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Mohr NM, Shackelford LC. Static loading as a model for lunar cervical spine injury. Aviat Space Environ Med (submission).
Introduction: Cervical spine injury (CSI) is a devastating and largely preventable injury during planetary extravehicular operations. Injury mechanism, cervical spine factors, shoulder factors, and suit design factors determine the degree of CSI. An important suit design factor is the size of the neck ring, because this dimension defines the shoulder loading point during a planetary fall. This study was designed to test the hypotheses that (a) shoulder translation under vertical load (prior to clavicle fracture) depends on the location of shoulder loading (e.g., size of the neck ring), and that (b) shoulder translation under load has a magnitude of less than 1 cm. Methods: We photographically and radiographically measured the vertical translation of the acromion under load in relaxed volunteers. Subjects were healthy volunteers aged 25-51. Two harness configurations (with straps spaced 22 cm and 33 cm) were tested to measure the extremes of allowable neck ring diameter. Results: The corrected deflection per bodyweight for the narrow harness was -0.36 cm, and for the wide harness was 0.04 cm (t = 0.35). At the forces generated prior to subject discomfort (0.77 – 2.29 bodyweights), maximum shoulder deflection was approximately 2 cm (2.1 cm, -0.5 – 2.5 cm). Conclusions: The width of the suit neck ring does not significantly affect vertical translation or the shoulder´s ability to tolerate high loads. The vertical translation of the acromion at maximal shoulder loading within functional limits is approximately 2 cm. These data can predict biomechanical behavior prior to clavicle fracture in a fully loaded astronaut.
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I
njury protection is a very important function of a space suit in protecting astronauts on planetary extravehicular operations5.  Because space missions for the last 45 years have been primarily confined to small weightless environments, major survivable traumatic injury has not been experienced3.  Even during the missions to the moon, extravehicular activity (EVA) was highly choreographed, short duration, and astronauts were given equipment that did not permit them to climb to great heights or to travel at high surface speeds2.

For the Constellation project, requirements project a landing vehicle with a 5.5 m platform from which astronauts will descend a ladder to the surface.  They will use a roving vehicle that will travel an estimated 33 km/hr.  Perhaps most importantly, they will be living on the surface of the moon and Mars for several months duration, which calls for much more unplanned EVA and many more opportunities for traumatic injury.

While traumatic injuries can occur in many scenarios, one of the most worrisome is cervical spine and head injury7.  The height of the landing vehicle platform is sufficient to cause significant compressive spine injury (23-35 kN, or greater than 10 times the estimated allowable spinal compression force) if the astronaut were to fall and strike his or her head.  Furthermore, such an injury could be disastrous to mission success.

In the design of the Constellation EVA suit, one of the critical design variables is the size of the ring separating the shoulders from the helmet13.  The size of that ring (or any restraint system designed to interface with it) will affect the shoulder loading profile and the deflection of the shoulders against the suit.  No prior work has been done to characterize the mechanical characteristics of axial shoulder deflection during high compressive loads, because this is not a mechanism commonly protected against on Earth.

To address this question, we conducted a small convenience-sample study on healthy volunteers to quantify shoulder deflection under high compressive loads with two loading harness configurations, each representing one of the extremes in ring diameter as allowed under the current Request for Proposal for suit development (9 to 13 inches diameter)13.  The objectives of the study were three-fold: first, we wanted to measure static loading characteristics of the shoulder, which should closely approximate deflection in a fall prior to mechanical shoulder failure; second, we are measuring the difference in deflection when similar forces are applied near the neck as farther from the neck (with the two sizes of ring diameter) to establish a testing protocol that can be used in evaluating suit configurations; third, we are quantifying the change in the distance from the acromion to the skull base to clarify the shoulder’s role in preventing cervical spine injury in suited crewmembers.

Methods

Subjects

Test subjects were a sample of seven Johnson Space Center (JSC) employees and contractor volunteers (5 males, 2 females; average age 32 ± 11 yrs).  The study protocol was approved by the Johnson Space Center Committee for Protection of Human Subjects (JSC-CPHS).  All subjects were informed of study risks and benefits and provided informed consent consistent with JSC-CPHS guidelines.  Exclusion criteria included having a history of spinal surgery or acromioclavicular joint (AC) separation, carrying a prior diagnosis of scoliosis, having sustained any neck, shoulder, or back injury that affected the test subject’s level of activity or ability to bear weight at the time of data collection, pregnancy, or any other condition that limited the subject’s ability to participate.  See Table 1 for participant characteristics, compared to selection characteristics for the astronaut corps.
Test Apparatus and Protocol
Test subjects were fitted into a harness system used to apply progressive loads isometrically to the shoulders by shortening the straps.  The load applied was measured using load cells (Vernier® Force Plate model FP-BTA, AU Physics Enterprises) under the feet, which was connected to a computer reporting the force digitally (Vernier LoggerPro® software).  Subjects were oriented in front of an X-ray cassette and a photographic measuring board.  A targeting light was projected at a target on the subject’s chest, and subjects were instructed to try to keep the light on the target (for sternal positioning).  Radiopaque reflective markers were placed at the mastoid processes, the sternal notch, and on the arms to measure the changes in sternoclavicular relations.  Subjects wore reflective earplugs to characterize the location of his or her head.  Loading tie-down straps, similar to straps used for affixing loads in trucks, were looped around a wood plank under the force plates and subsequently over the shoulders.  A compressible foam pad was placed under the straps to reduce the local skin discomfort and bruising.  As the straps were tightened, both photographic and radiographic images were collected to measure the real excursion of the shoulders under load at maximum expiration.  Straps were incrementally tightened until the force on the shoulders caused discomfort or until the force plate indicated a shoulder force that exceeded a predetermined maximum (maximum force tolerated = 2.3 times body weight).  Figure 1 shows a graphic representation of the testing apparatus.
The entire testing protocol was performed first with the straps secured at an internal width of 22 cm.  Test subjects were given 5 minutes to rest between loading sessions, and then the protocol was repeated with straps at an internal width of 33 cm.  Supporting straps were used in front and behind to maintain the straps at the nominal width.  
Once the images were collected, the photographic images (acquired with Canon PowerShot® A560 7.1 megapixel digital camera) were loaded onto a personal computer, associated with the corresponding force measurements, and analyzed using Microsoft PowerPoint® (Microsoft Corporation, Redmond, WA) standard measurement tools.  Radiographic images were printed digitally in an appropriate saturation onto standard radiographic film, and measurements were made manually.  Analysis was performed using Microsoft Excel® (Microsoft Corporation, Redmond, WA).
Measurements that were recorded were the vertical acromio-odontoid distance, the vertical acromiosternal distance, and several surrogates based on the placement of skin markers in approximately these locations.
Many of the subjects had local skin bruising and muscle pain for 24-48 hours after testing.  No lacerations were noted, and none of the test subjects required medical care.
Results
Testing Apparatus Validation

The testing apparatus was first validated to establish the known error.  Experimentally, the force plate was found to have a standard precision of ±3.1% (p<0.05), the photographic measurement protocol was found to be accurate to ± 2.4% (p<0.05), and the radiographic measurement protocol was found to have a standard error of ± 7.5% (p<0.05).  Photographic and radiographic data were found to correlate reasonably well (r = 0.77).
Translation of Shoulder under Mechanical Loading

To measure the deflection of the shoulders under loading, photographic measurements were made between a reflective marker on the arm, a reflective marker at the sternal notch, and the reflective ear plugs.  When the arms were deflected asymmetrically or the head was tilted, as in unequal loading, a line connecting the two markers was bisected at the anatomic midline and a vertical measurement was performed from this point.  Radiographically, similar measurements were made from a point on the superior border of the clavicle immediately above the medial aspect of the coracoid process to a radiopaque marker at the sternal notch and to the base of the odontoid process.  These measurements were then recorded relative to the total shoulder load measured from the force plates under the subject’s feet.  Linear regression analyses were performed on each data set, as demonstrated in Figure 2.
Based on these data, no test subject endured more than 2.1 cm of vertical shoulder translation at the acromion in the direction of interest (mean 0.42 ± 2.61 cm in narrow configuration, 0.59 ± 2.00 cm in wide configuration, p<0.05). 

If each subject’s load and translation data are considered together, another linear regression can be generated as illustrated in Figure 3.  Interestingly, in the narrow strap configuration, the slope of the loading curve is negative, suggesting perhaps that the shoulder loading is being effectively resisted by the trapezius and other muscular subunits.  When the strap location is widened, the force is able to overcome the trapezius without overloading the spine and other components, so more expected elastic translation is realized.  This phenomenon was observed in 3 of the 7 subjects.
Using the linear regression model, an elastic modulus similar to a Young’s modulus can be calculated.  This modulus relates the stress-strain characteristics of the shoulder system over the elastic component of static deflection (Ε = δ/ε = F/Δd).  The elastic modulus is 487 ± 1923 BW/m2 (p<0.05, BW = bodyweights), with the most elastic subject demonstrating a modulus of 89 BW/m2. 

Although anthropomorphic and musculoskeletal fitness data were collected, no factor effectively predicted either load performance or shoulder elastic performance of test subjects.
In order to address the difference between translation in each of the two strap configurations, standardized deflections (calculated at 1 bodyweight) were assigned based on the regression analysis performed for each individual’s photographic data set.  There was no statistically significant difference in the translation at the standard loading in the narrow compared with the wide strap configuration (t = 0.35).  Figure 3 shows the relative translation under load for each of the subjects.
A similar analysis compared the ability for participants to bear load in each of the two strap configurations.  For both the translation data and the load data, participants’ ability to bear load and the magnitude of shoulder translation did not influence their preference for the narrow or the wide straps or their perceived ability to tolerate load in either configuration. 
Discussion
As measured using photographic and radiographic data in a small cohort, shoulder deflection under load is minimal.  Under static loading conditions prior to failure, the real shoulder displacement is approximately 1-2 cm in most cases (0.9 ± 1.5 cm pooling narrow and wide configurations, maximum displacement 2.1 cm).  This displacement suggests that when the shoulders are fully relaxed, they are near their lowest elastic point, and that additional loading only marginally displaces them more.  

One of the confounding factors in this analysis, however, is the relatively high number of measurements that revealed that the shoulder excursion was actually negative.  This fact suggests that there is likely a subconscious tendency in extreme shoulder deflection reflexively to “shrug” the shoulders, bringing the acromion process nearer the base of the skull.  Unfortunately, this factor contributes to significant noise in the measurements.

The excursion distance recorded is being measured at a relatively small force.  Peak fall forces in Martian gravity are estimated at 23 – 35 kN, which are much higher than the maximum 2.7 kN generated in this testing protocol.  Even so, these data highlight some very useful features.  First, as higher forces are approached, mechanical failure of the shoulder will likely occur either through clavicular fracture, acromioclavicular separation, sternoclavicular separation, or musculotendinous rupture.  The failure mode will be influenced, in large part, by the location of application (e.g., based on the anthropometry of some of our test subjects, wide test loads were applied directly to the acromion, increasing the possibility of acromioclavicular joint separation in high loads).  At the point of failure, the shoulder unit will no longer approximate linear or pseudolinear stress-strain mechanics, but will rather form a yield discontinuity. 

Second, during this testing protocol, we used a static loading model.  Prior work15 has illustrated that larger loads were tolerable in other studies examining active weightlifting.  There is likely a biomechanical difference between attempting to load relaxed shoulders with high forces and stressing fully contracted muscles to their limits with weightlifting.  Subjects actively lifting weight were able to tolerate loads than were greater than twice the loads we were able to apply.  While this makes the absolute force applied seem small, it demonstrates well the capacity of the soft tissues to resist force, and in this static model, it illustrates that our vertical shoulder displacement probably approaches the limit of passive mechanical shoulder failure.

Third, it is constructive to note that over 85% of participants noted upper extremity paresthesia or engorgement to be one of the primary limiting factors that prevented them from tolerating more load.  This fact suggests that at the shoulder excursion we generated, we were likely causing compression of either the brachial plexus or the cephalic and subclavian veins.  It is not known in adults at what force brachial plexus injuries occur, but applying more force to generate more excursion, possibly prior to mechanical failure, may cause brachial plexus or vascular injury.

One of the study objectives was determining what impact, if any, the size of the neck ring might have on the total shoulder excursion.  Based on the limited data, it seems that this impact will be minimal.  Four of the seven subjects (about half) felt that the 22 cm strap configuration allowed them to bear more weight comfortably than the wide configuration.  Anthropometric features did not influence a subject’s likelihood to prefer one strap configuration over another.  Further, the ability to bear loads in the two configurations was not significantly different.  

This trial was designed to generate a testing protocol that can be used in the future to validate EVA suit design parameters.  Although the number of subjects enrolled was small, and none of the trends observed reach statistical significance, the testing protocol performed well in measuring actual biomechanical behavior of the shoulder joint under load in human subjects.  The most accurate data to answer these design questions would come from high-force, dynamic human loading, but this scenario creates a very high likelihood of injury.  Other models, including biomechanical models, cadaver testing, and computer simulation all suffer from shortcomings, so these data, in conjunction with other modeling modalities, must be considered together when estimating the performance of the intact human system.
Ultimately, the objective of this work is to apply the findings to planetary EVA suit design.  There are several important points to take from these analyses.  First, the actual shoulder translation in the event of a fall (without mechanical shoulder failure) is approximately 1-2 cm at the acromion (less nearer the axial skeleton).  This translation may be realized in less significant insults as well, and should be included in the design specifications.  
Second, the sizing of the helmet neck ring is probably not relevant to shoulder translation or ability to tolerate load without mechanical injury (within current design parameters).  

In sizing the suit, it is important to understand expected shoulder deflection in order to prevent impacting the top of the head on the interior of the helmet in the event of a fall, which will translate fall force into cervical spine compression.  Whether the shoulder impacts the suit shoulder joint, the neck ring, or an internal harness that bears the load of the suit, this mechanical translation will occur under sufficient load.
As the design process for planetary EVA suits continues, models can be created to more closely approximate the anthropomorphic geometry of the suit, but a static loading model seems to be a reasonable substitute for high force dynamic testing, and can augment data available from other non-human models.
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Fig. 1. Testing apparatus.
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Fig. 3. Total shoulder translation in both the narrow and the wide harness configurations. Note that the line shown is the theoretical condition where the separation of the straps does not affect vertical shoulder translation.
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Fig.  3. Linear analysis data pooling from all test subjects.  Acromion deflection is shown relative to load.
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Fig. 2. Sample regression analysis based on photographic and radiographic measurements during progressive loading for single subject.
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Table I. Characteristics of test subject volunteers compared to astronaut selection criteria (n = 7).


�
Test Subjects (p<0.05)�
Test Subject Range�
Astronaut Selection Criteria�
�
Age (yrs)�
32 ± 22�
25 – 51�
26 – 46�
�
Height (cm)�
174.6 ± 16.9�
166.4 – 192�
143.3 – 194.6�
�
Mass (kg)�
70.8 ± 28.3�
60.8 – 97�
42.6 – 110.2�
�
Neck Circumference (cm)�
37.3 ± 6.4�
33 – 40.5�
26.7 – 43.4�
�
Biacromial Breadth (cm)�
37.6 ± 4.4�
34 – 40�
31.1 – 44.5�
�
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