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Abstract

The chronic exposure of astronauts to microgravity results in structural degradation of their lower limb bones. Currently, no
effective exercise countermeasure exists. On Earth, the impact loading that occurs with regular locomotion is associated with the
maintenance of bone’s structural integrity, but impact loads are rarely experienced in space. Accurately mimicking Earth-like impact
loads in a reduced-gravity environment should help to reduce the degradation of bone caused by weightlessness. We previously
showed that running with externally applied horizontal forces (AHF) in the anterior direction qualitatively simulates the high-
impact loading associated with downhill running on Earth. We hypothesized that running with AHF at simulated reduced gravity
would produce impact loads equal to or greater than values experienced during normal running at Earth gravity. With an AHF of
20% of gravity-specific body weight at all gravity levels, impact force peaks increased 74%, average impact loading rates increased
46%, and maximum impact loading rates increased 89% compared to running without any AHF. In contrast, AHF did not
substantially affect active force peaks. Duty factor and stride frequency decreased modestly with AHF at all gravity levels. We found
that running with an AHF in simulated reduced gravity produced impact loads equal to or greater than those experienced at Earth
gravity. An appropriate AHF could easily augment existing partial gravity treadmill running exercise countermeasures used during

spaceflight and help prevent musculoskeletal degradation. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Chronic exposure to microgravity degrades the
structural integrity of the lower extremity bones (for
reviews see Baldwin et al., 1996; Vernikos, 1996). This
could have catastrophic consequences during mission
operations requiring even modest amounts of strength,
during emergency escape procedures, and can also
increase the risk of fracture after returning to Earth
(Baldwin et al., 1996). An effective countermeasure to
prevent this degradation of bone is essential for long-
term human exploration of space (West, 2000).
Although the exact mechanism that stimulates bone
formation is not known, it is well established that
bone responds to the frequency, rate, distribution,
and magnitude of mechanical loading (Burger and
Klein-Nulend, 1999; Lanyon, 1996; Rubin and Lanyon,
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1984; Whalen, 1993). It seems that some minimum
mechanical signal is necessary for the active mainte-
nance of bone architecture (Frost, 1983; Lanyon, 1996).
The mechanical loading of bone that occurs with normal
activity (i.e., functional loading) is considered to be the
primary stimulus (or minimum mechanical signal) for
bone to maintain its structural integrity (Frost et al.,
1998; Lanyon, 1996).

Lanyon (1996) suggested that any exercise regimen
designed to conserve bone mass should utilize high
strains imposed at high strain rates. Many others agree
that it is essential that an exercise countermeasure pro-
vide high-frequency bone strain rates such as those cre-
ated by the passive impact of the foot with the ground
during normal running on Earth (Baldwin et al., 1996;
Cavanagh et al., 1992; Greenleaf et al., 1989). Previous
exercise countermeasures emphasizing the magnitude of
forces actively generated by the muscles have been inad-
equate in preventing or reducing skeletal degradation
(Baldwin et al., 1996; Convertino, 1996; Davis and
Cavanagh, 1993; Greenleaf et al., 1989). Simulating
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Earth-like impact loads would provide the natural stress
distribution normally experienced by the lower limbs,
which would likely preserve the normal distribution of
bone as well as its density.

To simulate Earth-like loading conditions during
running in space, McCrory and colleagues (1999) tested
a motorized treadmill combined with a special harness
to apply downward forces to the shoulders and hips of
the astronaut. Due to the discomfort of the harness,
however, astronauts were unable to use the harness at
high enough loads to replicate Earth-like impact loads
as evidenced by the ground reaction forces (McCrory
et al., 1999). A successful exercise countermeasure
involving locomotion must achieve functional mechan-
ical loading of the lower limbs and be comfortable
enough for regular daily exercise (Convertino, 1996;
McCrory et al., 1999).

We reasoned that a means to increase impact loading
during running in simulated partial gravity might allow
astronauts to run comfortably while experiencing Earth-
like impact loading. Hamill and colleagues (1984)
observed that impact peaks increased with downbhill grade
during running. In vivo tibial bone strain rates during a
variety of locomotory tasks were also seen to be greatest
during downhill running (Burr et al., 1996). In space there
is no downhill, but, running with a forward-pulling
applied horizontal force (AHF) is qualitatively similar to
downhill running since one must decelerate against a
constant force to maintain a constant speed. Chang and
Kram (1999) observed that impact force peaks were
greater for AHF running at 1g. If AHF running produced
high-impact loads and strain rates in low gravity, then
running with an artificial gravity harness loaded to
comfortable levels combined with AHF could be an
effective countermeasure. We hypothesized that for
treadmill running at simulated reduced gravity, AHF
would increase the impact force peaks and impact loading
rates to equal or greater values than those experienced
during normal running at Earth gravity. Furthermore,
a secondary aim of this study was to characterize the
vertical ground reaction forces during AHF running
in reduced gravity.

2. Methods

We collected data on four men and four women
between the ages of 19 and 37yr old (25.5 + 5.6y,
mean + SD). Subjects gave their informed consent
before participating in this study as per the University
of California Committee for the Protection of Human
Subjects. Body mass of subjects ranged from 48.6 to
80.1kg (63.1 + 11.2kg).

To simulate reduced gravity, we applied a nearly
constant upward force to the subject’s torso near the
center of mass via a modified rock climbing harness
(Fig. 1). Four straps attached to the harness a light

Rolling

Trolley\
[ 0]

LY

'
Rubber
Tubing

\/

< Force
\ Transducer
¢ ® ¢
10| '
Force-Treadmill

Winch

Fig. 1. Schematic of experimental set-up. We simulated reduced
gravity by applying a nearly constant upward force to the torso of
our subjects near the center of mass. We produced an applied
horizontal force (AHF) by pulling the subject forward with a nearly
constant force directed near the center of mass. The subjects ran on a
force treadmill that measured the vertical ground reaction forces.

aluminum frame above the subject’s head. The frame
kept the straps away from the torso and did not hinder
the ability to lean forward when running. A cable led
from the frame over a series of pulleys mounted on an
overhead rolling trolley. Movement of the rolling trolley
was minimal. Further details of the reduced-gravity
simulator have been provided previously (Chang et al.,
2000; Donelan and Kram, 2000; Griffin et al., 1999).

We directed the applied horizontal force (AHF) near
the subject’s center of mass via a belt worn at the waist
(Fig. 1). AHF levels were adjusted by stretching the
elastic rubber tubing such that minor changes in length
(due to the movements of the runner) did not
substantially change the AHF. We monitored AHF
with a force transducer in series with the rubber tubing.
Subjects viewed a digital readout of the AHF as they ran
and were instructed to adjust their position on the
treadmill so as to keep AHF constant at the prescribed
force. The height of the apparatus was adjusted so that
the AHF was directed horizontally. Chang and Kram
(1999) found that this AHF apparatus did not apply a
detectable vertical force. Subjects practiced running in
the reduced-gravity simulator at several different com-
binations of gravity and AHF. The entire familiarization
process lasted approximately 30min and took place
within seven days prior to data collection.

During data collection, subjects ran at 3.0ms ™" for all
conditions. In addition to normal lg running, subjects
ran with an AHF of 0, 10, 15, and 20% of the weight
reached at each new gravity level. That is, we normal-
ized the AHF to each subject’s gravity-specific body
weight. Thus, units of AHF are measured in “gravity-
specific body weights”, which we refer to as “% AHF”.

Subjects ran on a treadmill that measured their
vertical ground reaction forces (Kram et al., 1998). We
sampled data at 1 kHz per channel and collected data
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Fig. 2. Typical plots of the vertical component of the ground reaction
force (GRF, A) and the loading rate of the vertical GRF (B) versus
time for normal lg running. The impact force peak is due to the
passive collision of the foot and lower leg with the ground, whereas,
the active force peak is associated with the force actively generated by
the muscles of the leg. The average impact loading rate was calculated
as the slope of the vertical GRF between heel-strike and the impact
force peak (dF./dr). Our notation is that dF. is the magnitude of
impact force peak and dz is the time to impact force peak.

for 10 steps per trial. We filtered the data with a fourth-
order recursive, zero phase-shift, Butterworth low-pass
filter (100 Hz cut-off). This low-pass cut-off frequency
did not attenuate impact force peaks or loading rates.
The instant of heel-strike was determined from the
vertical force record. Our algorithm found the closest
local minimum occurring before the vertical ground
reaction force reached a threshold of 100 N. The instant
of toe-off was determined by finding the nearest local
minimum occurring after the vertical ground reaction
force dropped below 100 N.

For each trial, we calculated the impact force peak
magnitude, average impact loading rate, maximum
impact loading rate, time to impact force peak, active
force peak magnitude, duty factor and stride frequency
averaged for 10 steps. We determined the impact force
peak magnitude by starting from heel-strike and finding
the time when the positive slope became negative
(Fig. 2A). Average impact loading rate was calculated
as the impact force peak magnitude (dF;) divided by the
change in time (d¢) from heel strike to the impact force
peak (Fig. 2A). The maximum impact loading rate was
determined by finding the instantaneous derivative of
the ground reaction force with respect to time and
taking the maximum value during the impact phase of
ground contact (Fig. 2B). Time to impact force peak (d¢)
was the time from heel strike until impact force peak
(Fig. 2A). We determined vertical active force peak in a
similar manner but in the reverse direction, starting with

toe-off and working backwards in time towards heel
strike. Duty factor (time of ground contact for one foot
divided by stride time) and stride frequency (inverse of
stride time) were calculated from the times of heel strike
and toe-off.

We performed a Student’s 1-tailed, paired #-test to
examine whether impact loading values from experi-
mental conditions were significantly lower than control
(1g, no AHF). We used a 2-tailed, paired ¢-test for other
variables. Statistical significance was defined as P<0.05
(n=28). We performed a multivariate regression analysis
to estimate the influence of AHF and gravity upon
impact force peaks and to predict the appropriate AHF
necessary to obtain Earth-like impact loading for a
given level of gravity. We used the delta method (for
reviews see Goldberger, 1991; Greene, 2000) to deter-
mine the standard error curves for each predicted AHF.

3. Results

Applied horizontal force (AHF) significantly in-
creased impact force peaks at all levels of gravity
(Figs. 3, and 4A, Table 1). At 1g with no AHF (i.e.,
normal running), impact force peaks were 1.59 times
Earth body weight (EBW), or 983 + 72 N. At 0.5g with
no AHF, impact force peaks were only 1.17 times EBW
(724 + 74 N). At 0.5g with 20% AHF, however, impact
force peaks were 2.04 times EBW (1260 + 107 N). At all
levels of gravity, 20% AHF was sufficient to signifi-
cantly increase impact force peaks to magnitudes equal
to or greater than those observed during normal running
at lg (Fig. 3). Our data for impact force peaks are
summarized by the following empirical regression
function between impact force peak, gravity and AHF

for running at 3ms™":

Fimpact = 0.66 + 0.91(g) + 0.69(AHF) + 7.9(9)(AHF), (1)
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Fig. 3. Typical traces of the vertical component of ground reaction
force versus time for the control (1g, no AHF) condition and for 0.50,
0.38, and 0.25g with 20% AHF. Dotted line indicates the impact force
peak for the 1g, no AHF condition. Forces are measured in earth body
weights (EBW).
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Fig. 4. Impact force peak (A), average impact loading rate (B), and
maximum loading rate (C) as functions of applied horizontal force
(AHF). Data for Earth gravity, 1g (circle and dotted line), 0.50g
(squares), 0.38g =Mars gravity (triangles), and 0.25g (diamonds) are
shown. Data indicate mean for eight subjects and are measured in units
of either Earth body weights (EBW) or Earth body weights/s~' (EBW
s™!). Filled symbols indicate that the values were not significantly
lower than values for normal running at Earth gravity (1-tailed, paired
t-test, p > 0.05). Shading indicates + 1 standard error from the mean of
control (1g, no AHF) values. Error bars indicate standard error of the
mean.

where Fimpact is the impact force peak magnitude in
Earth body weights, ¢ is the fraction of Earth gravity,
and AHF is the fraction of the gravity-specific body-
weight of applied horizontal force.

An increase in AHF also significantly increased
vertical impact loading rates at all levels of gravity
(Fig. 4B, C, Table 1). At 1g with no AHF (i.e., normal
running), average and maximum impact loading rates
were 26.1 and 61.7kN s™', respectively. At 0.5g with no
AHF, average and maximum impact loading rates were
reduced to only 18.2 and 44.1kN s~ respectively. A

20% AHF at 0.5g, however, increased the average and
maximum impact loading rates to 24.8 and 76.9kN s~ ',
respectively. Even at Mar’s gravity of 0.38g, a 20%
AHF increased the average and maximum impact
loading rates to normal Earth-like values. These
increased loading rates occurred despite an increase in
the time to impact force peak. Although reduced gravity
alone had no effect on the time to impact force peak,
there was a small but significant increase in the time to
impact force peak with increasing AHF (Table 2).

Active force peaks during normal running decreased
in reduced gravity and were not affected substantially by
AHF (Fig. 3, Table 2). During normal running, active
force peaks were 2.42 times their Earth body weight
(EBW) (1495 + 100N). At 0.5¢g with no AHF, active
force peaks were only 1.37EBW (848 + 58 N). The
maximum increase in active force peaks from all AHF
conditions averaged a mere 9% for each gravity level.
This is overshadowed by the 74% increase in impact
force peaks with AHF at each gravity level.

Duty factor and stride frequency both decreased
modestly in reduced gravity. The observed changes at
different gravity levels were similar to previous reports
(Chang et al., 2000; Donelan and Kram, 2000; He et al.,
1991). Both duty factor and stride frequency decreased
with increasing AHF (Table 2). At all gravity levels, a
20% AHF decreased both duty factor and stride
frequency from zero AHF values by 13.2 and 8.4%,
respectively.

4. Discussion

As hypothesized, an applied horizontal force (AHF)
dramatically increased impact loading during running at
all gravity levels. Running with an AHF is, thus, a
potentially useful augmentation to existing exercise
countermeasures to the bone loss associated with
chronic exposure to microgravity. We suggest that with
an AHF, a gravity-inducing harness need only load the
shoulders and hips of exercising astronauts to partial
gravity levels and, thus, could be comfortable enough
for regular exercise in microgravity. At Earth gravity
with no AHF, the predicted impact force peak at 3ms~
is 1.6 EBW. Thus, from Eq. (1) we can, solve for the
magnitude of AHF needed to produce Earth-like impact
loads as a function of g:

AHF = [0.91(1¢)]/[0.69 + 7.9(g)]. Q)

This relationship (Eq. (2)) allows us to predict for any
level of gravity the minimum AHF necessary to obtain
impact force peaks equal to those experienced during
normal running on Earth (Fig. 5). For example, at 0.5¢
the equation would predict a minimum of 9.8% AHF to
obtain Earth-like impact loads.
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Table 1

Effects of gravity and AHF on impact loading. Data for running at normal Earth gravity (1g) and at different simulated reduced gravity levels with
applied horizontal forces (AHF). Conditions that effectively mimic the impact loading during normal Earth running are denoted as NSL (not
significantly lower, P > 0.05, 1-tailed, paired r-test) than the control (1g, no AHF). Values represent mean and standard error

Gravity (g) Applied horizontal Impact force Average impact Max. impact loading

force (%g-specific BW) peak (N) loading rate (kN s™") rate (kN s ')
1.00 0 983 (72) 26.1 (2.4) 61.7 (5.4)
0.50 0 724 (74) 18.2 (1.7) 44.1 (4.6)

10 979 (93)NSt 21.1 (1.9) 55.5 (5.7)

15 1111 (102)F 23.1 (2.3) 64.1 (8.1)NSE

20 1261 (107)St 24.8 (2.4)NSt 76.9 (7.9)NSt
0.38 0 640 (56) 14.8 (1.2) 37.0 (3.7)

10 835 (61) 16.9 (1.2) 48.8 (4.4)

15 965 (75)NSt 18.8 (1.5) 55.5 (4.9)

20 1109 (91)NSt 22.5(1.9) 64.5 (6.0)NSt
0.25 0 510 (35) 10.5 (1.0) 25.6 (2.1)

10 712 (55) 13.1 (1.1) 35.6 (3.1)

15 772 (45) 14.4 (1.0) 45.0 (3.2)

20 889 (82)NSt 15.8 (1.6) 55.7 (7.0)NSt
Table 2

Effects of gravity and AHF on time to impact force peak, active force peak and stride kinematics. Data for running at normal Earth gravity (1g) and
at different simulated reduced gravity levels with applied horizontal forces (AHF). In all but one condition, the time-to-peaks were longer (P < 0.05,
2-tailed, paired z-test) than the control (1g, no AHF). NS denotes condition that was not significantly (P > 0.05) different from the control. All levels
of reduced gravity had significantly lower active force peaks, shorter duty factors and lower stride frequencies than the control condition (P < 0.05).

Values represent mean and standard error

Gravity Applied horizontal Time to impact Active force peak Duty factor Stride frequency (Hz)
force (%g-specific BW) force peak (ms) (N)

1.00 0 38 (1) 1495 (100) 0.35(0.01) 1.37 (0.02)

0.50 0 42 2N 848 (58) 0.30 (0.02) 1.19 (0.03)
10 47 (1) 901 (77) 0.28 (0.01) 1.16 (0.03)
15 48 (2) 890 (71) 0.27 (0.01) 1.15 (0.02)
20 51 (1) 865 (76) 0.27 (0.01) 1.12 (0.02)

0.38 0 43 (2) 664 (40) 0.28 (0.01) 1.17 (0.04)
10 48 (2) 666 (49) 0.26 (0.01) 1.13 (0.03)
15 50 (2) 700 (60) 0.25 (0.01) 1.10 (0.03)
20 50 (2) 715 (57) 0.24 (0.01) 1.06 (0.02)

0.25 0 47 (3) 463 (39) 0.26 (0.02) 1.11 (0.04)
10 50 (2) 493 (33) 0.23 (0.01) 1.06 (0.04)
15 51 (3) 513 (38) 0.23 (0.01) 1.04 (0.03)
20 54 (2) 527 (27) 0.22 (0.01) 1.00 (0.03)

In addition to spaceflight, our results have implica-
tions for extended missions to the surfaces of Mars or
the moon. At as low as 0.38¢g with only a 15% AHF,
impact force peaks were equal to or greater than those
normally experienced during normal lg running. We
observed that at 0.38g with an AHF of 20% the
impact force peaks and maximum loading rate during
treadmill running were similar to those normally
experienced while running on Earth. Thus, during a
long-term mission on the surface of Mars, adequate
impact loading of the lower limbs could likely be
achieved through AHF running with no other external
loads. We found that balance on a treadmill is
compromised an AHF that is greater than 20%. Thus,
a minimum level of gravity (e.g., ~0.3g) seems necessary

to safely and effectively simulate Earth-like impact
loading. Therefore, a hypothetical exercise counter-
measure on the lunar surface (0.17g) would require a
harness to induce some level of increased artificial
gravity.

Since the mechanism for stimulating bone formation
remains unresolved, it is difficult to assess the relative
importance of impact loading vs. the active force peak
magnitudes for conserving the structural integrity of
bone. AHF running, however, does provide a means for
distinguishing between them since AHF substantially
affects only impact force peaks and not active force
peaks. Further study focusing on the long-term effects
of impact vs. active forces as biomechanical determi-
nants of bone remodeling would help determine their
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Fig. 5. Predicted AHF necessary to reach Earth-like impact force
peaks as a function of gravity level while running at 3ms~" (calculated
from Eq.(2)). Dashed line represents an extrapolation to Lunar
gravity (0.17g). Dotted lines indicate + 1 standard error of the mean
as calculated by the delta method (for reviews see Goldberger, 1991;
Greene, 2000).

independent roles in influencing bone architecture and
strength.

Reduced functional mechanical loading of the skeletal
system may not be the proximate mechanism for
decreased bone formation at the cellular level. In
microgravity, fluid shifts from the lower extremities
toward the upper body have also been suggested to be
the cause of bone mineral loss. Alterations in skeletal
perfusion have been correlated with changes in bone
mass in rats undergoing hindlimb unloading experi-
ments (Colleran et al., 2000). That study, however, was
unable to distinguish between the effect of mechanical
unloading and the shift in fluid perfusion in the limb
bones. The two mechanisms may be interrelated. The
strain-derived flow of interstitial fluid through the
porosity of bone caused by mechanical loading has
been observed to activate osteocytes (Burger and Klein-
Nulend, 1999). The loss of bone mass due to skeletal
unloading either in microgravity or simulated micro-
gravity is often accompanied by fluid shifts, which has
caused some confusion as to the exact stimulus for bone
formation.

As Lanyon (1996) points out, functional mechanical
loading of the skeletal system is necessary to not only
maintain absolute bone mass, but also to preserve the
structural integrity of bone. Although the proximate
mechanism for bone formation may not be known,
AHF running in space may allow humans to maintain
bone mass despite the accompanying fluid shifts in
microgravity. If this were the case, it would suggest that
impact loading should play a critical role in any exercise
countermeasure against bone loss.

The increase in impact loads when running with an
AHF may be caused by changes in muscle activation

and leg geometry (or orientation). The horizontal
braking force, which decelerates the mass of the runner
within each step, increases with a forward-pulling AHF.
The propulsive force, normally generated to accelerate
the runner with each step, approaches zero with a
forward-pulling AHF (Chang and Kram, 1999). The
increased braking forces required to run with a forward-
pulling AHF are likely achieved with greater eccentric
muscle activation in the leg muscles (as in downhill
running), decreased angular excursion at the knee, and
higher torsional joint stiffness. These parameters have
been observed to increase simulated running impact
force peaks in mathematical models (Nigg and Liu,
1999; Gerritsen et al., 1995). Landing velocity is another
parameter that greatly influences impact forces during
running (Gerritsen et al., 1995). Although the AHF
likely increases the horizontal impact force peak due to
an increase in horizontal landing velocity, horizontal
landing velocity does not have a direct effect on the
vertical impact force peak since it does not affect
downward forces. As with the vertical impact force
peak, the horizontal impact force peaks decreased with
reduced gravity, but increased with AHF (unpublished
data). Nevertheless, horizontal force peaks did not
contribute substantially to the magnitude of the
resultant impact forces generated. For example, at 0.5g
and all AHF Ilevels, the contribution of the horizontal
impact force to the resultant impact force was typically
less than 6% (unpublished data).

In the present study, we have shown that impact loads
during running can be increased at different gravity
levels with a forward-pulling applied horizontal force.
This could prove to be a useful augmentation to current
exercise countermeasures to prevent the degradation of
the structural integrity of bone during chronic exposure
to microgravity. We suggest that increased impact
loading with AHF is due to the adjustments in muscle
activation, joint angles, and torsional joint stiffnesses
made by the runner. Although an AHF increases the
impact loading experienced in running, it does not affect
the active forces generated. This may prove useful for
distinguishing the independent effects of impact forces
and active forces on mechanisms for conserving the
structural integrity of bone.
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