
Abstract The goals of the study were to identify

adaptational phenomena in running mechanics over a

variety of surfaces due to age related changes in the

muscle-tendon units (MTUs) capacities, to examine

whether running experience is associated with adap-

tational effects on running mechanics over a variety of

surfaces even at old age, and to investigate whether

surface condition affects running mechanics. The

investigation was executed on 30 old and 19 young

including 29 runners and 20 non-active subjects. In a

previous study we documented that the older had

lower MTUs capacities. In the present study running

mechanics were analysed as the same subjects ran at

2.7 m/s over three surfaces having different compli-

ance. Surface condition did not affect centre of mass

trajectory, duty factor or joint kinetics (P > 0.01).

Older react to the reduced MTUs capacity by

increasing duty factor and benefiting from a mechani-

cal advantage for the triceps surae MTU and a lower

rate of force generation on all surfaces (P < 0.01).

Runners displayed lower average horizontal forces and

a higher mechanical advantage for the quadriceps

femoris MTU for all surfaces (P < 0.01). The results

provided strong evidence on that running strategy re-

mained essentially unchanged over a variety of sur-

faces. Adaptive improvements in running mechanics

due to task experience were present for all surfaces and

did not depend on age. We further concluded that

older adults were able to recalibrate their running

strategy to adjust the task effort to the reduced MTUs

capacities in a feedforward control manner for a vari-

ety of mechanical environments.
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Introduction

In order to achieve functional locomotion, one must be

able to execute the required motor actions over a

variety of environmental demands one of which is the

mechanical characteristics of the terrain (Ferris et al.

1998, 1999; Marigold and Patla 2002; Pai et al. 2003). A

premier concern of the central nervous system is to

control the musculoskeletal system by monitoring and

interpreting visual, vestibular and proprioceptive

information about the different mechanical environ-

ments (Patla et al. 1996; Patla 1997; Perry et al. 2001;

Sorensen et al. 2002). In the literature it is well docu-

mented that the aging process is associated with a

gradually decline of the performance capabilities of the

cognitive (for a review, see Raz 2000), sensory (for a

review, see Wolfson 2001) and musculoskeletal (for a

review, see Schultz 1992) system. For example, ankle

plantarflexion and knee extension strength decline by

up to 3% per year beyond the fifth decade (Aniansson

et al. 1986; Frontera et al. 1991; Winegard et al. 1996;

Hughes et al. 2001). The age related degeneration of

the neural (Stelmach and Worringham 1985; Woolla-

cott et al. 1986; Mulder et al. 2002) and musculoskel-

etal (Wolfson et al. 1995; DeVita and Hortobagyi 2000;

Pavol et al. 2002; Hortobagyi et al. 2003) systems are
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frequently described as limiting factors for older indi-

viduals to execute the required motor responses during

different environmental demands. This is especially

valid for conditions without prior experience or

knowledge of the task (Marigold and Patla 2002; Pavol

et al. 2002; van Hedel and Dietz 2004) induced by

external (e.g. slippery surface: Pavol et al. 2002) or

internal (e.g. restricted vision: van Hedel and Dietz

2004) changes.

The human neuro-motor system can adapt to inter-

nal and external changes using sensory feedback

information until sensory inputs and motor outputs are

again in register (Wolpert et al. 1995; Kagerer et al.

1997; McNay and Willingham 1998; Pai et al. 2003;

Shadmehr 2004). As the novel condition is adapted the

central nervous system ‘‘knows’’ what to expect and

humans can select and execute an appropriate motor

action in a feedforward control (Owings et al. 2001; Pai

et al. 2003). Moreover, animal (Diamond et al. 1985;

Ferchmin and Etorovic 1986) and human (DeVita and

Hortobagyi 2000; Erni and Dietz 2001; Pavol et al.

2002; Pai et al. 2003; van Hedel and Dietz 2004) studies

revealed that the plasticity of the neural system, which

allows the sensorimotor system to adapt to external or

internal changes, persist throughout life. For instance,

older individuals are able to shift function from

weakened muscle groups to those with better function

during walking (DeVita and Hortobagyi 2000). Fur-

thermore, humans are able to adjust their leg

mechanics to compensate changes in running surface

stiffness (Ferris and Farley 1997; Ferris et al. 1998,

1999; Farley et al. 1998). These adjustments in leg

mechanics occur rapidly (Ferris et al. 1999) and allow

the human system to move in a similar manner despite

of large changes in the environmental surface (Ferris

and Farley 1997; Ferris et al. 1998, 1999; Farley et al.

