subsequent step of running. Changes, if any, in the
oft tissue vibrations, EMG activation pattern and landing kine-
atics were quantified for the next ipsilateral foot fall on a harder

unning surface following an unexpected landing on that surface.
Based on the results for an expected change in the running

urface stiffness �6� an adaptation to the new surface condition is
xpected for the next ipsilateral footfall. If the immediate response
o the change in the input signal is a muscle tuning reaction then
n increase in the EMG activation intensity just before heel-strike
21,12,31� for the next ipsilateral footfall on the harder running
urface is expected, with the increase occurring primarily in the
igher frequency component of the EMG signal �52�.

A muscle tuning response to reduce the soft tissue compartment
ibrations was not found for the next ipsilateral foot fall on the
ard surface. No significant differences were found in the EMG
re-activation intensity for the four muscles tested between the
nexpected hard landing and the expected hard landing in the test
ondition. Thus hypotheses 3 and 4 were not supported by the
esults of this study. For landing on a consistently hard or soft

urface changes in the vertical stiffness �combination of leg and

ournal of Biomechanical Engineering
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surface stiffness� have been shown for runners and hoppers �6,9�.
This suggests that a leg stiffness adjustment occurs to control the
downward motion of the centre of mass depending on the landing
surface properties. A similar result was not found in this study for
the expected hard landing. When the change in the surface prop-
erties is expected but occurs randomly it has been shown in hop-
pers that a different response strategy is used �46�. In this case
subjects anticipate the random changes in the surface stiffness
before landing with a change in the leg geometry but not EMG. In
agreement with this small changes in the landing leg geometry
before landing were found for the expected hard landing in the
present study. These changes were small and may have been lim-
ited by the track set-up that controlled the step length and speed of
running. As a result of the randomization of the control and test
trials subjects may not have been able to predict the hardness of
the surface on the third force platform thus, the stiffness may have
seemed “random” for the subjects. For the control trials it was the
second landing on the hard surface but the first left foot fall �Fig.
1�. In contrast for the test condition the landing on the third force
platform was the third landing on the hard surface and the second
left foot fall. This variation in the number of landings on the hard
surface could have contributed to the unpredicted EMG results.
Changes in the leg geometry before landing will change the
body’s effective mass at landing and thus influence the ground
reaction force �19�. Compared with the unexpected hard landing
the change in the leg geometry resulted in a very small change
impact force magnitude �3%� and a decrease in the impact loading
rate �8%�. For some subjects this resulted in a shift in the input
signal but this change was not systematic for the group and did
not have a significant effect on the soft tissue vibrations.

The results for the “expected hard” landing support the sugges-
tion �46� that the response strategy for transient changes in the
running surface properties is different than for a continuous sur-
face. This suggests continual changes in the soft tissue compart-
ment properties do not occur in response to the transient surface
property changes. It could be that mechanical reactions to differ-
ent landing conditions, caused by intrinsic muscle properties and
passive dynamics of the body’s linked segments, provide the nec-
essary adjustments to rapid surface changes in locomotion
�46,53�. If the EMG reactions to different landing surfaces previ-
ously shown are associated with a vibration control task then it
seems based on the results of this study that more than one step on
a new surface is needed for this reaction to occur. As is evident
from the lack of a muscle response to control the soft tissue vi-
brations, minimizing vibrations is not necessary for maintaining
the basic running mechanics or achieving the “task” presented,
i.e., getting from points A to B. As suggested in the outline of the
muscle tuning paradigm �21�, the implications of muscle tuning
suggest tuning of muscles for impact conditions is primarily re-
lated to comfort and fatigue. In the hierarchy of motor control
tasks the muscle tuning response is expected to be lower on the
priority list of tasks to be accomplished during the landing phase
of gait. A muscle tuning adaptation is more likely to occur with a
continuous surface change where overall comfort and minimiza-
tion of stress of the soft tissues is important. Thus, it should be
further investigated with measurements made over a longer
duration.

The results of this study indicate: �1� If muscle tuning does
occur it is not a continuous feedback response that occurs with
every small change in the landing surface properties. Similar to
hopping, it seems the response to transient surface changes is
different than for continuous running on a given surface. �2� That
the consequence of not tuning the muscle properly for a landing
condition is an increase in the absolute and relative acceleration of
the soft tissue compartments. This suggest, in support of the pro-
posed muscle tuning concept, that had a muscle reaction not oc-
curred in response to changes in the shoe mid-sole properties in
previous studies �15,12� that changes in the soft tissue vibrations

would have been measured.
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