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During long duration human spaceflight, the human body is affected in myriad ways. 
Negative effects to bone, muscle, and other physiological systems occur in the absence of 
gravity, and current countermeasures are insufficient to completely prevent these changes. 
One countermeasure concept that may be used is the Gravity Loading Countermeasure 
Skinsuit (GLCS), a wearable countermeasure garment that can be used to augment existing 
countermeasures to help prevent musculoskeletal deconditioning. The GLCS, based in part 
on the Russian Pingvin (Penguin) suit, uses elastic materials to produce loads on the body 
similar to those seen in the presence of gravity. Initial prototypes using readily available 
lycra materials were developed in our lab and tested for wearability and feasibility, but their 
loading potential was not well characterized. It is highly difficult to measure forces on bone 
in vivo, however, musculoskeletal modeling programs offer an opportunity to gain insight 
into the body’s internal forces and torques. In order to inform the suit design, the suit has 
been modeled in OpenSim musculoskeletal modeling software. OpenSim has the capability 
to model the suit as spring elements to accurately simulate the loading profile of the suit. 
This study analyzed the muscle forces and joint reaction forces for a static, straight-leg pose 
and a simple knee bend motion for four suited and two unsuited cases, to determine how 
changing the suit material stiffness properties affects the loading the suit provides, and 
compared those forces to the unsuited cases. 

Nomenclature 
BMD = Bone Mineral Density 
ARED = Advanced Resistive Exercise Device 
GLCS = Gravity Loading Countermeasure Skinsuit 
SO = Static Optimization 
JRA = Joint Reaction Analysis 

I. Introduction 
UMAN spaceflight offers a unique science and exploration platform that has lead to numerous scientific and 
engineering discoveries, with many of these discoveries directly benefitting life on earth. However, humans are 
well adapted to living in a 1-G environment, and the microgravity environment of space can have profound 

effects on the human body.  Some of the most drastic changes occur in the musculoskeletal system. Bone is a 
dynamic organ that adapts to the loads under which it is placed. Due to the unloading caused by the microgravity 
environment during long-duration spaceflight, astronauts can lose up to 1-2% bone mineral density (BMD) per 
month, concentrated in the weight-bearing areas of the skeleton, which is equivalent to the yearly losses observed in 
post-menopausal women1-3. Similarly, degradations in muscle mass, force and power have been observed4,5. Since 
muscle contractions are also a major source of bone loading, the loss of muscle power may affect bone loss as well6. 
In addition to musculoskeletal deconditioning, astronauts commonly complain of back pain during initial exposure 
to microgravity, which is tied to spinal elongation that occurs in the absence of gravity. This is similar to the spinal 
elongation seen on earth after extended periods of lying down, such as during sleep, when the spine can lengthen by 
as much as 2-3 cm7. This elongation of the spine can also affect the fit of space hardware custom-made for 
astronauts, such as the launch and re-entry seats made for the Russian Soyuz vehicle7,8. 
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 These losses all occur despite the presence of an active countermeasures program. While certain pharmaceutical 
measures, such as bisphosphonates to prevent bone loss, are being considered, at present the only countermeasure 
being used to actively combat physiological deconditioning is exercise. While recent evidence shows that the most 
current exercise programs using the Advanced Resistive Exercise Device (ARED) are more effective in preventing 
deconditioning than previous programs9, exercise alone is not sufficient to completely prevent bone and muscle loss. 
Additionally, astronauts currently devote a significant amount of time to exercise6, time that could be spent 
performing critical science or maintenance activities.  
 The idea of a passive countermeasure suit has existed for nearly as long as human spaceflight. The Russian 
Pingvin (Penguin) suit uses elastic bands attached to non-stretch anchors at the shoulders, waist, knees and feet to 
impose three stages of loading on the body. It was not designed to mimic gravity, but induces weight-bearing 
stresses on the skeleton, and resistive exercise to the muscles. Russian Cosmonauts, however, have found it difficult 
to wear the suit for the recommended 8 hours a day because it is hot and uncomfortable. To date, no studies have 
been done either on the ground or in spaceflight to test its efficacy in preventing muscle and bone loss10.  
 The Gravity Loading Countermeasure Skinsuit (GLCS) uses a concept similar to the Penguin suit: a passive 
garment using elastic materials to provide loading to the body. The main difference lies in that the GLCS seeks to 
improve comfort and more closely mimic gravitational loading by incrementally increasing the loading from the 
head to the feet. The loading profile is achieved by non-uniform stretching of the elastic material, gradually 
increasing the tension in the vertical direction. The circumferential compression caused by the horizontal fibers 
anchors the suit to the body by utilizing the friction force between the suit material and the subject’s skin. This 
allows the suit to achieve full bodyweight loading at the soles of the feet, without the entire load being carried on the 
shoulders. Initial prototypes of the suit were flown on a parabolic flight campaign, and characterized for wearability 
and comfort10. 
 Unfortunately, it is nearly impossible to characterize the loads that the suit imposes on the subjects in vivo. 
Instrumented hip replacements have previously been used to characterize loads at the hip joint11, but these types of 
replacements are rare, and gaining access to subjects is infeasible. In order to gain an understanding of loading 
imposed on the body by the suit, one option is to utilize musculoskeletal modeling programs.  
 Creating an accurate suit-body model is useful for several reasons. Apart from giving insight on the loads the suit 
provides, it is also useful in informing suit design. Seeing how material properties of various candidate materials 
change the loading, or how the suit inhibits movement can help with material selection and design geometry. It is 
not currently clear what are the optimal stiffness properties of the suit material. A material that is less stiff provides 
less resistance to movement, but has to stretch further to provide the full load, which may reduce the durability of 
the suit. On the other hand, a stiffer material requires more effort to move in, but this may provide beneficial 
resistive exercise to the muscles.  The goal of this study was to implement a simple model of the GLCS to perform 
some initial analyses on loads the GLCS provides to the musculoskeletal system.  

II. Methods 
 To develop a musculoskeletal model for the GLCS, we used Opensim, an open-source musculoskeletal modeling 
program developed at Stanford University12. It is built on SimBody, an open source multibody dynamics engine. 
OpenSim models consist of rigid bodies that are connected by joints and moved by actuators. There are many 
different varieties of bodies, joints and actuators. For musculoskeletal models, the bodies are bones, and the 
actuators are muscles, the properties of which have been determined through anthropometric studies or empirical 
data. OpenSim is highly versatile, and has a variety of built-in analyses that can be used to analyze dynamic 
simulations of movement. It is able to process tracking data from motion-capture devices and ground reaction forces 
from force plates, perform inverse kinematic analysis to determine joint angles, and inverse dynamics to determine 
joint moments. OpenSim has been used to simulate walking13.14, running15, jumping16 and squatting17. 
 Two analyses are of particular interest for analyzing the bone loads and resistive exercise provided to the 
muscles by the GLCS. The first is Static Optimization (SO). Static Optimization takes the body’s state at each 
discrete time point over a given motion, and solves for the muscle forces necessary to produce the kinematics and 
dynamics of the motion, while minimizing muscle activation. The second analysis of interest is Joint Reactions 
Analysis (JRA). This analysis takes the muscle forces computed in SO, as well as any external forces, and calculates 
the resulting forces and moments in each joint, which gives a surrogate force for what is being applied to the bones. 
With these analyses, we can begin to understand the relative forces the suit is applying to the bones and muscles for 
various movements.  
 When implementing the suit model, OpenSim’s inherent actuator classes are used to model the suit, which are 
then added to an existing musculoskeletal model. The base model chosen was the Gait2392 model, a 23 degree-of-
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freedom model developed by Darryl Thelen (University of Wisconsin-Madison) and Ajay Seth, Frank C. Anderson, 
and Scott L. Delp (Stanford University).  The model consists of a highly detailed lower body and torso, with 76 
individual muscles represented. The arms are not represented in this model, and as the GLCS does not cover the 
arms in any way, this removed some unnecessary complexity. The default version of the model represents a subject 
that is 1.8m tall, and has a mass of approximately 75kg. The model can be seen in Figure 1. 
 When implementing the GLCS into the model, we sought to make the 
model as simple as possible, while still retaining sufficient complexity to 
provide useful insights. The suit fabric was modeled using OpenSim’s spring 
actuators. The model uses a “Path Spring”, which is a spring that follows a 
prescribed path. This allows the lines of action of the spring to change during 
movement, and follow the contours of the leg. Instead of a single spring 
representing each of the suit legs, two springs were used per leg. A single 
spring for both the front and back was deemed sufficient, as, apart from hip 
abduction and adduction, leg movements are assumed not to occur in the 
medial-lateral plane of the body. The endpoints of the spring were attached 
to anchor points on the hip at the level of the femoral head, and the sole of 
the foot at the calcaneus. The two springs on each leg collectively provided 
0.5 bodyweight loading to the sole of the foot, which is what the GLCS seeks 
to provide in order to mimic the force of gravity. A “Wrapping Element” was 
added to the knee joint, so that the spring would wrap around the joint during 
movement similar to how the suit fabric would wrap around the knee. Close-
up views of the GLCS-integrated model are shown in Figure 2. 
 For this preliminary study two different cases were evaluated. The first 
case was a static straight-leg pose, as seen in Figure 2a, and the baseline loading of the suit on the joints and 
resulting muscle forces were measured. The second case involved a motion where the subject’s right knee moved 
from a straight angle (such as in Figure 2a), to a 90-degree bend (seen in Figure 2b).  

 To test these cases, we created artificial motion files using a template file from OpenSim. For other analyses, 
these motion files are created as a result of passing motion capture tracking files through an inverse kinematics 
analysis. It is also possible to specify joint angles manually, as was done here. Simulations for six different 
conditions were performed: two unsuited (with and without gravity), and four suited conditions (all without gravity). 
For the static, straight-leg pose, the unsuited case with gravity was not analyzed, as it was not physiologically 
relevant. As there were no ground reaction forces available, the unsuited case with gravity would be equivalent to 
the subject hanging suspended from its arms. For the four suited conditions, we changed the spring properties to 
simulate a variety of material properties, while providing the same amount of static loading to the sole of the foot in 
the static straight-leg case. The spring parameters were calculated to provide 0.5 bodyweight to the sole of each foot, 
which was approximately 370N for the model used in the analysis. The four cases chosen were springs that stretched 

! 
Figure 1. Gait2392 Model 

 
a)              b) 

Figure 2. GLCS model. Green lines represent the suit springs, the yellow bodies at the hip and the sole of the 
foot represent the anchoring bodies, and the yellow circle on the knee represents the wrapping element. 2a) 

shows the model in a straight-leg pose, while b) shows a 90 degree bend. 
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1.25, 1.5, 1.75, or 2 times their original length to provide the necessary loading. This range was selected because it 
matched the range of stiffness properties we encountered when testing various elastic fabrics. The model has a leg 
length of 0.934m, and the resulting spring lengths and necessary stiffness parameters are listed in Table 1.  For each 
case and relevant suit condition, SO and JRA were performed. 

 

III. Results 
The first step in the analyses was to perform SO and JRA for the static straight-leg pose, in order to verify that the 
different suited conditions were providing similar loading. The vertical forces in the hip and knee, as well as some 
representative muscle forces for the four suited cases and the unsuited case with no gravity are shown in Table 2. 

 
The model output is very similar across all cases: only a 0.6% change in loading at the hip is predicted between the 
stiffest to least stiff case, and the other loading results are also similar, which implies that the musculoskeletal 
system was loaded almost identically in each case for that position. This was expected, given that the spring 
properties were calculated to impart identical force when stretched to the length of the leg. The forces imparted by 
the suit onto the musculoskeletal system are also vastly elevated when compared to the unsuited case. 

For the case of the knee bend motion, we primarily looked at the forces produced by the knee flexor muscles to 
bend the knee. In OpenSim, the muscles responsible for knee flexion include the Biceps Femoris, Semitendinosus, 
Semimembranosus, Gracilis, Sartorius, and Gastrocnemius. The sum total of the forces produced by the knee flexors 
for all conditions during the knee bending motion are shown in Figure 3. The figure shows the forces for the first 
half of the motion, as the knee moves from a straight position to bent at a 90-degree angle.  

For the four suited conditions, the maximum forces produced were linearly related by the stiffness constant of 
the spring. The knee flexor forces in the suited case are qualitatively similar to the forces produced in the unsuited 
case with gravity, especially at higher joint angles. The forces in most of the suited cases are less than the forces in 
the unsuited case from around 0.3-1.3 seconds, which is most likely a result of the spring on the back of the leg 
aiding flexion and offloading the muscles. The forces produced by the knee flexors drop off significantly as the knee 
approaches the full 90-degree bend. As the unsuited case in gravity has a similar drop-off, and the unsuited case 
without gravity shows this phenomenon on a much smaller scale, it unlikely that this drop-off is an artifact of the 
integration of the GLCS into the model. The drop-off in force could be a result of the force-length relationship of the 
muscles used in the model, as OpenSim uses a Hill-type muscle model18, or a result of the muscle geometry and 
changing moment arms. The muscle forces produced in the unsuited case without gravity were significantly reduced 
compared to the other cases, as the muscles only needed to overcome the inertia of the lower leg and foot, which 
have a total mass of just above 5kg.  

Table 1. GLCS model spring length and stiffness properties 
Test Case Spring Stretch % Spring Length (m) Spring Stiffness (N/m) 

Suited Case 1 125 0.747 989.237 
Suited Case 2 150 0.623 593.542 
Suited Case 3 175 0.534 461.644 
Suited Case 4 200 0.467 395.695 

 

Table 2. Force produced in static straight-leg pose 
Test Case Stretch (%) Hip Joint Force (N) Hip Flexor Muscle Force (N) Knee Joint Force (N) Knee Flexor Muscle Force (N) 

Suited Case 1 125 498.24 86.05 489.19 116.66 

Suited Case 2 150 496.25 85.85 486.86 115.56 

Suited Case 3 175 495.59 85.78 486.09 115.20 

Suited Case 4 200 495.26 85.74 485.70 115.01 

Unsuited - No Gravity N/A 55.31 39.91 33.17 23.45 
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The sum of the forces in the knee joint in the plane of knee flexion on the tibia were also calculated for all 
conditions, and are shown in Figure 4. OpenSim’s coordinate system defines the positive axes in the opposite 
direction of the tibial head, with the result that more negative joint forces are representative of higher forces being 
applied to the tibia. Similar to the muscle forces, the loading in the joint is higher for stiffer suited conditions. The 
unsuited case without gravity also shows non-trivial loads in the joint, meaning that even the smaller muscle forces 
needed to bend the knee can produce significant loads in the joints. There is also a drop in the joint loading as the 
knee immediately approaches a 90-degree bend, which is most likely related to the drop in muscle forces observed 
in the simulation. The OpenSim model does not accurately reflect the more complex geometry of the bones, such as 
the tibial plateau and femoral condyles, so the joint reaction forces may overestimate the actual force applied to the 
bones.  

 
Figure 4. Knee joint reaction forces. 

 
Figure 3. Total force produced by knee flexors during knee flexion 
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IV. Discussion and Conclusion 
A basic model of the Gravity Loading Countermeasure Skinsuit was implemented in OpenSim using the 

program’s inherent classes of spring actuators. This model allowed us to investigate joint reaction loads and muscle 
forces in both a static straight-leg pose and a basic knee flexion motion. In the static pose, the joint reaction loads at 
the hip and knee were similar between each of spring stiffness conditions tested. This step provided verification that 
the model was implemented accurately at each stage, as this was an expected result.  Being able to vary the stiffness 
properties of the spring allows us to see how changes in material properties of the suit may affect loading. For a 
basic knee bending motion, the peak forces needed from the knee flexor muscles scaled linearly with the stiffness of 
the suit springs. The suit provides resistive forces to the body during this motion. The muscle forces needed to bend 
the knee in the suited case track quite closely with the muscle forces needed to bend the knee in the presence of 
gravity without the suit. The loads seen in the knee joint for the suited cases were also qualitatively similar to the 
loads seen in the unsuited case with gravity. This is a promising result, and further studies will be performed to 
determine if the suit, if worn in conjunction with current exercise countermeasures, could replace the loads on the 
musculoskeletal system that are lost due to the absence of gravity, such as during the swing phase of running. This 
result was somewhat of a surprise, given that the suit is currently being designed to optimize the force at the soles of 
the foot, and not to provide resistive exercise loading to the muscles. Results such as this reinforce the need to 
analyze the suit’s effects on musculoskeletal loading.  

Finally, with a baseline model of the GLCS successfully implemented, more complex analyses are possible. The 
model will be improved to more closely mimic the real-life loading provided by the suit. The suit is designed to 
provide increasing tension as it approaches the feet, whereas the current suit model uses springs that have a constant 
stiffness over the entire length of the leg. This inconsistency will be remedied by increasing the number of springs 
used in series on the front and back of the leg, and gradually increasing the stiffness of the springs as they approach 
the feet. The stiffness properties of the springs will be changed to mimic changes in the material properties of the 
elastic materials used in the suit, to study how different materials may affect loading and mobility. More complex 
motions, and the effects of the suit when integrated with other forms of exercise, will be analyzed. Using motion 
capture technology, kinematic differences between suited and unsuited conditions can be analyzed and compared to 
determine how the suit affects motion and the subsequent musculoskeletal loading. These analyses will aid in the 
design of a more effective countermeasure that can benefit astronaut health across a wide variety of missions. 
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