1998). Thus, it is reasonable to hypothesize that older

adults will reorganize their running strategy in re-

sponse to the reduced capacities of their musculoskel-

etal system (internal changes). Moreover, we

hypothesized that older adults will show a similar

behaviour over a variety of mechanical environments

demonstrating a complete running task adaptation.

This hypothesis is supported by the fact that older

adults do not show deficits in the adaptation level of

non-strategic tasks (McNay and Willingham 1998;

Fernández-Ruiz et al. 2000; Buch et al. 2003).

In the literature it is widely accepted that experience

or repeated practice causes a task specific adaptation in

young (Erni and Dietz 2001; Owings et al. 2001) and

older adults (Pavol et al. 2002; Pai et al. 2003; van

Hedel and Dietz 2004). From a mechanical point of

view, most of those studies reported an improvement

in locomotion characteristics and safety for both age

groups (Pavol et al. 2002; Pai et al. 2003; van Hedel and

Dietz 2004). For instance, repeated slip exposure im-

proved the stability of the centre of mass state (i.e. its

velocity and position) with respect to the base of sup-

port among older adults (Pai et al. 2003). Chronic

exposure to repetitive loading while running increases

the risk of injury of the musculoskeletal system such as

the structures surrounding the knee joint (Messier

et al. 1991; Nigg et al. 1993). In general, a certain

magnitude of mechanical load is tolerated and even

needed for the mechanical adaptation of the muscu-

loskeletal system (for a review, see Kjaer 2004).

However, when the magnitude of the mechanical load

exceeds a certain threshold, the biological system will

change it is motor task execution (DeVita et al. 1992;

DeVita 1994; DeVita and Hortobagyi 2000; Hort-

obagyi et al. 2003). In other words, the biological sys-

tem is flexible and enables humans to change their

locomotion strategy, obviously depending on their

capacities of the musculoskeletal system and on the

functional demand of the task. Therefore, it is rea-

sonable to hypothesize that experienced runners will

show a mechanical improvement in running task exe-

cution (e.g. higher safety of the musculoskeletal sys-

tem, higher effectiveness of muscle force generation)

over a variety of surface conditions independent of

their age.

Several studies reported that small environmental

changes (e.g. surface or texture of the footwear) can

influence the sensory feedback from the feet during

gait (Watanabe and Okubo 1981; Nurse et al. 2005).

Dixon and co-workers (Dixon et al. 2000) have re-

ported that small alterations in the mechanical prop-

erties of running surface (asphalt surface, acrylic sports

surface, rubber-modified asphalt surface) can induce

changes in human running characteristics. Further,

they showed that running motor patterns can vary

considerably between individuals due to alteration in

surface condition. This happened even though they

examined a homogenous subject group comprising

young experienced runners (Dixon et al. 2000). Based

on the above literature, therefore, we can not obvi-

ously conclude whether realistic changes in running

surface stiffness influence human running mechanics

across age or activity levels.

In a previous study (Karamanidis and Arampatzis

2006) we showed that older subjects had lower capac-

ities of their muscle-tendon units (MTUs) in the lower

extremity: between 20 and 25% lower muscle strength

at the triceps surae and quadriceps femoris, and lower

stiffness of the quadriceps femoris tendon and apo-

neurosis. Runners and non-active subjects revealed no
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differences in the mechanical (maximal joint moment,

tendon stiffness) or morphological (muscle thickness,

pennation angle, fascicle length) properties of the tri-

ceps surae and quadriceps femoris MTUs independent

subjects age (Karamanidis and Arampatzis 2006). In

the present study we analysed running mechanics while

running on surfaces of different stiffness at a given

speed (2.7 m/s) using the same individuals. The goals

of the present work were (a) to identify adaptational

phenomena in running mechanics over a variety of

surfaces due to age related changes in the capacities of

the MTUs in the lower limbs, (b) to examine whether

running experience is associated with adaptational ef-

fects on running mechanics over a variety of surfaces

even at old age, and finally (c) we wanted to investigate

whether surface condition affects running mechanics.

Methods

Subjects

The investigation was conducted on 49 male subjects

comprising 30 older adults aged 60–69 years and 19

young adults aged 21–32 years. The subjects were

further divided into two subgroups according to their

running activity: 29 endurance-runners and 20 non-

active individuals. All subjects in the endurance-run-

ners group had performed endurance running at least

three times per week over the last 10 years and par-

ticipated regularly in middle- and long-distance run-

ning competitions. One of the subjects in this group

was 21 years old and had trained only over the last

7 years. The training distance ranged from 30 to

100 km per week. The criterion for entering the non-

active group was no sport-activity at all except at

school.

