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Executive Summary 

Aviator helmets are often configured with mounted technologies to give U.S. Army 

Warfighters a tactical advantage over the enemy. The addition of mass from helmet-mounted 

equipment alters the center of mass (CM) offset away from the natural balance point of the head 

and increases the stress experienced by the neck. As mission length and flight capabilities 

continue to grow and mass and CM offset demands change, researchers need to define head-

supported mass (HSM) and CM offset boundaries concerning injury in severe but potentially 

survivable aircraft mishaps. The aim of this study was to challenge the existing U.S. Army 

Aeromedical Research Laboratory (USAARL) HSM Acute Neck Injury Risk Curve. The curve 

was developed to represent the relationship of the vertical CM placement as a function of head-

worn mass in a severe but survivable mishap (McEntire & Shanahan, 1998). For this study, the 

existing USAARL HSM Acute Neck Injury Risk Curve was challenged by exposing the Federal 

Aviation Administration (FAA) Hybrid III (HIII) anthropometric test device (ATD) with added 

HSM to vertical acceleration (Gz) levels that are consistent with the crashworthy seat 

requirements of MIL-S-58095A (canceled) (Department of Defense [DoD], 1986; DoD, 1996). 

The FAA-HIII ATD was encumbered with defined HSM configurations and tested on the 

USAARL vertical acceleration tower.   

This assessment of the USAARL HSM Acute Neck Injury Risk Curve (McEntire & 

Shanahan, 1998) does not support changing the accepted injury risk threshold at this time, but 

further research is indicated. Results indicate that HSM effects on the HIII neck are not 

substantially influenced under the Gz loading condition. Although it was found that mass had an 

influence on lower neck response and injury risk, further testing with PMHS is needed to 

confirm the risk of injury due to HSM and CM offset. Future ATD and PMHS studies are needed 

to determine how HSM and offset affect injury risk in vertical accelerative tests, including within 

the accepted risk area of the USAARL HSM Acute Neck Injury Risk Curve. An ATD neck that 

responds appropriately to accelerations when burdened with HSM should also be researched. 

Additionally, data collected from the U.S. Navy Gx and Gxz horizontal sled tests should be 

analyzed to validate the USAARL HSM Acute Neck Injury Risk Curve.  
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Introduction 

U.S. military helmets have become the ideal platform for mounting technologies (e.g., 

head-up displays, night vision goggles, helmet trackers, and communication devices) to support 

missions and give Warfighters an advantage over the enemy. By mounting these technologies 

onto helmets, the mass and center of mass (CM) location of the total head-borne system will 

change, which alters the stress acting on the wearer’s neck and could influence the wearer’s 

performance and injury risk in normal operational environments and in dynamic loading 

situations. The developers of these technologies must consider the effect of this increased stress 

from the additional head-supported mass (HSM) and its CM location. Additionally, through U.S. 

Army modernization efforts for multi-domain operations, the Army is developing the Future 

Long Range Assault Aircraft that will have increased airspeeds and flight maneuver capabilities 

over the Army’s legacy helicopter fleet. These increased flight capabilities (e.g., forward speed) 

expose Army aircraft crewmembers to greater and different accelerative forces in helicopter 

mishaps than previously experienced. As mission length and flight capabilities continue to 

increase, and HSM and CM locations continue to change, it is important to determine the HSM 

and CM offset boundaries concerning injury risk in survivable mishap events.  

Many studies have shown that spinal injuries reported from U.S. Army helicopter crashes 

were most frequent in the lumbar and cervical regions (Shanahan & Shanahan, 1989; Brozoski et 

al., 2020; Johnson et al., 2022). In the most recent investigation, it was estimated that 60% of the 

reported spinal injuries associated with fatal outcomes occurred in the cervical spine (Johnson et 

al., 2022). Cervical spine injuries result from either direct head/neck impacts or inertial loading 

to the neck (McElhaney & Meyers, 1993); the latter can be influenced by HSM and acceleration 

exposure. In a review of helicopter crash injuries that occurred between 1979 and 1985, 

Shanahan and Shanahan (1989) reported that the highest frequency of spinal fractures in the 

cervical and thoracic spine was at the seventh cervical vertebra (C7). This finding led to the 

development of the USAARL HSM Acute Neck Injury Risk Curve (McEntire & Shanahan, 

1998), which indicates helmet conditions that elevate neck injury risk based on vertical CM 

location and head-worn mass. Maximum allowable mass requirements for the HSM Acute Neck 

Injury Risk Curve were developed based on Newton’s second law. The development of the curve 

considered a neck tensile strength threshold of 4050 Newtons (N), a 35 G (where G is the 

standard acceleration due to earth’s gravity) acceleration (at 31.4 degrees nose down, i.e., a Gxz 

vector), and a dynamic overshoot factor of 1.5. The vertical CM offset requirements were 

derived from the constant mass moment caused by a specific helmet and calculated about the 

anatomical C7/T1 juncture. The measured weight and vertical CM location of an Army aviator’s 

Sound Protective Helmet number 4 (SPH-4), configured with the helmet tracking and targeting 

system for the AH-1 Cobra helicopter, was selected for this calculation as that helmet 

configuration represented the largest helmet mass (1.74 kilograms [kg]) and highest vertical CM 

(5.2 centimeters [cm]) of the Army aviator helmets used at that time. Since the SPH-4 helmet 

configured with the tracking/sighting system was fielded throughout the Army’s AH-1 helicopter 

fleet, its mass-induced cervical injury risk in crash events was considered to be acceptable. A 

value of 11.94 cm was chosen to represent the vertical distance between the C7/T1 juncture and 

the tragion notch, which is representative of the Army anthropometric 95th percentile female and 

85th percentile male as neck link lengths reported by Donelson & Gordon (1991). The 

combination of the vertical CM constant moment curve, the maximum allowable mass, and the 

vertical CM location of the SPH-4 helmet configured with the AH-1 Cobra tracking/targeting 
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system were used by researchers to create the HSM Acute Neck Injury Risk Curve shown in 

Figure 1. The U.S. Navy (USN) and others have adopted this HSM Acute Neck Injury Risk 

Curve to develop their rotary-wing aircrew helmets. 

 

Figure 1. USAARL HSM Acute Neck Injury Risk Curve illustrating the vertical CM placement 

as a function of head-worn mass as reported by McEntire and Shanahan (1998). 

Other studies have been conducted to examine the influence of HSM on neck injuries in 

vertical acceleration environments. Several studies completed by the U.S. Air Force (USAF) 

examined the ejection safety issues related to HSM (Knox et al., 1991). These studies, which 

utilized human volunteers and anthropomorphic test devices (ATDs), resulted in a USAF 

criterion for helmet mass and both longitudinal and vertical positioning of HSMs (the "Knox 

box"). The USAF, in conjunction with the Air Force Institute of Technology (AFIT), also 

developed neck injury criteria known as the multi-axial neck injury criteria (MANIC) (Parr et al., 

2015). The MANIC was developed using existing human and PMHS datasets to establish neck 

injury criteria and new injury risk curves in each of the three major axes of acceleration. 
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However, this criterion is limited as its development was based mostly on data representative of 

side impacts. Additionally, the small sample sizes of the PMHS exposures in the vertical axis 

limited the applicability of the MANIC for predicting neck injury in vertical exposures (Parr et 

al., 2015). 

The USN also conducted studies that identified HSM neck injury risk in ejection seat 

events based on: (1) measured neck loads in ATDs during dynamic testing of operational seating 

systems (Paskoff & Sieveka, 2004; Nichols, 2006), (2) correlation to historical mishap data, and 

(3) PMHS testing performed by multiple academic institutions (Lucas et al., 2008; Salzar et al.,

2009; Stemper et al., 2011; Stemper et al., 2014; Yoganandan et al., 2015). The PMHS

biomechanical tests subjected upper cervical spine motion segments to dynamic axial and quasi-

static loads under non-destructive pure moments in flexion-extension, lateral bending, and axial

rotation. Results were used by the USN as the foundation for building an anatomically based,

parameterized probabilistic finite element (FE) model of the human spine in LS-DYNA (Ansys,

Inc., Evanston, IL); however, further development of this model is required to ensure it is

appropriately validated for use in predicting spinal injury.

Despite additional efforts to investigate and refine HSM criteria for aviators, the 

USAARL HSM Acute Neck Injury Risk Curve (McEntire & Shanahan, 1998) remains the 

benchmark for rotary-wing helmet and helmet-mounted device development efforts within the 

U.S. Army and USN. This report describes a Joint Program Committee 5 (JPC-5) funded 

research effort conducted from 2019 through 2024 by USAARL and the Naval Air Warfare 

Center Aircraft Division (NAWCAD) intended to substantiate the assumptions and theories 

employed by McEntire and Shanahan (1998). Pure vertical acceleration exposures (Gz) were 

conducted on the USAARL VAT and the longitudinal (Gx) and combined (Gxz) exposures were 

planned on NAWCAD’s horizontal sled. Unfortunately, due to project delays, funding issues, 

and unavailable PMHS, the scope of this effort was reduced to ATD testing.  

This report documents the ATD head and neck response test results from pure vertical 

acceleration exposures (Gz) on the USAARL VAT. Testing delays at NAWCAD prevented their 

data from being analyzed and included in this report. 

This space is intentionally blank. 



4 

Methods 

Controlled vertical acceleration exposures were applied to the VAT carriage configured 

with a 90-90-90 rigid seating system (e.g., a horizontal seat pan, vertical seat back, and 

horizontal foot pan). This seat geometry was previously used to assess lumbar injury tolerance 

and reflected a simplified, experimentally controlled seat and occupant loading configuration for 

vertical acceleration crash pulses. The upper bound exposure parameters in Table 1 were derived 

from the crashworthy seating system dynamic performance requirements of MIL-S-58095A 

(DoD, 1986). The pulse produced from these parameters is considered to represent a severe, but 

survivable, vertical acceleration pulse (Table 1). These parameters are consistent with the 

vertical component used by McEntire and Shanahan (1998) when the dynamic overshoot factor 

of 1.5 is considered. The MIL-S-58095A specifies that when the seat assembly is exposed to the 

vertical acceleration test conditions (Table 1), then the measured seat pan acceleration response 

should not exceed 23 G for more than 0.025 seconds (s) (Figure 2). 

Table 1. Dynamic Vertical Accelerative Exposure Condition Required in MIL-S-58095A 

Condition Parameter MIL-S-58095A 

Time (t)1 0.036 s 

t2 (s) 0.051 s 

Gmin 46 

Gmax 51 

Change in Velocity (∆V) min 42 (feet [ft]/s) 

Pitch Θ 0° 

Roll (Φ) 0° 

Yaw (ᴪ) 0° 

This space is intentionally blank. 
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Figure 2. MIL-S-58095A requires the acceleration of the seat pan to not exceed 23 G (GL) for 

more than 0.025 s. 

The Federal Aviation Administration Hybrid III (FAA-HIII) ATD, with the Facial and 

Ocular CountermeasUres Safety (FOCUS) headform installed, was used for all testing (Figure 

3). The FOCUS headform (The Humanetics Group, Farmington Hills, MI) was developed by 

USAARL to address the potential for face and ocular injuries and its anthropometry was copied 

from the USAARL standard headform used to measure head-borne mass properties (Weisenbach 

et al., 2020). Because the FOCUS had similar mass properties to the USAARL headform, those 

measurements were directly transferrable. The FAA-HIII ATD was positioned consistently 

within the seat and documented with a FARO ScanArm (Quantum model, FARO Technologies, 

Lake Mary, FL). A rotary buckle five-point restraint system without inertial reels was used to 

restrain the ATD. The straps were adjusted pre-test to provide 10 to 20 pounds (lb) of tension in 

each strap. The ATD wrists and ankles were tethered to control lateral flail during loading. After 

each test, the ATD was inspected for deterioration and wear in the pelvis due to repeated use.  

This space is intentionally blank. 
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Figure 3. The FAA-HIII ATD, configured with the FOCUS headform, was positioned in a 90-

90-90 rigid seating system.

An initial test was conducted without HSM to develop a baseline to compare the effects 

of the added HSM in subsequent tests. Helmet masses were selected along the constant moment 

curve developed by McEntire and Shanahan (1998) indicated by the black line numbered one 

through four in Figure 4. An additional mass moment curve with a 20% increase was calculated 

to theoretically include mass/offset of other potential helmet designs (blue line numbered five 

through eight) (Figure 4). The constant moment group (CMG) associated with each HSM 

configuration is noted in Table 2. For each HSM configuration, the total mass and CM position 

with respect to the tragion notch were recorded in kg and cm, respectively (Table 2). The x-axis 

CM position (CMx) was determined by holding the x-axis mass moment constant (about the 

C7/T1 juncture) for all HSM mass levels, which means its position varied. Each HSM 

configuration was plotted on the FOCUS headform to illustrate the position of the weights 

(Figure 5). 
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Figure 4. Four HSM configurations (labeled 1 through 4) were selected from the USAARL HSM 

Curves developed by McEntire and Shanahan (1998) and four additional HSM configurations 

were calculated by increasing the constant mass moment by 20% (labeled 5 through 8). HSM 

configurations labeled 1 through 4 were designated as CMG1. HSM configurations labeled 5 

through 8 were designated as CMG2. 

This space is intentionally blank. 
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Table 2. HSM Configurations for Vertical Accelerative Testing 

HSM 

Configuration 

Constant 

Moment 

Group 

(kg-cm) 

Mass (kg) 
CMx 

(cm) 

CMz 

(cm) 

HSM0 0.0 NA NA NA 

HSM1 29.8 2.91 1.61 -1.82

HSM2 29.8 2.51 2.06 -0.10

HSM3 29.8 2.11 3.27 2.12

HSM4 29.8 1.71 4.11 5.04

HSM5 35.8 2.91 1.58 -0.42

HSM6 35.8 2.51 2.00 1.56

HSM7 35.8 2.11 3.30 4.81

HSM8 35.8 1.71 3.90 9.36

Note 1. HSM0 was a baseline test with zero HSM; added mass and CG offset were not applicable 

(NA) for this condition. 

Note 2. HSM1 through HSM4 were designated as CMG1 and HSM5 through HSM8 were 

designated as CMG2. 

This space is intentionally blank. 
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Figure 5. Each HSM configuration was plotted on the FOCUS headform to illustrate the position 

of the weights. 

This space is intentionally blank. 
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The Gentex OPS-CORE Skull Mounting System (Figure 6A) was modified into a helmet 

mass simulation device (HMSD) following guidance from previous research by Madison (2019). 

This commercial product weighed approximately 0.54 kg and provided a custom fit and 

mounting platform for the study. The HSMD was designed to receive head-worn devices on the 

lateral rails (Figure 6B). The research team designed and fabricated a rail and weight system to 

produce the desired head-worn mass conditions (Figure 6B). These weights and CM conditions 

were verified by measurement on the USAARL IBPG mass properties instrument (MPI) machine 

prior to data collections. Preliminary fit trials onto the ATD head revealed that the retention 

system of the HSMD would not securely couple the headform. The HMSD retention system was 

consequently augmented with five hose clamps (nose, chin, forehead, nape, and crown) to 

securely couple the burdened HSMD to the headform during high-G exposures (Figure 7). 

Before the HMSD was donned for a test, all hose clamps and adjustment dials were loosened 

before fitting to allow the material to relax before readjustment and fitting. The three adjustment 

dials of the HMSD were tightened to establish the HMSD placement on the headform and 

provide proper alignment and positioning of the rails (Figure 6A). The nose and chin hose 

clamps were slipped into place and tightened to remove as much slack as possible without 

impacting the HMSD positioning. The triangular bracket and weights were attached to the rail at 

the specified locations for the desired configuration. The crown and aft hose clamps were 

fastened over the triangular bracket at the most posterior screw on the rail. The crown, forehead, 

and nape hose clamps were tightened to remove slack. To minimize inertial motion of the 

triangular bracket during accelerative testing, zip ties were used to secure the triangular bracket 

to the nose hose clamp. The FARO was used to confirm the rail positioning was within the 

desired criteria (± 2 degrees from the Frankfurt plane) on the left and right sides. Lastly, the 

crown, forehead, and nape hose clamps were tightened to the required torques: 3-pound force 

(lbf), 1.5-lbf, and 1-lbf, respectively.  

This space is intentionally blank. 
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Figure 6. The lateral view of the Gentex OPS-CORE Skull Mounting System used to affix 

different mass configurations onto the head (A). The isometric view of the Gentex OPS-CORE 

Skull Mounting System with HMSD modification and weights mounted on USAARL’s 

headform for MPI measurements (B). 

This space is intentionally blank. 
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Figure 7. The research team used zip ties (orange) fastened between the triangular bracket and 

the nose hose clamp to minimize movement of the triangular bracket and mass relative to the 

FOCUS headform during vertical acceleration. 

This space is intentionally blank. 
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All sensor data (e.g., force data, angular rate, and acceleration data) were collected at a 

minimum of 200,000 samples per second using a Synergy 8 data acquisition system (Hi-

Techniques, Madison, WI). The impact event and overall response were documented using 

multiple digital high-speed video cameras at a minimum recording rate of 2000 frames per 

second. All sensor data acquisition and high-speed video documentation were synchronized 

using a common trigger signal initiated by carriage motion.  

Data acquisition and reduction complied with the Society of Automotive Engineers 

International (SAE) J211-1, as applicable (SAE, 2007). The engineering data (e.g., acceleration, 

angular rate, load, displacement) collected during this study were used by researchers to assess 

neck responses against the existing HSM Acute Neck Injury Risk Curve. Instrumentation 

responses and videos were examined by the researchers to divide the event into two phases: the 

“thrust” phase and the “flail” phase. The thrust phase was identified as occurring between 0 and 

75 milliseconds (ms) and the flail phase occurred between 76 and 180 ms. The thrust phase is 

considered to be the most important with respect to HSM effects due to application of seat 

displacement accelerations onto the seated occupant and therefore reported in the Result section 

and Appendix A. The flail phase generally represented the inertial rebound of the ATD, and 

results of this phase are reported in Appendix B. For both phases, the critical measurements 

included the cervical axial and anterior/posterior shear forces, and flexion/extension moment at 

both the upper neck load cell (UNLC) and lower neck load cell (LNLC) locations. The maximum 

peaks for these critical measurements in both phases were identified and tabulated.  

The Neck Injury Criteria (Nij) and Beam Criteria (BC) were calculated at the thrust and 

flail phase (Equations 1 and 2) (Mertz & Prasad, 2000; Bass et al., 2006). The critical values 

used for each calculation are noted in Table 3 and 4. The Nij and BC required the raw UNLC and 

LNLC force channels to be separately filtered at CFC600. The Nij uses forces and moments 

calculated at the occipital condyles (OC), while the BC uses forces and moments calculated at 

the first thoracic vertebra (T1), therefore, the UNLC and LNLC signals were transformed to the 

OC and T1, respectively. The Nij and BC were calculated with the instantaneous measure at each 

time increment and the maximum reported. A Nij and BC of less than one indicates no injury.  

𝑁𝑖𝑗 =  
𝐹𝑧

𝐹𝑧𝑐
+  

𝑀𝑦

𝑀𝑦𝑐
(1) 

𝐵𝐶 =  
𝐹𝑧

𝐹𝑧𝑐
+

𝑀𝑦

𝑀𝑦𝑐
(2) 

Where: 

Fz is the measured load in the z-axis direction 

Fzc is the critical load value for z-axis direction 

My is the measured moment about the y-axis 

Myc is the critical moment value about the y-axis 

Note that different critical values are used for force depending on the axial load being 

tension or compression, and different critical values for the y-axis moment being in flexion or 

extension. 
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Table 3. Critical Intercepts for the Nij Calculation at the UNLC Adapted From Mertz and Prasad 

(2000) 

Measure Critical Values 

Fzc (Tension) 6806 N 

Fzc (Compression) 6160 N 

Myc (Extension) 310 Nm 

Myc (Flexion) 135 Nm 

Table 4. Critical Intercepts for the BC Adapted From Bass et al., 2006 

Measure Critical Values 

Fz (Tension) 5660 N 

Fzc (Compression) 5430 N 

Myc (Extension) * 

Myc (Flexion) 141 Nm 
*The BC critical value is not defined for Myc (Extension). Only tension and flexion were chosen

because they were the predominant injury mechanism during the PMHS tests to develop the

Beam Criterion (Bass et al., 2006), therefore the extension component was ignored.

The test results were separated into thrust and flail phases. The CMG had three levels: 

zero-moment (CMG0, the HSM0 configuration), the initial constant moment curve (CMG1) that 

included HSM1 through HSM4 configurations, and the 20% increase moment curve (CMG2) 

that included HSM5 through HSM8 configurations (Figure 4). Upper neck and lower neck 

parameters Fx, Fz, My, and injury criteria were averaged and tabulated with their respective 

standard deviations (StD) for the thrust and flail phases. HSM configuration pairs selected with 

constant mass (Figure 8) and constant vertical offset (Figure 9) were grouped with red ovals. 

Percent change between the selected pairs within the ovals were calculated. 

This space is intentionally blank. 
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Figure 8. The constant mass pairs are indicated by the red ovals. 

This space is intentionally blank. 
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Figure 9. The vertical offset pairs are indicated by the red ovals. 

One-way analyses of variance (ANOVAs) were computed for the BC, My, Fz, and Fx for 

the CMG during the thrust and flail phases. Post-hoc Tukey’s Honest Significant Difference 

analyses were evaluated for any significant result in the independent condition variables of the 

HSM configuration or CMG. The total mass of the head and neck acting on the LNLC, LNLCx 

offset, LNLCz offset, and radial offset were tabulated. Radial offset was calculated with 

Equation 3. Linear regression was performed to determine if the total mass or the change in 

offsets were significant predictors in LNLC My, Fz, or Fx in both the thrust and flail phases. A 

linear regression trendline for each independent and dependent variable combination was 

performed. Additionally, data were sorted by decreasing radial offset to examine the maximum 

values of parameters. 

𝑅𝑎𝑑𝑖𝑎𝑙 𝑜𝑓𝑓𝑠𝑒𝑡 =  √𝐿𝑁𝐿𝐶𝑥2 + 𝐿𝑁𝐿𝐶𝑧2 (3)
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Results 

The averaged results of the peak measurements from the conducted tests are tabulated in 

Appendix A. Only results from the thrust phase are presented and discussed as they are most 

influenced by the HSM and the focus of this effort. Results from the flail phase are included in 

Appendix B. 

Upper and lower neck parameters Fx, Fz, and My were averaged and tabulated with their 

respective StD for each HSM test condition (three tests per HSM condition) in the thrust phase 

(Appendix Table A1 and A2). The CMG0, CMG1, and CMG2 are shaded gray, yellow, and 

blue, respectively. The maximum value for each parameter is indicated by bold red font. The Nij 

calculated with the UNLC data for all HSM conditions in the thrust phase was less than 1, 

indicating no injury (Table 5). The BC calculated with the LNLC data for all HSM conditions in 

the thrust phase was less than 1, indicating no injury (Table 6).   

Table 5. Averaged Comparison of Nij Data for CMG0, CMG1, and CMG2 Conditions for the 

Thrust Phase 

HSM 

Condition 
Nij StD 

HSM0 0.806 0.01 

HSM1 0.912 0.006 

HSM2 0.900 0.004 

HSM3 0.876 0.013 

HSM4 0.836 0.008 

HSM5 0.922 0.034 

HSM6 0.888 0.049 

HSM7 0.878 0.013 

HSM8 0.869 0.022 

Note 1. Largest Nij value of the thrust phase is in bold red font. 

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

This space is intentionally blank. 
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Table 6. Averaged Comparison of BC Data for CMG0, CMG1, and CMG2 Conditions for the 

Thrust Phase 

HSM 

Condition 
BC StD 

HSM0 0.398 0.062 

HSM1 0.658 0.054 

HSM2 0.530 0.044 

HSM3 0.615 0.025 

HSM4 0.453 0.043 

HSM5 0.659 0.068 

HSM6 0.454 0.034 

HSM7 0.489 0.048 

HSM8 0.423 0.039 

Note 1. Largest BC value of the thrust phase is in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

To compare the Nij and BC results between the three CMGs, the averages for each group 

were tabulated along with the change between groups (Table 7). An ANOVA determined that 

CMG was a statistically significant factor influencing the Nij value. Tukey tests were used to 

calculate the significance of each CMG comparison. The average Nij was 9% higher in the 

CMG1 condition versus the CMG0 condition (p = 0.003), and 10% higher in the CMG2 

condition versus CMG0 (p = 0.001). However, there was only a 1% difference in the average Nij 

between CMG2 and CMG1, which was not significant (p = 0.801). For the LNLC, the ANOVA 

determined that CMG was a statistically significant factor influencing the BC values. Tukey tests 

determined significance of each CMG comparison. The average BC was 40% higher in the 

CMG1 condition versus the CMG0 condition (p = 0.032), and 28% higher in the CMG2 

condition versus the CMG0 condition (p = 0.156). However, there was a -9% difference in the 

average BC between the CMG1 and CMG2 conditions that was not significant.  

Table 7. Average Nij and BC, Standard Deviation (StD), Percent Change, and Tukey Test 

Results for All CMGs in the Thrust Phase 

CMG Condition 
Nij from UNLC BC from LNLC 

Average StD Average StD 

CMG0 0.81 0.01 0.40 0.05 

CMG1 0.88 0.03 0.56 0.09 

CMG2 0.89 0.03 0.51 0.10 

CMG Condition 

Comparison 
% Change 

Tukey Test 

(p-value) 
% Change 

Tukey Test 

(p-value) 

CMG1 to CMG0 9% 0.003 40% 0.032 

CMG2 to CMG0 10% 0.001 28% 0.156 

CMG2 to CMG1 1% 0.801 -9% 0.156 
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The individual components used to predict upper neck injury (UNLC My, Fz, and Fx) 

were further analyzed. In the thrust phase, the ANOVA followed by a post-hoc Tukey test 

revealed that the UNLC My, Fz, and Fx of the CMG1 and CMG2 conditions were statistically 

higher in magnitude than the CMG0 condition (p < 0.05), but not statistically different between 

the CMG1 and CMG2 conditions (Table 8). Differences between CMG0 and the added constant 

mass moment groups increased in magnitude by over 19% for all UNLC measures of interest. 

Differences between CMG1 and CMG2 were within 10% for all UNLC measures of interest.  

Table 8. Average, StD, and % Change in Peak UNLC My, Fz, and Fx for All CMG in the Thrust 

Phase 

CMG Condition 
My (N-m) Fz (N) Fx (N) 

Avg StD Avg StD Avg StD 

CMG0 17.32 0.50 -1182.25 70.47 352.22 3.75 

CMG1 23.75 1.09 -1644.46 99.44 419.37 3.97 

CMG2 25.80 2.40 -1621.14 115.24 430.53 5.87 

CMG Condition 

Comparison 
% Change p-value % Change p-value % Change p-value

CMG1 to CMG0 37% ˂0.001 -39% ˂0.001 19% 0.003 

CMG2 to CMG0 49% ˂0.001 -37% 0.001 22% ˂0.001 

CMG2 to CMG1 9% 0.032 1% 0.863 3% 0.451 

The individual components, used to predict lower neck injury (peak LNLC My, Fz, and 

Fx) were further analyzed. In the thrust phase, the ANOVA followed by a post-hoc Tukey test 

revealed that the peak LNLC My, Fz, and Fx of CMG1 and CMG2 were statistically higher in 

magnitude than the CMG0 condition (α = 0.05), but not statistically different between CMG1 

and CMG2 (Table 9). Differences between CMG0 and the added constant mass moment groups 

increased in magnitude by over 19% for all peak LNLC measures of interest. Differences 

between CMG1 and CMG2 were within 2% for all peak LNLC measures of interest.  

Table 9. Average, StD, and % Change in Peak LNLC My, Fz, and Fx for All CMG in the Thrust 

Phase 

CMG Condition 
My (N-m) Fz (N) Fx (N) 

Avg StD Avg StD Avg StD 

CMG0 92.75 2.43 -1868.48 108.24 308.29 5.15 

CMG1 123.49 4.54 -2249.48 109.42 425.75 33.18 

CMG2 123.27 8.20 -2218.26 142.38 429.61 27.35 

CMG Condition 

Comparison 
% Change p-value % Change p-value % Change p-value

CMG1 to CMG0 33% ˂0.001 -20% ˂0.001 38% ˂0.001 

CMG2 to CMG0 33% ˂0.001 -19% 0.001 39% ˂0.001 

CMG2 to CMG1 0% 0.997 1% 0.835 1% 0.621 
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The percent changes of the selected constant mass pairs for the UNLC and LNLC data 

were calculated (Table 10 and 11). A red font indicates a percent difference above ± 10% to help 

highlight any trends in the comparisons. Initial looks showed that the HSM4 and HSM8 

comparison had the largest differences in the UNLC data during the flail phase. Significant 

differences (p < 0.05) between HSM configurations are indicated with an asterisk.  

Table 10. Percent Differences of Constant Mass Pairs for UNLC Data 

Parameter HSM1 & HSM5 HSM2 & HSM6 HSM3 & HSM7 HSM4 & HSM8 

Thrust Fx -6.0% 6.0% 11.1% -0.1%

Thrust Fz -2.3% 2.4% 3.1% 2.8%

Thrust My -0.5% 13.2% 20.1% 2.2%

Nij Thrust Max 1.1% -1.3% 0.3% 3.9% 
Note. Percent differences larger than ± 10% are in bold red font. 

Table 11. Percent Differences of Constant Mass Pairs for LNLC Data 

Parameter HSM1 & HSM5 HSM2 & HSM6 HSM3 & HSM7 HSM4 & HSM8 

Thrust Fx -10.5%* 3.0% 12.4%* 0.8% 

Thrust Fz -2.6% -2.3% 3.6% 7.0% 

Thrust My 2.6% 1.6% -5.8% 0.7% 

BC Thrust Max 0.1% -14.3% -20.5% -6.6%
Note. Percent differences larger than ± 10% are in bold red font. 
*Statistically significant difference with p-value < 0.05

The percent changes of the selected vertical pairs for the UNLC and LNLC were 

calculated (Table 12 and 13). A bold font indicates a percent difference above ± 10%. Initial 

looks showed that the HSM3 and HSM6 comparison as well as the HSM4 and HSM7 

comparison had the largest differences in the UNLC data during the thrust phase.  

Table 12. Percent Changes of Similar Vertical Offset Pairs for UNLC Data 

Parameter HSM2 & HSM5 HSM3 & HSM6 HSM4 & HSM7 

Thrust Fx -9.1% 14.6%* 3.4% 

Thrust Fz -0.9% -5.9% -2.3%

Thrust My 2.8% 11.8% 15.2%

Nij Thrust Max 2.4% 1.4% 5.1% 
Note. Percent differences larger than ± 10% are in bold red font. 
*Statistically significant difference with p-value < 0.05
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Table 13. Percent Changes of Vertical Offset Pairs for LNLC Data 

Parameter HSM2 & HSM5 HSM3 & HSM6 HSM4 & HSM7 

Thrust Fx -2.1% 11.1% 14.9%* 

Thrust Fz -0.5% -7.7% 5.6% 

Thrust My 6.5% 3.3% -2.6%

BC Thrust Max 24.3% -26.2% 8.0% 
Note. Percent differences larger than ± 10% are in bold red font. 
*Statistically significant difference with p-value < 0.05

Although no statistical differences were observed between the two constant moment 

groups (29.8 kilogram-centimeters [kg-cm] versus 35.8 kg-cm), linear regression analysis was 

performed to determine if the added mass or the change in LNLC offset were significant 

predictors in LNLC My, Fz, or Fx in the thrust or flail phases. Initial linear regression results 

produced statistically significant models but yielded high collinearity between the LNLCx and 

LNLCz offset (Appendix Figure A1 to A4 and Appendix Figure B1 to B2). The total mass of the 

head and neck and radial LNLC offset were calculated for the linear regression models (Table 

14). Additionally, data were filtered by decreasing radial LNLC offset to examine the maximum 

values of parameters (Table 15 and 16). None of the maximum parameter values were in HSM8, 

which had the largest radial LNLC offset. 

Table 14. