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ABSTRACT

Salisbury T, Baptista RR, Fei J, Susin F, Russomano T.
Physiological Aspects of Walking in Simulated Hypogravity.
JEPonline 2015;18(2):13-24. The purpose of this study was to
compare the differences in gait between land (1G), Lunar (Lunar G),
and Martian (Mars G) based ambulation. Nine subjects (mean age =
24.2 + 3.4; weight = 69.88 £ 14.65kg; height = 163.22 + 7.8cm; 5 male
and 4 female) were placed in a Body Suspension Device (BSD) and
had baseline oxygen consumption (VO2) measured along with
measures of comfort, pain, and exertion. Then, the BSD was engaged
and the subjects underwent 10 min of walking at a self-selected speed
in a simulated Mars G or Lunar G environment. The findings
demonstrate that as gravity is decreased, self-selected walking speed
decreases. However, there was no significant difference in relative
and absolute VO2 between Lunar G and Mars G. The experiment will
be repeated using a lower body positive pressure device that will
enable the comparison of results.

Key Words: Body weight support device, Weightlessness, Gate,
Oxygen consumption.
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INTRODUCTION

Gravity plays a central role in human locomotion. When walking in 1G humans have a
distinguished walking gait in which one foot is always in contact with the ground. The gait
cycle is divided into two main components: (a) the stance phase, where the limb is in contact
with the ground; and (b) the swing phase, in which the foot is in the air for limb advancement.
Walking can be compared to an inverted pendulum with the center of mass oscillating in a
sinusoidal pattern. In forward walking, the center of mass is lowered during forward
deceleration and raised during acceleration. This is so that kinetic energy and gravitational
potential energy are continuously absorbed and restored by muscles and tendons (5).

Mechanical energy causes the center of mass to vault over the stance leg which is
consequently converted into gravitational potential energy and a fraction of this is recovered
by the pendulum mechanism of walking. However, human walking is far from an ideal
pendulum. The ratio between kinetic energy and the gravitational potential energy needed
during movement is described by the Froude number (Fr) with the greatest recovery of
mechanical energy when Fr is equal to 0.25 (25).

Shortly before the first humans landed on the Moon in 1969, scientists speculated how the
biomechanics of walking on its surface (which has a gravity of 1.622 m/s?) would differ from
the way humans walk on Earth (which has a gravitational field of 9.81 m/s2). An early
theoretical paper by Margaria and Cavagna (22) proposed that walking on the Moon would
not be possible because little potential energy would be converted to kinetic energy and that
jumping and running would be the only way to ambulate.

Astronauts on the Apollo missions later proved that walking on the Moon is feasible, although
it was clear that the biomechanics of mobilizing in hypogravity differs significantly from
terrestrial based movement. Since the initial research in the 60s and 70s, the topic has been
mostly neglected by the scientific community. However, recent goals of increasing human
presence in space, including a possible manned mission to Mars (4) and the construction of a
Moon base (8,15), have revived interest in this area.

Understanding the biomechanics and energetics of walking in reduced gravity is not only
relevant for space exploration, which includes spacesuit and habitat design as well as the
refinement of life support systems for future Lunar and Martian planetary bases, it is also of
significant importance for several patient populations on Earth (2,31). Ideally the best
situation to study the biomechanics of walking is in an actual hypogravity environment.
Unfortunately, technically it is impossible to truly reproduce hypogravity on Earth. The highest
fidelity simulation of hypogravity is in a parabolic flight, in which volunteers experience
temporary partial or full weightlessness depending on the profile of the parabola. However,
the high cost coupled with the short duration of reduced gravity and the possibility of testing
only a small number of volunteers limit the practicality of parabolic flight campaigns
significantly for these investigations.

Other simulations include underwater treadmill, ballast systems (28), a partial body
suspension system, and lower body positive pressure boxes (LBPP) boxes that are used to
simulate hypogravity (34). In the latter technique, a combined pressure chamber-treadmill
apparatus allows the individual to walk on a treadmill within a pressure chamber that comes
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up to the waist. This technique has many advantages: (a) individuals can move freely without
experiencing the hydroviscosity of water; (b) the pressure within the chamber can be easily
controlled to reproduce various levels of hypogravity; and (c) there is no need for training (7).

Simulating hypogravity using a body weight support or LBPP box has become a useful
clinical tool for rehabilitation of individuals following traumatic injury, orthopedic surgery, and
stroke. Reducing the physical load on patients who are too weak or who have difficulty in
supporting their own body weight allows them to make stepping movements and, then, the
load can be gradually increased as the patient improves. Indeed, walking under reduced
loading may be more effective than traditional physiotherapy for rehabilitation because such
“gait retraining” is accompanied by appropriate activation of sensory receptors at appropriate
times in the gait cycle (3,7).

Body suspension devices (BSD) that use a modified harness to partially sustain the
individual’'s weight are an economical and practical alternative to other hypogravity simulation
techniques. BSDs can be categorized into: (a) static systems; (b) active dynamic systems; (c)
passive elastic systems; and (d) passive counterweight systems. The latter (used in the
present experiment) utilizes counterweights (weight plates) in small increments to unload the
individual’'s body, which is suspended vertically in a work harness (20-21).

Few studies have examined the effect of Lunar and Martian gravity on the mechanics and the
energetics of locomotion. Using the underwater treadmill and ballast technique, Newman and
Alexander (28) showed that locomotion is altered in hypogravity. They reported that there
was a linear decrease in stride frequency with lower gravity, although the slope of the
reduction depended on walking speed the study looked at pre-set speeds of slow, medium or
fast. They also showed that the expected decrease in VO2 with decreasing gravity was non-
linear. This result was thought to be a reflection of “wasted energy” used for posture and
balance control in decreased gravity. In other studies that used different simulation
techniques, similar results were found (5,14).

Understanding how healthy volunteers ambulate with BSD at self-selected, comfortable
walking speeds is relevant for distinguishing the difference between healthy and pathological
gaits when monitoring the progress of patients using BSD for rehabilitation (28). This is
particularly illuminating for the reason quoted by Norman et al. (29) who believe that there are
differences in gait patterns of normal volunteers when they are required to walk at speeds
other than self-selected, comfortable walking speeds. Observations in patients with spinal
cord injuries (SCI) and patients with knee related impairments indicate that self-selected
walking speed in 1G is related to walking ability (1,3,27). Therefore, when lower limb
movements and muscle activity patterns were studied during level and uphill walking in SCI
patients, it was found that self-selected walking speed was the best indicator of SCI patient’s
locomotor adaptation capacity (2). Barbeau (3) observed that SCI patients showed an
increase in walking speed with BSD, which suggested an improvement in walking ability with
this technique.

The purpose of this study was the compare the self-selected walking speed, VO2, and
perceived physical exertion of walking in simulated Lunar and Martian hypogravity with BSD
in healthy male and female subjects.
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METHODS

Subjects
Nine subjects (mean age = 24.2+3.4; weight = 69.88+£14.65kg; height = 163.22+7.8cm; 5 men
and 4 women) volunteered to participant in this study.

Procedures
A Body Suspension Device (BSD) was used to simulate hypogravity environments at ground
level by decreasing the apparent weight of the suspended volunteer.

The BSD used in this study was designed and assembled at the Microgravity Center
(MicroG) at PUCRS (21). It consisted of a steel frame, a suspension harness, and a
counterweight system. The steel bars are 60 mm x 30 mm and the frame has a base of 300
cm x 226 cm with a height of 200 cm. The subjects were measured and weighed without the
harness to calculate the counterweight as follows: Body mass (BM) and simulated gravity
force (SGF), which was taken to be 1G for Earth, 3.71 m/s2 for Mars G and 1,622 m/s? the
Earth’s gravity for Lunar G. This was then used to calculate relative mass (RM), as shown in
Equation 1.

RM = (BM*SGF) + 1G

The counterweight stack has nineteen 5 kg and one 7 kg weight, therefore, the maximum
counterweight possible was 102 kg. Smaller weights (1 kg and 2 kg) were used to adjust the
counterweight more precisely to each subject. To use this equipment, the subjects wore the
device harness and, due to the BSD characteristics, they could not be taller than 175 cm. The
harness is an adapted climbing harness attached to a pulley system. It was modified with
pads in order to make it more comfortable for the subjects.

Each subject was tested at a controlled air-conditioned temperature that was pre-adjusted by
the staff so the room was kept to 21° C. The subjects wore a T-shirt/top, shorts/skin-tight
leggings, and trainers. A cardiotachometer (Polar S610, Electro Oy, Finland) was adjusted
around the chest and VO2 was measured with a mask that was placed over the subject’s
nose and mouth (VO2000, MedGraphics Corporations, St Paul, Minnesota, USA)

Once these procedures were concluded, the subject sat down and started the resting period
to record the baseline heart rate and VO2. The subject remained seated for 5 min while the
data were collected and, then proceded to the treadmill to be attached to the BSD by one
researcher while others adjusted the counterweights and prepared the computer.

First, the subject walked in the simulated Mars gravity for 10 min. During the first 3 min each
subject individually adjusted the speed of the treadmill to the most comfortable setting. In the
last 7 min, however, the speed was constant. During the 10-min walk, each subject was
asked to answer to an adapted Borg Scale to indicate the Rate of Perceived Exertion (RPE),
pain, and/or comfort that went from 1 to 10 (1 being none and 10 being maximum). The
speed was measured using a tachometer. After the end of the walk, the subject’s heart rate
was allowed to return to baseline.
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The counterweights were then adjusted to simulate the hypogravity environment of the Moon
and all the data were collected again during a second 10-min walk to compare both situations
of hypogravity. Then, the subject rested to return the heart rate to its baseline once again.

The final part of the test entailed the subject walking for 10 min in a 1G condition while
wearing the device harness with all weights unloaded. For our analysis, the treadmill speed,
the VO2, RPE, pain, and comfort scales were recorded for comparison among the
gravitational environments.

Statistical Analyses

Subsequent statistical analysis was performed with GraphPad InStat v3.00 for Windows.
Repeated measure analysis of variance (ANOVA) and nonparametric tests were used (when
the data were not normal) to compare the various measurements based on the level of
gravity they were collected: VO2, Velocity, RPE, Pain, and Comfort. To compare group
means Tukeys was used as a post-test. The level of significance used was P<0.05.

RESULTS

The mean and individual velocities chosen by the subjects are shown in Figure 1. There was
a statistically significant difference between the mean velocity chosen at 1G and Mars G
(63.46 + 19.62 m-min’, 31.19 + 10.84 m-mint, P<0.001 respectively), as well as 1G and
Lunar G (29.34 + 9.79 m-min, P<0.001). However, when the velocities of Mars G and Lunar
G were compared, no significant difference was found.
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Figure 1. Walking Velocity Achieved by the Subjects at 1G (63.46 + 19.62 m-min't), Mars
G (31.19 £ 10.84 m-min't), and Lunar G (29.34 + 9.79 m-mint).
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Mean VO: (L-min't) and VO: relative to body mass (mL-kg?-min*?) are summarized in Table
1. There was a statistically significant difference in both the absolute (P<0.05) and relative
(P<0.01) VO:2 between rest and 1G. However, there were no significant differences found in
VO:2 between the other groups.

Table 1. Mean Absolute and Relative Peak VO2 Values.

Groups
Rest 1G Mars G Lunar G
Peak VO3 0.28 + 0.05R16 0.55+0.26 0.41+£0.14 0.39+0.12
(L-min-t)
Peak VO3 3.99 £ 0.67R16 8.13 £ 3.95 6.08 + 2.63 574+ 2.10

(mL-kgt-min?)

R16P<0.01

The Borg scale findings are displayed in Figure 2. When comparing the results from the Borg
CR10 Exertion Scale there were statistical variation between 1G vs. Lunar G (P<0.05). Yet,
no statistical difference between any of the other groups was found. The Borg Pain Scale
also showed statistically significant differences between 1G and Mars G (P<0.05) and
between 1G and Lunar G (P<0.01). Despite this, no statistical differences were noted when
comparing the Mars G and Lunar G results. Comfort scales yielded a noticeable difference in
comfort levels between 1G and Mars G as well as 1G vs. Lunar G (P<0.01).
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Figure 2. Borg Scale Reported by the Subjects for Exhaustion in 1G, Mars, and Moon
(Lunar), respectively (0.69 + 1.39, 2.38 + 1.69, 3.75 = 3.20), Pain in 1G, Mars, and Moon
(Lunar), respectively (0.88 + 2.47, 5.38 £ 2.77, 6.38 + 2.33), and Comfort Scores in 1G,
Mars, and Moon (Lunar), respectively (4.63 £0.74, 1.75 £ 0.46, 1.75 + 0.71) (mean % SD).
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DISCUSSION

Our findings demonstrate that as gravity is reduced self-selected walking speed decreases.
This decrease in exertion results in a lack of any statistically significant differences between
the VO:2 responses in the three hypogravity groups. However, in this instance, the question
is: Why do the subjects chose a lower walking speed in hypogravity when all previous studies
indicate that hypogravity results in a reduction of energy expenditure? One explanation could
be related to the preferred transition speed (PTS) from walking to running in hypogravity as
the PTS is known to occur in progressively slower absolute speeds.

Equally important, the subjects were instructed to walk and not run plus the fact that running
is known to be much more energy efficient in hypogravity resulted in an overall slower
ambulation speed. The velocities chosen by subjects (assumed to be the optimal walking
speed for them) varied vastly. However, the significant differences between 1G and both
reduced gravity groups correlate with work previously done by Cavagna et al. (5), which
showed that optimal speeds were lower at hypogravity. Kirsty et al. (20) allowed healthy
subjects to choose their preferred walking speeds in simulated Martian gravity with a BSD
and noted that chosen walking speeds reduced by just over 40% (n = 13).

As expected, the relative VO2 and absolute VO2 from rest to activity increased. However,
there were no statistically significant differences among the three Gs (i.e., 1G, Mars G, and
Lunar G). Other studies looking at VO2 (9,11-12) have found that walking in a simulated
hypogravity environment resulted in reduced metabolic expenditure. However, this may be
due to some of these studies using different simulation methods of hypogravity. For example,
Grabowski (12) noted that when using an LBPP to simulate hypogravity, the results differed
compared to BWS devices. Perhaps, this is due to the horizontal and lateral support a LBPP
provides over the purely vertical support from a BWS.

There are at least two explanations for our results not following the expected trends in
hypogravity. First, our results may be due to a combination of the phenomena encountered
by Grabowski (12) whereby decrease in net metabolic rate was not significant until gravity
was <0.5G. Second our results may be due to a phenomenon noted by Farley et al. (9).
They found that a reduction in gravity of 75% reduced energy consumption by 72% when
running, yet when walking a gravity reduction of 75% only reduced energy consumption by
33%. The second explanation seems to be the better of the two for our results since the
change in energy expenditure was not significant enough to be visible due to the subjects’
self-selected walking speed, which masked any changes in the correlates of metabolic
activity measured.

The results of Borg’s CR10 exertion scale showed only one statistically significant subjective
difference was reported between 1G and Lunar G. In this regard, two explanations should be
considered. First, Lunar G requires the greatest deviation from normal gait patterns and,
therefore, the most significant activation of various unused muscle groups. This fact would
appear to explain the fatiguing adaptations within an abnormal gait cycle. Second, the
generation of a Lunar G required the most vertical force applied from the BWS machine with
considerable discomfort, which may have influenced the subjects’ perceived exertion.
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The statistically significant difference between 1G vs. Mars G and Lunar G Borg pain and
comfort scores highlight several issues in the use of a BSD. The reported increase in pain
may be due to gait cycle adaptations and the fatiguing of normally underused muscle groups.
But, also, an important point is that the increased weight distributed to the harness and its
associated straps when engaged caused increased discomfort as indicated on the pain scale.

This would explain why Mars G vs. Lunar G were both significant with a more noticeable
difference between 1G and Lunar G as they both involved the BSD being engaged and taking
body weight on the harness by varying amounts. Another plausible explanation may be that
subjects confused the reporting of pain and exhaustion and allowed one to influence the
other allowing some ambiguity to occur.

Data by Cavagna and colleagues (5) indicate that the proportion of internal work required to
walk in hypogravity is increased compared to 1G. This may have an effect on the subjects’
perception of physical exertion while walking in Martian gravity even though the absolute
amount of internal work has not changed. More data on perceived physical exertion and VO2
in healthy subjects walking at self-selected comfortable speeds in simulated hypogravity with
BSD are needed to develop a reference for therapists using BSD for gait rehabilitation.

Due to the small number of male subjects in the present study, comparing the subjects by
gender was not possible. But, it is already well-known that there are gender differences in
the biomechanics of walking and running in 1G (6,16,18-19). Browning et al. (34) reported
gender differences in the metabolic rate of walking. Specifically, they found that the net
metabolic rate of walking in 1G is 10% greater in women than in men. However, it is still
unknown whether gender differences in walking under conditions of hypogravity exist
because of the very small number of female subjects involved in space physiology
experiments.

Obviously, exploring gender differences in energy expenditure and mechanics of walking in
hypogravity would fill an important gap in our knowledge of space physiology. It would also
be relevant for future space suit design. The findings would be useful in the development of
an appropriate reference for therapists who need to monitor the progress of male and female
patients using BSD for gait rehabilitation.

Limitations of this particular technique include the: (a) discomfort of the harness; (b) lack of
unloading above the torso; and (c) reduced freedom of movement, which may lead to
reduction of movement in the extremes of hip flexion and extension (21,29). Although the
latter is not an issue for patients who already have limited movement, this may affect the gait
of healthy subjects. However, in spite of these limitations, BSD is a practical way to simulate
hypogravity. Because it is a functional yet conservative use of space, it is useful for the
rehabilitation of immediately post-operative patients without the risk of infection and can be
easily used with patients and healthy individuals alike without any need for prior training.

However, it is interesting that there was no significant difference in velocity between Mars G
and Lunar G (as would be expected by the reduced gravity). This may be explained by the
inexperience of the subjects self-selecting a speed, or it may be due to the previously
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mentioned difficulties subjects experience with the harnesses (thus, introducing a form of
equipment bias).

CONCLUSIONS

It was found that volunteers walked slower at Mars G and Lunar G compared to 1G, but there
was not the progressive decrease in speed expected as G decreased. Additionally, perceived
physical exertion did indeed increase in simulated hypogravity and there was no difference in
VO2 between Mars G and Lunar G.

These findings may have important implications to gait physiology in different gravitational
environments such Martial and Lunar gravity. Since the next step in terms of space discovery
is the return to the Moon as well as Mars exploration, our findings may contribute to a better
understanding about the metabolic aspects of the astronaut’s gait.
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