Measurement of running characteristics

The ground reaction force (GRF) (1,080 Hz) and the

kinematic data were recorded using the Vicon system

(624 system, UK, 12 cameras operating at 120 Hz) as

the subjects ran barefoot at 2.7 m/s on a 16 m track

with two force platforms (60 cm · 90 cm, Kistler,

Winterthur, Switzerland). Barefoot running was cho-

sen to exclude any effects of running shoe on the

running characteristics and allowed the controlled

variation of surface stiffness by the impacting interface.

The distance covered by each subject in one trial was

about 13 m. The running velocity was chosen to be a

normal training and/or marathon competition velocity

for the older runners. This running velocity if main-

tained would result in a time of about 4:20 h to run the

marathon, and is the mean marathon time reported for

the examined older runners. Running velocity was

controlled because running mechanics depend on

running velocity (Arampatzis et al. 1999).

All subjects were instructed to run along the track at

the designed speed (2.7 m/s). Subjects could perform as

many practice trial as they required (typically 2–3).

The running velocity was indicated by a customized

adjustable pacemaker stick hanging from the ceiling

and running along the whole track in front of the

subjects. A trial was successful when the subjects fol-

lowed the stick at the same distance (~50 cm) over the

whole track and both right and left touchdowns were

centred on the corresponding force platforms. In

addition to the normal foot floor (inextensible multi-

plex material) we used two types of foam to create

three different conditions. We cut sections of foam to

match the surface area of the force platforms so that

the foam surface did not transmit any force off the

force platforms. During running trials surface material

covered the entire running track. The non-compliant

‘‘hard’’ surface had a stiffness of more than 2,000 kN/m,

the ‘‘medium’’ foam (running shoe material ‘‘EVA’’)

had a stiffness of 724.56 kN/m and the most compliant

‘‘soft’’ foam (gymnastic mats for children) had a

stiffness of 457.94 kN/m. The stiffness of the running

surfaces were calculated from the force versus

displacement relation between 50 and 100% of the

maximal force as determined by a material-testing

machine (Zwick, Roell Amsler, Germany; max. force

2,000 N; loading area 5 cm2; loading velocity 8 mm/s).

The thickness of the soft and medium surfaces was

20 mm. The force (2,000 N) was chosen as it is the

maximal vertical ground reaction force reported in the

literature for the corresponding running velocity

(Arampatzis et al. 1999) and body mass of the subjects.

Range of surface stiffness was chosen as these values

provide a realistic running condition and therefore

highlights the interaction between human system and

environmental changes usually encountered in daily

life.

Three valid trials were recorded and analysed for

each subject and surface. The different surface condi-

tions were applied in random order. The subjects had a

1–4 min rest between trials and conditions. Thirty-

eight reflective markers (radius 14 mm) were used to

track the whole body kinematics. The markers defined

the left and right foot, left and right lower legs, left and

right thigh, pelvis, thorax, left and right upper arm, left

and right forearm, left and right hand and the head.

The three-dimensional coordinates were recorded by

the Vicon system and smoothed using a Woltring filter
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routine (Woltring 1986) with a minimum mean squared

error value of 15. The segmental masses and moments

of inertia were calculated basing on the data reported

by Dempster et al. (1959).

A whole stride cycle, from foot strike to ipsilateral

foot strike, was analysed. One step was defined to be

from foot strike to contralateral foot strike. Step length

was defined as the anterior displacement of the foot

(midpoint of the distance between calcaneus and caput

metatarsal markers) from foot strike to contralateral

foot strike. For both legs, the instants of touch down

and take off were determined from the vertical force

data. The threshold for determining touch down and

take off was set at 20 N. Temporal characteristics,

sagittal angular joint angle kinematics and kinetics, and

GRFs were analysed for both legs. A straight leg was

defined as 180� knee joint angle. The tibia being per-

pendicular to the ground while having the foot flat on it

was defined as 90� ankle joint. The linear horizontal

and vertical centre of mass (COM) trajectory was

calculated using the kinematic data of the subjects. The

limb angle was defined as the angle between the line

connecting the COM and the midpoint of the foot,

calculated from the calcaneal and metatarsal markers,

and the vertical in the sagittal plane. A posterior or

anterior position of the COM relative to the midpoint

of the foot in the running direction was defined as a

negative or positive limb angle respectively. The duty

factor (DF) was calculated as the proportion between

ground contact duration (tContact) and stride duration

(tStride) according to McMahon et al. (1985) (tContact

was calculated as the mean value from both legs). In

order to examine the proportion of the COM transport

during one stride cycle whilst the subjects have contact

with the ground, we calculated the ratio between

anterior COM displacement during ground contact of

the left LCOM
Contact; Li

� �
and right LCOM

Contact; Re

� �
legs and

anterior COM displacement during stride cycle

LCOM
Stride

� �
. This was called ratio displacement (Ratiodispl):

Ratiodispl ¼
LCOM

Contact; Li þ LCOM
Contact; Re

LCOM
Stride

:

(Note: A whole stride cycle was defined from foot

strike to ipsilateral foot strike.)

The anterior COM displacement during ground

contact and flight phase was calculated as the mean

values of the anterior COM displacement during the

corresponding phases for the left and right leg. Vertical

COM displacement was defined as the difference be-

tween the maximum and minimum value of the vertical

COM trajectory during the stride cycle. Further, to

calculate the rate of force generation (FRate, in N/s kg)

we divided the average vertical force per kg body mass
�F; in N=kg
� �

by the duration of the ground contact

(tContact, in s) according to Kram and Taylor (1990):

FRate ¼
�F

tContact
:

(Note: �F and tContact were calculated as mean values

from both legs.)

The joint moments of the left and right knee and

ankle joint were calculated through inverse dynamics

(see: Hof 1992; Arampatzis et al. 1999). We used the

Plug-in-Gait model (Oxford Metrics, Oxford, UK) to

obtain joint moments calculated about an orthogonal

axis system located in the distal segment of a joint.

Centre of pressure under the foot during stance phase

was calculated from the ground reaction forces. For the

calculation of running mechanics we included the rel-

ative thin surface thickness (20 mm for the soft and

medium surface). This procedure allowed us to limit

possible bending moments at the force plate during

stance phase and hence provided an accurate estima-

tion of the centre of pressure on the force plate for the

different surface foams.

The mean values of both legs were used for further

analysis. The gear ratios of the triceps surae and the

quadriceps femoris MTUs were calculated as the ratios

(R/r) of the moment arm (R) of the GRF acting about

the joint to the agonist tendon moment arm (r)

according to Carrier et al. (1994). The moment arms (r)

of the Achilles tendon and the patellar tendon were

calculated using the data provided by Maganaris et al.

(1998), and Herzog and Read (1993), respectively. The

gear ratio and the moment arm (R) of the GRF acting

about the joint were determined for the left and right

ankle and knee joints for five phases during ground

contact (Phase 1, 10–26%; Phase 2, 26–42%; Phase 3,

42–58%; Phase 4, 58–74%; Phase 5, 74–90% of ground

contact). The mean values of both legs were used for

the statistical analysis. The gear ratio and the moment

arm was not determined for the first and last 10% of

ground contact because of the low GRF and the con-

sequently unreliable calculation of the moment arm

(R) of the GRF. For all subjects, surfaces and param-

eters the mean values from three trials and both legs

were utilised for further analysis. The symmetry and

reproducibility of temporal, kinematic and GRF

parameters during submaximal running velocity were

analysed in previous studies and were reasonably high

(Karamanidis et al. 2003, 2004).
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Statistics

We used a mixed three-factor [age (young/old) · run-

ning activity (endurance runners/non-active) · surface

(hard/medium/soft)] analysis of variance (ANOVA) to

detect group and surface differences in running char-

acteristics. All significant age-by-running activity, age-

by-surface, running activity-by-surface and age-by-

running activity-by-surface interactions are reported.

When a significant surface effect (hard/medium/soft)

or interaction (age-by-running activity, age-by-surface,

running activity-by-surface and age-by-running activ-

ity-by-surface) was present a post hoc test (Bonferroni)

was conducted in order to determine where these dif-

ferences occurred. Due to the excessive number of

statistical comparisons to control for family-wise errors

across the analysis, the results were considered signif-

icant at the level of P < 0.01. All results in the tables

and figures are presented as means and standard

deviation (SD).

Results

Kinematic characteristics

The anthropometric data of all subjects-groups are

provided in Table 1. Body height (P = 0.003) was sig-

nificantly lower for the old compared to the young

adults which was on average less than 5 cm. When

running at the same speed as young adults, older adults

displayed a significantly (P < 0.01) lower flight time

duration, lower step length, lower vertical COM dis-

placement during the stride cycle, lower amplitude of

ankle plantarflexion and knee extension angle during

ground contact and higher limb angle at take off

compared to the young adults (Tables 2, 3). Further,

the duty factor and the ratio displacement of the COM

were significantly (P < 0.01) higher for the older as

compared to the young adults (Table 2). Runners

exhibited a significantly (P < 0.01) lower ground con-

tact time duration, lower step length, lower amplitude

of ankle plantarflexion angle during ground contact

and lower limb angle at take off compared to the non-

active group (Tables 2, 3). The comparison between

surface conditions revealed no significant (P > 0.01)

surface effect on the analysed temporal parameters

(contact and flight time duration, and duty factor),

COM trajectory parameters (vertical displacement and

ratio displacement) or on sagittal joint angular kine-

matics (limb angle and knee joint) during ground

contact (Tables 2, 3). Ground surface significantly af-

fected (P < 0.01) the amplitude of ankle dorsal flexion

angle during ground contact (Table 3). The post hoc

analysis revealed significantly (P < 0.01) lower values

for the soft surface compared to the hard and medium

surfaces (Table 3). There was a significant (P < 0.01)

age-by-running activity interaction at the amplitude of

knee extension angle during ground contact (Table 3).

