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ABSTRACT
The current, system-specific countermeasures to space deconditioning have had limited
success with the musculoskeletal system in long duration missions. Artificial gravity (AG) that is
produced by short radius centrifugation has been hypothesized as an effective countermeasure
because it reintroduces an acceleration field in space; however, AG alone might not be enough
stimuli to preserve the musculoskeletal system. A novel combination of AG coupled with onelegged squats on a vibrating platform may preserve muscle and bone in the lower limbs to a
greater extent than the current exercise paradigm. A numerical model was developed to
analytically analyze benefits of the proposed countermeasure. Ground reaction force data and
motion data were collected using a motion capture system while performing one-legged and twolegged squats in 1-G. The motion was modeled in OpenSim, an open-source software, and
inverse dynamics were applied in order to determine the muscle and reaction forces of lower
limb joints. Vibration stimulus was modeled by adding a 20 Hz sinusoidal force of 0.5 body
weight to the force plate data. From the numerical model in a 1-G acceleration field, muscle
forces for quadriceps femoris, plantar flexors and glutei increased substantially for one-legged
squats with vibration compared to one- or two-legged squats without vibration. Additionally,
joint reaction forces for one-legged squats with vibration also increased significantly compared
to two-legged squats with or without vibration. Higher muscle forces and joint reaction forces
might help stimulate muscle activation and bone modeling and thus might reduce
musculoskeletal deconditioning. These results indicate that the proposed countermeasure might
surpass the performance of the current space countermeasures and should be further studied as a
method of mitigating musculoskeletal deconditioning.
Keywords: Artificial gravity, human centrifuge, biomedical modeling

1. Introduction
With NASA preparing for new and novel destinations such as near-Earth asteroids,
LaGrange points and beyond, countermeasures for human deconditioning in space will play an
increasingly important role in human missions. Current countermeasures on the International
Space Station (ISS), such as resistive exercise on the interim Resistive Exercise Device (iRED)
or Advanced Resistive Exercise Device (ARED), treadmill running, and cycling, have only
proven to be partially beneficial despite over four decades of optimization. In particular,
astronauts returning from six months aboard the International Space Station (ISS) have shown
that anti-gravity muscle volume and peak power still decrease significantly versus pre-flight (13% and -32%, respectively) [1]. Bone mineral density (BMD) and strength losses also persist in
the lower extremities with integral hip BMD being lost at an average of 1.5% per month [2, 3].
Such losses must be blunted to ensure safety of astronauts for extended duration excursions
beyond low-Earth orbit.
Artificial gravity (AG) has the potential to be an effective countermeasure because it
simulates gravity in space, which is created by either a rotating spacecraft or a Short Radius
Centrifuge (SRC). A rotating spacecraft would be ideal from a countermeasure standpoint
because a constant acceleration of 1-G could be provided; however a rotating spacecraft would
require a significant departure from current spacecraft designs. AG created by an SRC continues
to have the potential to be an effective countermeasure for microgravity because current concepts
are less mass and volume prohibitive than a rotating spacecraft.
AG creates an acceleration that loads the bones and muscles similar to gravitational
acceleration on Earth. AG also reintroduces hydrostatic gradients in the body and causes a fluid
shift toward the lower extremities. Aside from being greatly beneficial to the cardiovascular
system [4, 5], hydrostatic gradients also cause an increase in blood flow to muscles of the lower
body [6]. In addition, the fluid shift is potentially important to bone remodeling. Osteocytes are
believed to act as strain receptors by sensing changes in interstitial fluid due to loading [7].
Decreased interstitial fluid, which occurs in the lower limbs in bed rest studies [6], in theory,
attenuates the ability of osteocytes to act as strain receptors. Artificial gravity reverses this trend
and therefore has the potential to greatly benefit the skeletal system. In addition, the current
exercise countermeasures on the space station utilize elastic straps and harnesses to load the body
and to restrain the crewmembers. The harnesses create an unnatural and often uncomfortable
load on the shoulders and back, which limits body loading. AG is advantageous because it
creates a more natural loading that can easily be increased to levels in excess of 1-G.
1.1. Artificial gravity as a countermeasure to musculoskeletal deconditioning
There are an extremely limited number of AG studies in space. Almost all of the studies
have been on rats in the Soviet Biosatellite ‘Cosmos’ program [8]. However, there have been a
number of ground-based analog studies utilizing either bed rest or animal models to simulate
microgravity. A recent analysis of these ground-based, deconditioning studies has indicated that
AG has performed as effectively as the current types of countermeasures aboard the ISS for the
cardiovascular system [9]. Nevertheless, few of these studies have focused on the efficacy of AG
on muscles of the lower limbs and even fewer have focused on skeletal effects.
Bed rest studies with passive AG (i.e. AG not coupled with exercise) have shown a
substantial decrease in muscle atrophy (cross-sectional area) in the vastus lateralis and significant

decrease in muscle atrophy in the soleus [10]; however, results on bone parameters have been
inconclusive [11]. As there is a paucity of human AG studies on the musculoskeletal system,
animal hind limb suspension models coupled with centrifugation provide an analog. Some of
these studies have shown that one hour/day of 1.5-Gx can significantly attenuate muscle atrophy
in rats [12].
1.2. Enhancing the effect of artificial gravity with exercise
Few studies have evaluated the effectiveness of exercise coupled with AG to counteract
musculoskeletal deconditioning. In a bed rest study, Akima et al. [13] showed AG coupled with
intensive cycle training maintained thigh muscle size but not strength. Other studies, which
couple AG with squats or stair steppers, have evaluated muscle activation and the feasibility of
conducting these exercises in a rotating environment [14, 15].
1.3 Enhancing the effect of artificial gravity with vibration
Vibration exercise, in which subjects are pressed against a platform vibrating at
frequencies of 20-45 Hz and amplitudes between 1.5-6 mm, has also been evaluated to
counteract muscle and bone atrophy [16]. Whole body vibration proved capable of maintaining
calf muscle strength and fiber type composition during a 55-day bed rest study [17]. Vibration
exercise has also been shown to increase muscle activation by 360.6 ± 57.5% and 151.4 ±19.5%
for the gastrocnemius and rectus femoris, respectively, while subjects performed one- and twolegged squats [18]. Additionally, vibration exercise coupled with one- and two-legged squats was
shown to increase knee extensor maximum isometric strength in postmenopausal women by 15%
(p<0.01) and increase hip bone mineral density (BMD) by 0.93% (p<0.05) in a 6 month study
[19]. Finally, peak acceleration of up to 0.2g with a frequency of 20 Hz has been found to be
effective in reducing postmenopausal bone loss [20].
It is theorized that skeletal remodeling is mediated by osteocyte strain receptors in the
bone [7]. Additionally, some evidence has shown that the magnitude of strain is the pertinent
factor, not strain frequency [21], though it is still a matter of much debate. Since bone strain is a
function of applied force and bone geometry, for the same person an increase in loading will
produce higher strains. Vibration can increase skeletal loading through direct mechanical impact
and through increased muscle activation and therefore provide a strong stimulus for the
maintenance of bone strength. Resistive vibration exercise in addition to high-load resistive
exercises (including squats), were found to be effective in reducing muscle atrophy in the
extensors of the knee and ankle [22].
A novel combination of AG with one-legged squats and vibration exercise is proposed to
counteract the musculoskeletal deconditioning commonly seen in prolonged exposure to
microgravity. The authors hypothesize that performing one-legged squats on a vibrating platform
while in an AG environment will generate higher muscle and joint forces than the ISS exercises,
thus creating a greater prophylactic effect.
2. Methods
The primary goal of the present analysis was to determine the biomechanics of onelegged and two-legged squats performed on a simulated vibrating platform. In order to determine

the muscle forces and loads on the hip, the squat motion was modeled in OpenSim (Stanford,
CA) [23] – an open-source software system that has well-developed models of musculoskeletal
structures and allows users to create dynamic simulations of motion – and inverse dynamics was
carried out to compute the muscle activity. Figure 1 shows the work flow to obtain muscle
forces from motion capture data.

Fig. 1. Work flow to obtain muscle forces from motion capture data of squats.
2.1 Data collection
All experiments were performed at the Computer Science and Artificial Intelligence
Laboratory at MIT using the Vicon® (Los Angeles, USA) motion capture system. Four male
subjects (26 ± 6 years old) participated in the experiment and were of similar stature (718 ± 8 N
in weight and 176 ± 5 cm tall). Forty-five markers were placed at the Helen Hayes marker
locations [24] on the subject’s body while 16 cameras tracked the movement as the subject
performed squats. Ground reaction force (GRF) and moment data were obtained from two force
plates. Two-legged squats were performed with each foot placed on the center of each force plate
while one-legged squats were performed with one foot around the center of one force plate.
While performing one-legged squats, the non-weight bearing leg was extended to the front as
illustrated in Figure 2. For both squats, subjects performed one squat (eccentric and concentric
phases) in approximately three seconds. Subjects were instructed to descend into the squat until
the femur was approximately parallel to the floor. Subjects performed a series of four squats of
each type and the optimal squat for each type was chosen for subsequent analysis. One-legged
squats were performed with both right and left legs; however, results of only the right leg are
presented as the right leg was dominant for all subjects. Analog data from the force plate was
recorded at 1000 Hz, whereas the video data of marker locations was recorded at 120 Hz.

Fig. 2. Motion capture experiment and modeling.
2.2. Data analysis
OpenSim was used to determine muscle forces and activations. MATLAB scripts were
developed to convert Vicon® data into acceptable inputs for OpenSim. Before performing inverse
kinematics in OpenSim, it was first necessary to scale the model to the anthropometric
dimensions of the subject (Figure 1). For this purpose, marker positions were collected with the
subject in a static pose, in which the subject stood still with knees straight and arms extended to
the front. The scaling tool in OpenSim used this data to appropriately adjust the lengths of
different body segments and then adjust the model markers (i.e. markers on the simulated
skeleton in OpenSim) to be as close as possible to the experimental markers (i.e. markers placed
on the subject). After scaling, inverse kinematics was performed; this replicated the motion of
the subject in the numerical model.
The GRF and moments along with the joint angles, which were obtained from Inverse
Kinematics, were used to run the Computed Muscle Control (CMC) tool in OpenSim. CMC first
generates the joint torques required to perform the simulated motion. It then uses a static
optimization algorithm to find appropriate muscle activation levels and forces. In some instances,
the optimization determined some muscles reached their maximum isometric force; this was
solved by increasing the maximum isometric force for that muscle. This step was necessary
because of subject variability in muscle strength. Unfortunately, it was not possible to modify
gravity in OpenSim to simulate the gradients a subject would normally experience while
performing squats on a short radius centrifuge.
2.3. Simulation of a body platform
In order to model the effect of a vibrating platform at the feet, the force plate data was
modified to include a sinusoidal force:
(1)

where BW is the body weight in Newtons. This force due to vibration was added to the ground
reaction force. A frequency of 20 Hz was used because it is a typical frequency used in vibration
studies [16], and the computational limitations of OpenSim prevented the use of a higher
frequency. A maximum force of BW*0.5 that was transferred to the feet was used as a proof-ofconcept.
A comparison of muscle forces generated in quadriceps femoris, plantar flexors and
glutei was performed for two-legged and one-legged squats both with and without added
vibration. Table 1 shows the various muscles of interest.
Table 1
Relevant muscle groups and their associated muscles.
Quadriceps femoris
Plantar flexors
Rectus femoris
Soleus
Vastus lateralis
Medial gastrocnemius
Vastus medialis
Vastus intermedialis

Glutei
Gluteus maximus
Gluteus medius
Gluteus minimus

2.4. Analysis of loads applied to bone
It is believed that strain in bone activates bone modeling. Strain is a function of the bone
load and the bone geometry, and can be determined through finite element models (FEM) or in
vivo strain gauging on the surface of the bone [25, 26]. However, for the same bone geometry a
higher load will cause a higher strain. Therefore, bone loads in the main weight bearing bone
(femoral axial strains) were examined. Joint reaction forces at the hip were analyzed using
Analyze tool of OpenSim. Forces were calculated along the direction of femur.
2.5. Statistics
All data was tested for normality using the Kolmogorov-Smirnov test. A T-test for
dependent samples was used and significance was taken at the p = 0.05 level. All data is
presented as the average ± SE.
3. Results
3.1. Ground Reaction Forces
Peak GRFs for one- and two- legged squats were obtained from force plate data. For twolegged squats the peak GRF is the average of the two legs. Average peak GRF for two-legged
squats for the four subjects was 453.7 ± 24.4 N (0.63 ± 0.03 BW) and was 832.8 ± 35.7 N (1.16
± 0.05 BW) for one-legged squats.
3.2. Muscle forces
Figure 3 shows a representative time history curve of the muscle forces of plantar flexors
for one-legged squats both with and without vibration (Vib). It is plotted around the point of

interest, which is the maximum knee flexion (shown by a dash line). In general, forces tend to
peak at the end of the descent phase of the squat during maximum knee flexion.
The average maximum knee flexion angle for the four subjects for two-legged squats was
found to be 114.7 ± 4°. Similarly, the average maximum knee flexion angle for the four subjects
for one-legged squats was found to be 100 ± 8.8°.

Fig. 3. Representative curve of muscle forces of plantar flexors showing comparison for
one-legged squat with and without vibration.
Figures 4-6 show box plots of computed peak muscle forces for the three muscle groups
across four conditions (one-legged or two-legged squats, either with or without vibration). Peak
muscle forces for glutei and quadriceps femoris were significantly higher for one-legged squats
without vibration compared to two-legged squats without vibration (p = 0.006 for both).
However, this was not significant for the plantar flexors (p = 0.41).
Vibration did not have an effect in two-legged squats for any muscle group (glutei, p =
0.43; quadriceps femoris, p = 0.097; plantar flexors, p = 0.22). However, vibration was effective
in one-legged squats for all muscle groups (p < 0.05). Finally, muscle forces in one-legged
squats with vibration were significantly different than those of two-legged squats with vibration
for all the muscle groups (p < 0.05).

Fig. 4. Peak muscle forces for the glutei for the four conditions. $:- p<0.05

Fig. 5. Peak muscle forces for the quadriceps femoris for the four conditions. $:- p<0.05

Fig. 6. Peak muscle forces for the plantar flexors for the four conditions. $:- p<0.05
3.3. Joint reaction forces
Figure 7 shows a representative curve of the computed hip joint reaction forces that are
axial to the femur and compares one-legged squat with and without vibration. Forces are plotted
around the point of maximum knee flexion (shown by a dash line).
Figure 8 shows box plots of peak hip joint reaction force for the four conditions. Joint
reaction forces are not significantly different between two-legged squats with or without
vibration (p = 0.787). Contrary to the muscle forces, vibration was also not significant between
joint reaction forces of one-legged squats with or without vibration (p = 0.33). Vibration is
effective however between two-legged and one-legged squats (p = 0.016).
A summary of muscle forces and joint reaction forces that were examined is shown in
Table 2.

Fig. 7. Joint reaction force comparison for one-legged squat with and without vibration.

Fig. 8. Peak axial hip joint reaction forces for the four conditions. $:- p<0.05
Table 2
Average peak forces for gluteal muscles, quadriceps femoris, plantar flexors, and hip joint.
Gluteal
Quadriceps
Plantar flexors
Hip joint
muscles
femoris
(N)
(N)
(N)
(N)
2-Leg w/o Vibration
2143
2760
3339
6153
(523)
(234)
(223)
(526)

2-Leg w/ Vibration

2656
(414)

3413
(307)

3740
(219)

5782
(1016)

1-Leg w/o Vibration

3781
(432)a,b

3982
(201)a

3211
(319)

7293
(1600)

1-Leg w/ Vibration

5717
(569)a,b,c

5454
(253)a,b,c

5152
(418)a,b,c

8832
(396)a,b

a

p < 0.05 vs. one-legged squat without vibration, bp < 0.05 vs. one-legged squat with
vibration, cp < 0.05 vs. two-legged squat without vibration.

4. Discussion
4.1 Evaluation of physiological effects of combined AG, exercise and vibration countermeasure
In order to assess the effectiveness of the proposed countermeasure, ground reaction
forces, muscle forces, and joint reaction forces must be compared to iRED and normal 1-G
activity. If this proposed countermeasure is capable of exceeding the loading environment
created when the iRED is used in microgravity, then muscle and bone strength might be
maintained to a greater extent than currently observed with astronauts on the ISS.
The maximum GRF per leg, which was produced from two-legged squats on iRED in
parabolic flight, was 340 N, or nearly 0.5 BW [27]. In the present study, the GRFs produced per
leg during a one-legged squat were 144% higher than from a two-legged squat using iRED.
Similarly, GRFs from two-legged squats in this study were 33% higher than from two-legged
squat on iRED. The largest GRF experienced by the subject in this study was 1.2 BW. Peak GRF
experienced when walking in 1-G is 1.5 BW [28]. When accounting for the maximum 0.5 BW
that is added to simulate a vibrating platform (peak GRF = 1.7 BW), the GRF of this study
exceeds that of 1-G walking. In a recent study, average single leg forces for two-legged squat
using iRED on the ISS was found to be 0.59 BW, and that for one-legged squat was found to be
0.64 BW [29].
To the authors’ knowledge, studies on muscle activation or joint reaction forces while
using the ARED or iRED in microgravity have not been published, which precludes direct
comparison to the proposed countermeasure. However, a comparison to squat biomechanics in 1G is useful because that is the condition the proposed countermeasure would mimic or exceed.
Dahlkvist et al. [30] performed two-legged squats and recorded average force in several muscle
groups of eight subjects. In the Dahlkvist study, the maximum force of the quadriceps femoris
was 4701 N compared to 3214 N in the present study during two-legged squats without
vibration. Conversely, average muscle force for the gastrocnemius was 950 N in the Dahlkvist
study and 2859 N in the present study. Finally, average peak force for hamstrings was 1640 N in
the Dahlkvist study while the average force was 2200 N in the present study. Overall, there
seems to be an agreement between muscle forces in these two studies. In an analytical model
developed by Zheng et al. [31], maximum force estimated in quadriceps femoris was 3500 N at
maximum knee flexion of 85 deg.

Muscle group forces during one-legged squats with vibration were found to be
significantly higher than the other three conditions. However, since no significant difference was
found between two-legged squats with and without vibration, the salutary effects of vibration
seem to appear primarily with one-legged squats. Although joint reaction forces increased by
only 21% during one-legged squats with application of vibration, muscle forces increased
substantially (glutei, 52%; quadriceps femoris, 37%; plantar flexors, 60%). This finding suggests
a strongly enhanced stimulus to muscle activation.
Simulated vibration exercise was confirmed to be a highly effective stimulant for both
muscle and bone, as demonstrated by the considerable increase in muscle forces and joint
reaction forces. Most strikingly, the force in plantar flexors for one-legged squats is increased by
60% after the addition of vibration. This large, salutary effect with the application of vibration is
important since the plantar flexors are important antigravity muscles that undergo significant
deconditioning in space.
Peak acceleration in human vibration studies reviewed by Rittweger [16] was 157 m/s2 or
16 BW (40 Hz, 2.5 mm). However, OpenSim is unable to process these high accelerations.
Because 0.5 BW was used as a proof-of-concept, the muscle activation resulting from vibration
is potentially an underestimation of what can be achieved.
Intermittent AG, both passive and coupled with exercise, has shown some promising
results with muscle parameters such as cross-sectional area and muscle molecular markers [9,
10]. However, complete preservation of these parameters has not been achieved. In addition, AG
thus far has shown to have a minimal effect on bone properties. Vibration could offer the
necessary stimulus to further attenuate muscle degradation as well as preserve bone density.
4.2 Limitations
Some limitations were faced in the experimental design mainly due to practical issues,
time constraints and the lack of physiological data from the ISS with which to compare the
results of the present study. Firstly, this experiment did not directly assess the ability of the
exercise to prevent deconditioning, as this would have required weeks of bed rest and many
subjects. Instead, conclusions are based on the relative muscle activation and joint reaction
forces produced from the numerical model and compared to those of iRED studies and groundbased studies. It must be noted that the physiology of musculoskeletal deconditioning is complex
and cannot be completely assessed by the magnitude of the stimulus to bone and muscle;
however, muscle forces and joint reaction forces are a contributing factor and have been chosen
since they are some of the most frequently analyzed measurements.
In addition, squat experiments were performed in 1-G rather than on a rotating centrifuge
because the Vicon motion capture system used had to be conducted in a stationary environment.
Therefore, the Coriolis forces and gravity gradients were not present in the modeling of the
kinematics and dynamics. However, Duda [14] determined that Coriolis forces and gravity
gradients do not significantly affect two-legged squat biomechanics during centrifugation. Also,
it was not possible to simulate in OpenSim accelerations greater than 1-G, which is common in
AG experiments [9], and would produce higher muscle and joint forces and thus improve the
effectiveness of the exercise protocol.
Finally, because we did not have access to a vibrating platform, all experiments were
performed while standing on stationary force plates and vibration was simulated in OpenSim.
The accuracy of this method depends on the assumption that the subject’s kinematics would not

have changed if the exercise was performed with vibration. This assumption appears to be valid
based on studies that have indicated the vibration is hardly discernable [20].
4.3. Feasibility
Artificial gravity has the potential to be a comprehensive countermeasure although a
human centrifuge has yet to be implemented in space. This has been based on a number of
reasons including spacecraft volume constraints and programmatic restraints. Due to power
limitations foreseen in exploration class missions, a centrifuge in space might be confined to
only use human power. Cycling has been the only modality proven to be capable of humanpowering a centrifuge (‘The space cycle’ [32]). While this necessitates a cycle ergometer be
used on one arm of the centrifuge, a two-arm centrifuge could utilize the second arm as a
vibrating platform for squats and calf presses. Thus crewmembers could utilize AG coupled with
cycling for a cardiovascular countermeasure and AG coupled with squats and vibration for a
musculoskeletal countermeasure. When crewmembers are sent to points of interest away from
low Earth orbit for long duration missions, a more effective countermeasure system will be
required; AG coupled with squats and vibration might be such a countermeasure for the
musculoskeletal system.
Another practical constraint to the proposed design is additional crew time required to
perform one-legged squats as opposed to two-legged squats. It is assumed that no additional
centrifugation time will be required. Because one-legged squats are more strenuous, it is likely
that the subject will not be able to perform as many repetitions as would be possible with twolegged squats. The described countermeasure suggests one-legged squats because the exercise is
more demanding and creates higher loads than two-legged squats. Higher muscle activation,
which is caused by the body’s weight being lifted by one leg instead of two, will increase bone
loading and thus strain. As a result, one-legged squats might prevent bone degradation to a
greater extent than two-legged squats.
4.4. Recommendations
The work presented herein demonstrates the potential of AG coupled with exercise and
vibration to prevent musculoskeletal deconditioning in microgravity. Future work will be
required to directly assess the ability of this proposed countermeasure to curtail muscle atrophy
and bone loss. Specifically, a bed rest study should be performed in which subjects are exposed
to 90 days of bed rest with or without AG coupled with exercise and vibration training. It is
recommended that artificial gravity be pursued as a countermeasure because of its potential as a
multi-system countermeasure.
5. Conclusions
Musculoskeletal deconditioning in microgravity is a potentially serious health risk that
astronauts face on long duration missions. In order to mitigate bone loss and muscle atrophy, a
countermeasure combining AG, exercise, and vibration has been proposed that will provide an
enhanced stimulus to muscle and bone. The physiological effect of the exercise prescription was
simulated through subject motion capture and kinematics simulation in a numerical model to
determine muscle activation and joint reaction forces. It was found that the proposed
countermeasure has the potential to provide higher muscle activation and joint forces than

current exercise countermeasures. Finally, a novel numerical modeling technique has been
proven that can be used to test the efficacy of different test protocols in advance of performing
more rigorous experiments such as bed rest studies.
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