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Space suits provide protection during extravehicular activity (EVA) when the human 

leaves the vehicle. Space suit architectures can be composed of soft, rigid, and mixed 

components. The Mark III (MKIII) space suit technology demonstrator contains a rigid 

torso and hip bearing assembly, with soft structure legs. The space suit load is distributed 

between the occupant and the suit itself, with this load being modified through adjustable 

straps. This paper considers the effect of body-borne loads from the space suit on the spinal 

compression in the context of potential injury risk. An OpenSim musculoskeletal model of 

the trunk was used to estimate spinal loading during stance. Loads from 0 to 22.7 kgs (0 to 

50 lbs) were applied to the model at each shoulder in the vertical direction and loads from 0 

to 9.1 kgs (0 to 20 lbs) were applied to the model at each shoulder in the shear direction, 

based on previous measured loads during terrestrial testing of the MKIII. Compressive 

loads of the thoracic and lumbar spine were estimated when varying the applied load 

magnitude and direction on the shoulder, as well as the spinal curvature of the model. With 

increased loads at the shoulder, an increase in spinal compressive loads was observed. 

Largest compressive spine loads were observed in the lower thoracic spine (T10–T12) for all 

shoulder load simulations, and most spine curvature simulations. The observed loads were 

below reported vertebral strengths in the literature. Subject-specific loads are affected by 

individual spinal curvature and muscle strength. Increasing spine curvature generally 

caused larger loads in the low thoracic spine, while decreasing spine curvature caused larger 

loads in the lumbar spine. The risk of lower back pain may increase in planetary 

environments when the spacesuit contributes a compressive load. The risk of pain will 

depend on the conditioning of the person and the ability to maintain bone and muscle 

strength during microgravity and low gravity exposures. 

Nomenclature 

EVA = extravehicular activity 

CSA = cross-sectional area 

T# = thoracic vertebra of the specified number (ex. T4 = 4th thoracic vertebra) 

L# = lumbar vertebra of the specified number (ex. L1 = 1st lumbar vertebra) 

JSC = Johnson Space Center 

FEA = finite element analysis 

MKIII = Mark III space suit 

EMU = extravehicular mobility unit 
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I. Introduction 

PACE suit assemblies provide protection and life support for the astronaut, but come with additional injury risk 

considerations. As the concept of operations for future planetary missions includes an increased number and 

duration of EVAs,1,2 it is important to consider how to enable performance while minimizing risk of pain and injury. 

The primary injury mechanisms for the U.S spaceflight program have been fatigue, abrasions, swelling, and pain 

over the joints.3,4 Injuries can also occur during training, where common areas of discomfort have been the feet, legs, 

arms, neck, trunk, groin, and head.5 It is important to consider how the loads imparted by the suit to the human could 

affect this discomfort and potential for injury.  

 There are many challenges associated with estimating injury risk.6 The fit of the space suit is one factor that can 

influence these interaction loads. Space suit fit can be assessed across three characteristics7: static, dynamic, and 

cognitive. Static fit considers how the joints of the astronaut align with those of the space suit. Dynamic fit considers 

how these alignments change during task specific motion. Ross et al. describe how inappropriate space suit static 

and dynamic fit can decrease overall mobility.8 Misalignments can also create additional points of interaction 

between the human and suit. Efforts have explored how to experimentally measure static and dynamic space suit fit 

and mobility using wearable sensors9–12 and motion capture.13,14 Cognitive fit considers how sensory perception, 

cognition, and motor selection interact. Discomfort due to human-suit interaction can also yield decreased mobility, 

as the astronaut may limit motion even though the space suit design permits it. Thus, it is important to consider not 

just whether the suit enables the appropriate motions, but how the designed and emergent interactions between the 

suit and the astronaut may affect behavior due to the added loads. 

The use of musculoskeletal models provides a way to assess forces and torques in a methodical manner. Previous 

efforts have used musculoskeletal models to estimate the astronaut joint torques when a spacesuit is worn.15,16 As 

expected, these torques increase due to the load and resistance of the space suit. However, it is unclear how the 

space suit affects spinal loading. A fully articulated thoracolumbar spine model has been developed and validated 

for predictions of vertebral compressive loading by comparing to in vivo intervertebral disc pressures and spine 

loads from telemeterized implants.17 Using this model, it has been shown that microgravity may slightly increase 

compressive spine loading upon return to Earth, primarily due to differences in post-flight spine curvatures,18 

however the effect of a space suit on spinal loading has never been investigated. 

For the present analysis, we consider the Mark III (MKIII) space suit technology demonstrator. This space suit is 

a hybrid of soft and hard components. The soft-goods legs connect to the rigid hip bearing assembly. The limit of 

self-support for the MKIII is a buckling of the soft-goods legs, which is a function of the suit pressurization. The 

astronaut is stabilized in the suit using shoulder straps. These straps are also elements through which the weight of 

the suit is transferred to the astronaut. Additional interaction can occur through non-designed locations (such as 

contact between the body and the suit during motions). Tightening the straps off-loads more weight of the suit onto 

the astronaut, as opposed to the suit self-supporting itself.  

The goal of this paper was to examine how the loads imparted to the shoulders of the astronaut would impact 

spinal compressive loads and potential injury risk. To simulate loads transferred by planetary space suits on the 

shoulder, we applied a range of loading conditions to a musculoskeletal model of the full thoracolumbar spine based 

upon previously measured loads during terrestrial testing of the MKIII.9,19 We considered the effect of magnitude 

and direction of the applied loads, as well as the curvature of the spine. 

II. Methods 

 

A. Musculoskeletal Model 

The musculoskeletal model used was previously developed and validated for the male and female 

thoracolumbar spine models using OpenSim software.17,20 In brief, these models were created using OpenSim 

musculoskeletal modeling software21 and include a fully articulated thoracolumbar spine and rib cage, a lumped 

head and neck body, and the upper extremities. For this study, we used the male thoracolumbar model. The 

visualized skeletal anatomy was based on CT scans of a 50th percentile male (height = 175cm, weight = 78kg) taken 

from the OpenSim geometry file library, and the model’s trunk muscular anatomy has been scaled to match the 

average cross-sectional area (CSA) and moment arms of a sample of adult men from the Framingham Heart Study 

Offspring and Third Generation Multidetector Study (51 men, mean age = 59.4). The model contains 552 individual 

Hill-type musculotendon actuators, and uses a maximum muscle stress of 100N/cm2 for all trunk muscles, which 

allows measured CSA muscle data to be converted to maximum isometric muscle force.  

 

S 
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1. Spine Curvature 

Since it is well established that spine curvature influences vertebral loading,20,22 we created several versions of 

the male model with no, low, average, and high spine curvatures, similar to our previous work in the female 

model.20 The thoracic kyphosis is defined as the angle between the 1st and the 12th thoracic vertebrae (T1-T12) of the 

model and lumbar lordosis is defined as the angle between the 1st and the 5th lumbar vertebrae (L1 to L5) (Figure 1). 

The standard model curvature uses an average thoracic kyphosis of 50° and lumbar lordosis of -43°. To explore a 

large range of population variance in curvature, we created models within 2 standard deviations of thoracic 

curvature, with 1 standard deviation being defined as 12°,23 and also created a model with no curvature, thus having 

a straight spine. When thoracic kyphosis was adjusted, we altered lumbar lordosis proportionally to maintain a 

balanced and upright posture. Therefore our four final models cover a large range of spine curvature, as seen in 

Figure 1.  

 

 

2. Applied Shoulder Forces to Simulate Planetary Space Suit Loads 

 The range of external loads applied at the shoulders was based on prior work with the MKIII performed at the 

Anthropometrics and Biomechanics facility of NASA’s Johnson Space Center (JSC)9,19. The MKIII space suit was 

designed as a technology demonstrator for planetary exploration with increased lower body movement compared to 

the extravehicular mobility unit (EMU) used at the space station. The experiment completed with this suit was in 

Earth gravity, and the suit weighed approximately 59 kgs in the tethered configuration used.  Load cells (Omega 

LC201-100 Sub Mini at 10 Hz) were used to measure the tension force in the shoulder straps of the space suit. These 

load cells were designed and integrated into the shoulder straps of the MKIII such that they would record all transfer 

Thoracic 

T1-T12 

Lumbar 

L1-L5 

Figure 1. OpenSim thoracolumbar spine models with no curvature (thoracic kyphosis = 0°, lumbar 

lordosis = -24.8°), low curvature (thoracic kyphosis = 26°, lumbar lordosis = -34.3°), average 

curvature (thoracic kyphosis = 50°, lumbar lordosis = -43°),  and high curvature (thoracic kyphosis = 

74°, lumbar lordosis = -51.7°) (left to right). The thoracic vertebrae are shaded in yellow, with T1 

connecting to the neck and T12 connecting to the lumbar spine. The lumbar vertebrae are shaded in blue, 

with L1 connecting to the thoracic spine and L5 connecting to the sacrum and pelvis.  
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of suit weight to the operator at the shoulder. Each strap contained an anterior and a posterior load cell. Prior work 

estimated total vertical loads up to 100 lbs when considering both single and double leg stance in upright standing. 

Shear loads at the shoulder, estimated as the difference in the anterior and posterior load cell on a given strap, were 

previously unreported, but were observed to be as high as 20 lbs of force per shoulder, and typically in the posterior 

direction (posterior load tension was larger than anterior load tension).  

 Given these previously recorded forces, we 

simulated a range of externally applied loads at the 

shoulder to quantify the how spine loading is affected 

by the amount of suit load transferred at the shoulder. In 

the vertical compression direction, we simulated forces 

ranging from 0-50lbs per shoulder, in increments of 10 

lbs. For shear in the posterior direction, we simulated 

forces ranging from 0-20 lbs per shoulder. We also 

simulated a combination of vertical and shear forces. 

One approach was to increase vertical and shear forces 

equally, and another was to hold a constant shear of 

20lbs per shoulder and incrementally increase the 

vertical force component.  

 These external forces were applied to the scapular 

body in the OpenSim models, 5 cm medial to the 

acromion and with no deviations in the sagittal plane 

(no anterior/posterior motion), Figure 2.   

 

3. Prediction of Vertebral Loading 

 The models were maintained in an upright standing 

position in a 1-g gravitational environment, as the 

experimental shoulder strap load data was recorded 

from a standing position. All of the four models with 

different spine curvatures were run through the vertical 

and/or shear shoulder loading scenarios as previously 

described. The muscle forces required to maintain the 

standing posture were predicted using a static 

optimization routine in OpenSim that minimized the 

sum of cubed muscle activations. This static 

optimization approach is commonly used in the 

literature, and is the preferred method for maximizing 

muscle endurance.24 After the static optimization 

reached a solution, a joint reaction analysis was 

performed and vertebral compressive loads were 

calculated at each spine level from T1 to L5. All models 

were solved in MATLAB, using imported OpenSim libraries.  

III. Results 

The compressive spine loading profile was influenced by both spine curvature and magnitude and direction of 

shoulder strap loads. Overall, peak compressive loads remained below 3,000N at all spine levels, with local or 

global peaks occurring in the mid-thoracic region (T5-T6), thoracolumbar (T10-L1) region, and at L5.  

Figure 2. Location of applied compressive and 

shear shoulder loads in the OpenSim model, 

denoted by pink dots. The right acromion is marked 

with an axis. Applied load locations are 5 cm medial 

to the acromions.  
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 First, we examined the effect of spine curvature on spine compressive load under each loading condition. 

When only applying a vertical shoulder load, high spine curvature caused a global peak in spine loading to occur at 

T11, while no spine curvature (straight spine) had local peaks at T6 and T11, but a global peak at L5 (Figure 3). 

When applying a pure posterior shear load at the shoulders, the spine loading profile became more bimodal, with 

global peaks at T11 for all spine curvatures and local peaks at T5 for no, low and average spine curvatures.  High 

spine curvature produces the lowest spine compressive forces at all levels of the spine, and also doesn’t produce a 

local peak in the mid-thoracic region (Figure 3). Mixed vertical and shear applied shoulder loads produced similar 

compressive spinal loads and patterns as pure applied shear force, with a notable difference in compressive spine 

load magnitude with curvature (Figure 3). With these mixed vertical and shear shoulder loads, high spine curvature 

produces the largest compressive spine loading in the thoracolumbar region, similar to the pure vertical applied 

shoulder load scenario. Overall, no or low spine curvature always produced the largest compressive loads in the 

lumbar spine, regardless of applied shoulder load direction, and high spine curvature produces the largest 

compressive spine loads in the thoracolumbar region, with the exception of the applied shear shoulder load 

condition.  

Figure 3. The effect of spine curvature on spine compressive loading across pure vertical shoulder applied 

force, pure anterior shear sholder applied force, and two mixed vertical and shear applied forces. Loads listed 

were applied on each shoulder. 
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Next, we investigated the effect of shoulder strap load magnitude for selected spine curvatures. For all vertical 

and shear applied force conditions, compressive loads on the spine increased as magnitude of the force increased. 

Figure 4 depicts the spine compressive load for the average spine curvature under loading conditions of pure vertical 

applied load at the shoulder and pure shear applied load at the shoulder, respectively. Interestingly, we also note that 

the high curvature simulation causes a global peak in spine loads at T11, and this peak in loading is emphasized as 

the magnitude of the shoulder load increases for both vertical and shear applied directions (Figure 4). With no spine 

curvature, all global peaks in spine compressive loading occurred at L5 with vertically applied shoulder loads, and at 

T11 in shear applied shoulder loads above 0 lbs. Additionally, with no spine curvature, a local peak in compressive 

spine loading occurs at T6 as magnitude of vertical applied load increases, and at T5 as shear applied load increases.  

 

 

Lastly, we evaluated the effect of loading direction (vertical and/or shear applied force at the shoulder) on spine 

compressive load for a selected spine curvature and loading magnitude. We found that the same magnitude of shear 

force applied at the shoulder increased compressive spine loads more than an identical force in the vertical direction 

(Figure 5). The mid-thoracic and thoracolumbar spine compressive loads increased more with the application of 

shear shoulder force than vertical force, with the spine load at T5 and T11 increasing 36% and 37% respectively 

from the no load condition for vertical applied force of 10 lbs on each shoulder, and increasing 164% and 141% 

respectively for shear applied force of 10 lbs on each shoulder. When both vertical and shear forces were applied at 

the shoulders, spine loading increased over either pure vertical or shear applied load alone (Figure 5).  

Figure 4. Effect of applied shoulder load magnitude on spine compressive loading for pure vertical and 

shear directions. 
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 In addition to evaluating compressive spine loads, we also evaluated muscle activations that resulted from the 

static optimization solution for 50 lbs of vertical applied force at each shoulder and 20 lbs of posterior shear force 

applied at each shoulder (Figure 6). Primarily erector spinae, transversospinales (including multifidus), and neck 

muscles were activated under vertical applied shoulder loads, with minimal activation from abdominal musculature. 

With shear applied shoulder loads, the same paraspinal and neck muscle groups were more highly activated than 

with vertical shoulder loads, and additionally there was substantial muscular activation from the latissimus dorsi, 

rectus abdominus, internal oblique, and psoas muscle groups (Figure 6). With average spine curvature, for erector 

spinae crossing the T5 vertebral level, average muscle activation was 13% of maximum with 50lbs of vertical 

applied force and 23% of maximum with 20 lbs of shear force applied to each shoulder. High spine curvature caused 

these T5 erector spinae muscle activations to decrease to 10% and 12% under vertical and shear applied loads 

respectively, while low curvature increased these activations to 17% and 24% respectively. For rectus abdominus, 

average muscle activation was ~0% under vertical applied shoulder loads, and increased to 40% with 20lbs of shear 

force applied per shoulder with the average spine curvature. High spine curvature caused rectus abdominus muscle 

activations to minimally increase (to 3%) under vertical applied shoulder loads and decrease (to 33%) under shear 

applied load. Low curvature resulted in no change in rectus abdominus activation under vertical applied load, but 

increased rectus abdominus activation under shear applied shoulder load (to 44%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The effect of loading condition (shear and/or vertical applied shoulder force) on spine compressive 

load with a spine curvature of 50° (normal population average).  
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IV. Discussion 

The estimated spine compressive loading for all loading conditions and magnitudes of applied shoulder force 

always remained under 3,000N for any simulation. For men, the clinical threshold for low vertebral compressive 

strength (at L1 & L2) is 8,500N as estimated by finite element analysis (FEA),25 and prior work using FEA to 

determine the vertebral strength of astronauts show bone strengths averaging around 11,000N.18 Thus even the 

maximal loads experienced by the vertebra in this study are much less than the expected vertebral strength, and 

therefore shoulder loads simply due to wearing planetary space suits should not notably increase the risk of 

fractures. However, even though spine fracture risk is low, spine loading induced by space suits may impact 

astronaut health and performance, particularly in long-duration missions to planetary surfaces. In occupational 

settings, physical factors such as  trunk flexion, trunk rotation, and lifting are associated with increased risk of low 

back pain, and the cumulative exposure to these factors appears to be of particular importance.26,27  Astronauts may 

be even more prone to back pain than workers on earth. For example, disc herniation and degeneration is a strongly 

associated with back pain,28 and spaceflight may lead to increased risk of disc herniation upon return to gravity.29,30 

Similarly, back pain is associated with smaller paraspinal muscle size,31 while astronauts suffer significant 

reductions in muscle size during exposure to microgravity.32–34  Thus, it is crucial to optimize suit design to 

minimize excessive spine loading, as astronauts may be at increased risk for back pain and injury. Based on this 

study, balanced loading with minimal shear applied at the shoulder straps is an important goal.    

Increasing magnitude of the applied shoulder load increased compressive loads on the spine, as expected. In 

prior studies using this musculoskeletal spine model, simulations of hundreds of activities have found that spine 

loading increased as the amount of external force applied to the model increased.20 In this study, we only simulated a 

standing posture, as the experimental work investigating loads in the shoulder strap using the MKIII were evaluated 

from a standing position. Increased trunk flexion results in larger compressive spine loads, so future work should 

investigate how the applied shoulder load from the space suit changes when suited trunk flexion is performed. Even 

if load transfer through the shoulder strap remained similar to standing posture, we would still expect to see 

increases in compressive spine loading as the erector spinae and other paraspinal muscles groups will need to exert 

larger forces in order to statically hold the flexed posture. Future work should also investigate body-borne loads 

from the space suit during mission-realistic tasks of planetary space exploration.  

Changing the direction of applied shoulder load from a vertical force to a horizontal shear force greatly altered 

both the size and pattern of spine compressive loading. For patterns of spine loading, there were peaks in 

compressive load in the thoracolumbar region of the spine under vertical applied shoulder force for most spine 

curvatures, whereas these thoracolumbar peaks were accentuated and additional mid-thoracic peaks in compressive 

load appeared in the shear applied shoulder force. This additional mid-thoracic peak in compressive loading could 

Figure 6. Muscle activations during vertical and anterior shear applied shoulder loads with average spine 

curvature models. Blue muscle fascicles indicate lesser activation and red fascicles indicate greater activation. 

20 lbs Shear 50 lbs Vertical 
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place this region at equivalent or perhaps greater risk of injury than the thoracolumbar region because the vertebral 

compressive strength will be lower in the upper thoracic region versus thoracolumbar. These results suggest that, 

when designing planetary space suit fit, it is more important to minimize shear forces at the shoulder straps, even at 

the cost of slightly higher vertical applied forces at the shoulder. Differences in applied shoulder load direction also 

affect the size of compressive spine loads. Applying the same magnitude of load in a posterior shear direction at the 

shoulder (similar to being pulled backward while maintaining an upright posture) resulted in higher compressive 

spine loads than applying vertical force at the shoulder (similar to resisting someone pushing down on your 

shoulders while maintaining an upright standing posture). Larger erector spinae and multifidus muscle activations 

are required to resist a horizontal shear applied force, and additionally we saw muscle activations from the 

abdominal muscles, psoas, and latissimus dorsi. These larger and supplementary muscle activations produce greater 

muscular forces which are responsible for the majority of the increase in spine loading with applied shear compared 

to applied vertical shoulder load. Additionally, previous efforts have shown that the extensor muscles of the lower 

back are capable of maintaining exertions exceeding 15% of maximal voluntary contraction for prolonged periods.35  

However, Chaffin et al. note that prolonged forces over 10-20% of maximum contraction will lead to localized 

muscle fatigue.36 In an EVA scenario, the endurance period between recovery from loading can be longer than that 

considered in standard occupational biomechanics. The current analysis found muscle activations larger than 15% 

are estimated for specific muscles when standing. Thus localized muscle fatigue should be considered when 

planning EVA task profiles in context with opportunity for localized muscle recovery periods.  

Spine curvature appears to have different effects on compressive spine loading depending on the direction of the 

applied shoulder force. With vertical applied force at the shoulder, high spine curvatures produces the largest peaks 

in spine load at the thoracolumbar region and no spine curvatures produce the largest spine loads in the lumbar 

region. For pure shear applied shoulder forces, or equally combined shear and vertical shoulder forces, low or no 

spine curvature produced the largest spine loads in the upper portion of the thoracic spine (T1-T6) and the lumbar 

spine (L1-L5). For all shoulder load directions except pure shear, high spine curvature produced the largest 

compressive spine loading in the lower thoracic region (T8-T12). Interestingly, in a pure shear shoulder application, 

high spine curvature simulations produced the lowest magnitude of compressive loading throughout all vertebral 

levels. In this analysis, curvature is not able to provide a complete insight into risk of injury as a spine curvature that 

produces the largest spine loads in one activity may not necessarily produce the largest spine loads with a different 

simulated activity (inclusive of postures, movements, and applied loads). In prior literature, it is generally found that 

higher spine curvature is associated with higher spine loading and risk of vertebral fracture; however, most of these 

papers were investigating neutral standing, trunk flexion, or lifting activities, and therefore didn’t simulate a shear 

applied load scenario.22  

A limitation of our presented work is that our simulations only took into account how transferred shoulder forces 

from the MKIII affected spine loading, and didn’t consider loads applied on the body by the space suit at any other 

location (such as arms or hips). However, it is likely that loads at these locations would only have minimal effects 

on spine loading due to either their smaller magnitude or positioning relative to the spine. Additionally, we applied 

only symmetric loads at the shoulders, and future work should consider the possibility of asymmetric shoulder loads, 

or even simulate subject-specific loads. Our prior validation work with this adult model did not include tasks that 

applied external loads at the shoulders, although a related model developed for children and adolescents was 

validated with applied forces at the shoulder due to wearing a backpack,37 supporting the use of the spacesuit 

wearing scenario in this study. Furthermore, we didn’t simulate any paraspinal muscle deconditioning as would be 

seen after spaceflight,32 and this may also influence spine loading estimates. Musculoskeletal models need to 

incorporate many estimated parameters, including muscle parameters (e.g. maximum isometric muscle force, 

pennation angles, optimal muscle fiber lengths, and tendon slack lengths), muscle attachment points, posture (e.g. 

spine curvature, pelvic tilt), and segment properties (e.g. mass, center of mass location). Variations in these 

modeling parameters can influence model estimations and sensitivity, and changes to these properties may also 

affect the magnitude of our spine loading outcomes.38,39 In future work, a probabilistic analysis representing natural 

human variability and uncertainty in the underlying parameters can be used to estimate spine loads for simulated 

tasks, providing additional insight on the range of probable spine loads lacking from a single deterministic estimate 

using nominal parameters. Subject-specific musculoskeletal models would take into account variables such as 

height, weight, spine curvature, and even trunk muscle morphology of the individual person and allow for a more 

representative approach to investigate spine compressive loading.  Based on prior work, we suspect that subject-

specific spine curvature is very influential on spine loading, even more so than muscle morphology,40 and should be 

prioritized in future modeling work. The results presented here support the importance of the spine curvature in this 

particular static task. Lastly, in this study we only examined the compressive component of vertebral loading. 
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Vertebrae also experience shear loading, which could be affected by differences in applied loading and spine 

curvature, and this shear vertebral load will be important to investigate in future work.  

The analyses presented here were performed simulating a 1-g gravitational environment. While the astronauts 

are trained in this 1-g environment, expected future use of suits such as the MKIII would be in reduced gravity 

environments on planetary surfaces such as the Moon or Mars. The reduced gravity environment will affect the 

estimated spine loads through differences in both apparent body weight of the user and through altered suit-user 

interaction forces. We expect that the applied shoulder load would decrease, and additionally we expect decreased 

contributions from the wearer’s body weight on spine loading. Therefore, in reduced gravity environments, we 

would predict that compressive spine loading would be decreased as well, however this would need to be confirmed 

with future investigations.   

V. Conclusion 

The objective of this study was to investigate and quantify expected compressive spinal loads due to forces 

applied to the shoulder when wearing the Mark III space suit technology demonstrator. A range of expected 

shoulder load magnitudes and directions from the space suit on a musculoskeletal model of the spine were informed 

by data from previous suited experiment. Additionally, we evaluated the effect of spine curvature on the 

compressive spine loading conditions for each shoulder loading scenario. This study was the first to investigate how 

shoulder loads from an EVA suit might affect spine loading, and provides reassurance that the current suit 

configuration at the shoulder is not producing spine loads that would create a risk for vertebral fracture, even at the 

highest applied shoulder force.  However, there needs to be more effort to understand how these compressive loads 

will relate to muscle fatigue and lower back pain. The results also support that it is important to minimize shear 

loading on the spine during static balance. Future work should experimentally investigate suit load at the shoulder 

during mission-relevant activities. These data can then inform follow-on simulations with the musculoskeletal model 

to investigate resulting compressive spine loads to understand task-specific risks.  
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