The post hoc analysis revealed significantly (P < 0.01)

lower amplitudes of knee extension angle during

ground contact for the older runners compared to all

other groups (older and young non-active subjects and

young runners).

Kinetic characteristics

Figures 1, 2 and 3 illustrate the vertical and antero-

posterior horizontal GRFs, joint moments and

mechanical power at the ankle and knee of the left leg

during running on surfaces of different stiffness for all

examined groups. For the GRF parameters the average

and the maximal values of the vertical force as well as

the average values of the horizontal (deceleration and

acceleration phases) force were lower (P < 0.01) for

the older compared to the young adults (Table 4).

Further, older adults showed a lower (P < 0.01) rate of

force generation during the ground contact phase

compared to young adults (Table 4). Age-related ef-

fects on joint kinetics were identified at the ankle joint

with virtually no differences (P > 0.01) at the knee

joint (Table 4). The older adults showed a significantly

(P < 0.01) lower maximal ankle joint moment and

positive mechanical power at the ankle joint during

ground contact as the young adults (Table 4). The

comparison between runners and non-active subjects

showed that runners had significantly (P < 0.01) lower

average horizontal forces (deceleration and accelera-

tion phases) and lower positive mechanical power at

the ankle joint during ground contact phase (Table 4).

The statistical analysis showed also a lower (P < 0.01)

positive mechanical power at the knee joint during

ground contact phase for the runners compared to the

non-active group (Table 4). However, there was a

Table 1 Anthropometric data of the subjects (means ± SD)

Older adults Young adults

Runners N-active Runners N-active

Age (year) 64 ± 3 64 ± 2 27 ± 4 29 ± 3
Body mass (kg) 76 ± 6 81 ± 6 73 ± 5 78 ± 8
Body height (cm)* 176 ± 4 174 ± 8 180 ± 4 180 ± 9

N-active non-active adults

*Statistically significant differences between older and young
adults (P < 0.01)
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significant (P < 0.01) age-by-running activity interac-

tion for the positive mechanical power at the knee joint

during ground contact (Table 4) and the post hoc

analysis revealed significantly (P < 0.01) higher values

during ground contact only for the older non-active

subjects compared to all other groups (older and young

runners and young non-active subjects). Running on

surfaces of different stiffness had no significant

(P > 0.01) effect on the analysed GRF parameters,

joint moments or mechanical power at the ankle and

knee joint (Table 4).

Regarding the gear ratio at the ankle joint older

adults showed significantly lower (P < 0.01) values

from 26 to 58% of the ground contact duration (Phases

2, 3) compared to the young adults (Fig. 4). This was

due to a lower moment arm of the GRF acting about

the ankle joint during the Phases 2–4 (Fig. 4). Con-

versely, no significant differences between runners and

non-active subjects were detected in the gear ratio or

moment arm of the GRF at the ankle joint (P > 0.01).

Running on surfaces of different stiffness significantly

(P < 0.01) affected the moment arm of the GRF acting

about the ankle joint and the gear ratio at the ankle

joint from 42 to 58% (Phase 3) of the ground contact

duration (Fig. 4). The post hoc analysis revealed a

significantly lower (P < 0.01) moment arm of the GRF

acting about the ankle joint as well as a lower gear

ratio for the soft surface compared to the hard surface

for Phase 3. Concerning the gear ratio at the knee joint

and the moment arm of the GRF acting about the knee

no significant (P > 0.01) differences between age

groups or surface conditions were found (Fig. 5).

Runners demonstrated a significantly (P < 0.01) lower

gear ratio at the knee joint from 10 to 58% of the

ground contact duration (Phases 1–3) in comparison to

the non-active group (Fig. 5). This was due to a lower

moment arm of the GRF acting about the knee joint

during these phases (Fig. 5).

Discussion

Running task reorganisation due to aging

A previous analysis of the same subjects (Karamanidis

and Arampatzis 2006) found that the examined older

adults had lower capacities of their triceps surae and

quadriceps femoris MTUs (between 20 and 25% lower

muscle strength and lower tendon stiffness) compared

to the examined young adults. The present study

analysed running mechanics of the older and young

adults while running on surfaces of different stiffness at

a given speed (2.7 m/s). We hypothesized that olderT
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individuals would reorganize their running task over a

variety of mechanical environments as a consequence

of the changes in their MTUs. The present data con-

firm this hypothesis. When running at the same speed

as young adults, older adults selected a different

strategy leading to increased safety of the musculo-

skeletal system (higher duty factor) and benefiting

from a mechanical advantage for the triceps surae

MTU and a lower rate of force generation on all sur-

faces.

In the literature it is often reported that the per-

formance capacities of the neural system decrease with

aging (for a review, see: Prince et al. 1997; Raz 2000;

Wolfson 2001). For instance, the age related decline in

peripheral sensory feedback mechanisms, restrict older

subjects to improve the accuracy of performance

without visual information in a similar way as for the

young subjects (van Hedel and Dietz 2004). However,

the results of the present study confirm that older

adults had more advantageous running mechanics than

young adults (lower rate of force generation, lower

average horizontal forces during deceleration and

acceleration phases, lower gear ratios for the triceps

surae MTU). Furthermore, the higher duty factor and

ratio displacement of the COM for the older adults

(higher amount of COM transport and time with the

foot on the ground during stride cycle) are indicators

for a higher safety of their musculoskeletal system

while running at a given speed in comparison to the

young adults. Moreover, the improved running

mechanics and safety for the older adults was present

for all surface conditions. Thus, the findings show that

the functional changes in running strategy (mechanical

improvement) in the older adults are stable for dif-

ferent mechanical environments.

Older adults increased the mechanical advantage

(lower gear ratios) for the triceps surae from 26 to 58%

of the ground contact phase (Phases 2, 3) by means of

lowering the moment arm of the GRF acting about the

ankle joint. During the mid-part of the ground contact

phase the vertical GRF achieves its maximum value.

The lower gear ratio at the ankle joint (Phase 3) to-

gether with the lower vertical GRF for the older adults

are the reason for the lower maximal moment at the

ankle joint during ground contact for the older adults

compared to the young adults whilst running at the

same velocity. The reduction of the maximal moment

at the ankle joint for the older adults compared to the

young adults was on average about 20%. The relative

decrease of the maximal moment at the ankle joint

during running is very close to the relative decrease of

the maximal plantarflexion moment during isometric

contractions found for the older adults compared toT
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the young adults (about 25%; Karamanidis and

Arampatzis 2006). These findings suggest that the

compensatory changes in the ankle kinetics aim to

decrease the discrepancy between the running effort

and MTU capacities. Running is a periodic non-stra-

tegic motor task and thus, it is possible that the older

adults could update their running strategy and adjust

the running effort to the reduced MTUs capacities by

means of repeated practice. Although significant, the

lower moment arm of the GRF during Phase 4 (58–
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examined groups (means). O older adults; Y young adults. The x-axis was normalised as follows: 0–100% ground contact duration
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74% of the ground contact phase) in the older adults

had only a slight effect on the differences in the gear

ratio (P = 0.064) between age groups during this peri-

od. The relative differences in the moment arm of the

GRF between age groups might be to low (about 6%)

to detect clear changes in the gear ratio.

It would be interesting to identify the main changes

in the motor task characteristics leading to the

improvement in running mechanics. The changes in the

rate of force generation were related to the lower

vertical COM displacement during stride cycle for the

older adults. A lower vertical COM displacement may

also affect the gear ratios during the initial and mid-

part of the ground contact phase due to a better control

of the impact dynamics. The lower maximum of the

mechanical power at the ankle joint, and the higher

limb angle at take off for the older adults, seem to be

the main causes for the lower vertical COM displace-

ment. All these changes in running characteristics due

to age are observed in the second part of the ground

contact phase. The above observations provide evi-

dence that older adults plan the initial conditions for

the collision with the ground in the second part of the

support phase. In other words, the older adults pre-

pared for the next collision with the ground during the

preceding stride. This phenomenon was again inde-

pendent from the surface condition. Therefore, the

results show that the older subjects were able to

recalibrate their running strategy with a mechanical

improvement by means of a feedforward adaptation of

the motor commands independently of the mechanical

environment.

While the ankle joint kinetics were altered in the

older adults, no clear differences in knee joint kinetics

were detected between age groups. This happened

even though the age related decline in maximal joint

moment during isometric MVC showed similar relative

values at the ankle (about 25%) and knee joint (about

20%; Karamanidis and Arampatzis 2006). A possible

explanation could be the lower maximal knee joint

moment compared to the maximal ankle joint moment

(about 35%) during running and the higher knee

extensor muscle strength compared to the plantar

flexion muscles (about 60%; Karamanidis and Aram-

patzis 2006) at MVC. So it is possible that the threshold

for triggering a compensation is not achieved for the

knee joint, and the disparity between running effort

and reduced quadriceps femoris MTU capacities can

be tolerated during submaximal running. One might

argue that the choice of running velocity (we used

2.7 m/s which was the preferred running velocity of the

older runners) might have influenced our age-related

findings because preferred running velocity of younger

subjects is usually higher than 2.7 m/s (about 3.6 m/s,

Biewener et al. 2004). Based on the data presented by

Biewener et al. (2004), however, we do not have evi-
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dence to suggest that young subjects change the gear-

ing of their leg extensor MTUs when running at lower

than their preferred velocity. We suppose, therefore,

that the current age-related findings are not the con-

sequence of running velocity.

Mechanical task adaptation due to running

experience

In the literature it is well document that repeated

practice of a motor task causes adaptational effects and

improvements in locomotion mechanics even in older

individuals (Pavol et al. 2002; Pai et al. 2003; van Hedel

et al. 2002; van Hedel and Dietz 2004). Therefore, we

hypothesized that running experience would improve

running mechanics in both age groups. The endurance

runners showed a lower average horizontal GRF dur-

ing the deceleration and acceleration phases compared

to the non-active subjects independent from the sur-

face and subjects age. The lower average horizontal

GRF during running is a global parameter which shows

that running experience might make running more

advantageous because it is well accepted that the

metabolic cost of the horizontal GRF during human

locomotion is more expensive than the metabolic cost

of vertical GRF (Chang and Kram 1999; Gottschall

and Kram 2003).

In addition to the lower horizontal GRFs runners

showed also a joint specific alteration in running

mechanics compared to the non-active subjects (lower

gear ratio at the knee joint during the first 56% of the

period of ground contact, Phases 1–3). This was due to

a lower moment arm of the GRF acting about the knee

joint. Moreover, these results were again independent

of surface and/or age. The knee has been shown to be

the most common site of running injuries (Messier

et al. 1991; Nigg et al. 1993). The lower gear ratios

found for the endurance runners compared to the non-

active subjects did not clearly reduce the maximal knee

joint moment (there was only a tendency, P = 0.014).

0

1

2

3

4

5

O Runners (n=20)
O Non-Active (n=10)
Y Runners (n=9)
Y Non-Active (n=10)

HARD

G
ea

r 
ra

tio
 a

nk
le

 jo
in

t [
R

/r
]

0

1

2

3

4

5
MEDIUM

G
ea

r 
ra

tio
 a

nk
le

 jo
in

t [
R

/r
]

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
0

1

2

3

4

5

** +

SOFT

G
ea

r 
ra

tio
 a

nk
le

 jo
in

t [
R

/r
]

0

5

10

15

20

25
HARD

R
 a

nk
le

 jo
in

t [
cm

]

0

5

10

15

20

25

R
 a

nk
le

 jo
in

t [
cm

]

MEDIUM

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
0

5

10

15

20

25

*+* *

R
 a

nk
le

 jo
in

t [
cm

]

SOFT

Fig. 4 Moment arm of the
ground reaction force (R) and
gear ratio (R/r) acting about
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74–90% of the period of
ground contact duration).
Asterisk Statistically
significant differences
between older and young
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The non-clear effect of the lower gear ratios on the

maximal knee joint moment can be explained by the

relative low difference in the gear ratio at the mid part

of the ground contact phase between activity groups

(Phase 3: about 9%) where the maximal knee joint

moment occurs. However, the higher mechanical

advantage [about 32% (Phase 1) and 18% (Phase 2)

for the runners compared to the non-active subjects]

for the quadriceps femoris MTU during the initial part

of the ground contact (Phases 1, 2) indicates that

endurance runners have advantages in running

mechanics. A higher mechanical advantage during the

initial running phase when an eccentric quadriceps

femoris contraction is necessary to control knee flexion

and provide shock absorption, could increase the

ability of the knee to attenuate shock and reduce the

mechanical load on the knee joint.

The main question arises how the runners create a

running strategy leading to the lower gear ratios at the

knee joint during the initial part of the ground contact

phase compared to non-active subjects. We cannot

suggest that these changes happened due to a correc-

tion based on sensory feedback control during the

collision with the ground (reactive corrections) be-

cause the available time might be to short (for Phase 1,

28–71 ms). Further, the mechanical and morphological

properties of the MTUs in the lower extremity showed

no specific alterations between runners and non-active

subjects. Therefore, we cannot suggest that the capac-

ities of the MTUs are the mediator of the lower gear

ratios. We can argue, however, that runners used pro-

prioceptive feedback from repeated practice to im-

prove running mechanics by developing appropriate

feedforward motor commands to the expected

mechanical load at the knee joint. Moreover the results

suggest a complete task adaptation of the experienced

old and young runners due to the similar behaviour

onto all examined surfaces.
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Surface effect on running mechanics

Previous studies reported that changes of the surface or

texture of the footwear can influence the sensory

feedback from the feet (Watanabe and Okubo 1981;

Nurse et al. 2005) and introduce mechanical effects

during human walking (Nurse et al. 2005). However,

studies analysing the effect of the mechanical envi-

ronment on running characteristics reported a similar

behaviour of the human motor system for a variety of

surface conditions (Ferris et al. 1998, 1999; Kerdok

et al. 2002) For instance, Kerdok et al. (2002) reported

no clear surface effect on ground contact duration, step

length, stride frequency, duty factor nor maximal ver-

tical ground reaction force while running. This was

done because the runners changed their leg stiffness as

well as the vertical displacement of the COM during

running on surfaces having different stiffness in order

to move in a similar manner on all surfaces (Kerdok

et al. 2002). However, if we look at Fig. 4 provided in

the work of Kerdok et al. (2002) the values in leg

stiffness as well as in the leg compression seem not to

be different between the three highest surface stiffness

(216.8, 454.2 and 945.7 kN/m) which is the range of the

examined surface stiffness of the present study (from

450 to over 2,000 kN/m). Thus, based on our data and

the results presented in the literature (Ferris et al.

1998, 1999; Kerdok et al. 2002) it is reasonable to be-

lieve that humans use a general running strategy for a

wide range of surface conditions. It can be argued that

the differences in surface compression at mid stance

between surface conditions were to low (approximately

1, 2.5 and 4 mm for the hard, medium and soft surface,

respectively) in order to induce clear changes on hu-

man running mechanics. Such change in surface com-

pression, however, provide realistic running conditions

and highlights the interaction between human system

and environmental changes usually encountered in

daily life.

An interesting finding of the present study was that

the gear ratios were lower at Phase 3 (42–58% of

ground contact) during running on soft compared to

the hard surface. This was due to a lower moment arm

of the GRF acting about the ankle joint. Further, al-

though in Phases 1 and 2 (10–42% of ground contact)

we did not identify clear statistically significant

(P > 0.01) differences, the values of the gear ratios

were in tendency lower for the soft compared to the

hard surface (P = 0.020 and 0.025 for Phase 1 and 2,

respectively). It seems that the higher deformation of

the soft surface increases the mechanical advantage of

the triceps surae in the mid-part of the contact phase.

However, during running we did not find any clear

surface effect on ankle and knee joint angles as well as

on the limb angle, neither at the beginning nor at the

end of the ground contact phase. Similarly the

mechanical power values at the ankle and knee joints

were not influenced by the three examined surfaces.

Therefore, an adjustment of the subjects to the dif-

ferent surfaces by means of a feedforward control prior

to the collision with the ground is an unlikely expla-

nation. It seems more reasonable to suggest, that the

higher deformation of the soft surface and so the

modified pressure contribution to the foot sole affect

the moment arm of the GRF acting about the ankle

joint. The lower amplitude of ankle dorsal flexion angle

during ground contact on the soft surface is a conse-

quence of the higher surface deformation (Ferris et al.

1998, 1999; Farley et al. 1998). It is possible that the

higher compliance of the soft surface increases the

contact area under the foot. This way a translation of

the point of force application along the foot towards

the ankle joint took place causing a decrease in the

moment arm whilst running on the soft surface. How-

ever, the above findings indicate that the higher

deformation of the soft compared to the hard surface

increased the mechanical advantage of the triceps su-

rae muscle to support body weight during each stride.

Conclusions

The results show that the running strategy remained

essentially unchanged for a variety of surface condi-

tions independent of subject’s age or task experience.

Runners compared to non-active subjects had a more

advantageous running mechanics (higher mechanical

advantage for the quadriceps femoris MTU, lower

average horizontal forces) for all surfaces indicating a

complete task specific adaptation. Older adults react to

the reduced capacity of their MTUs by increasing

safety during running (higher duty factor, higher COM

transport with the foot on the ground, lower flight

time) and benefit from a mechanical advantage for the

triceps surae MTU and a lower rate of force genera-

tion. Moreover, the improvement in running mechan-

ics and safety of the aged musculoskeletal system while

running was present for all surface conditions. We

suggest that older adults are able to recalibrate their

running strategy to adjust the running effort to their

reduced MTUs capacities in a feedforward control

manner for a variety of mechanical environments.
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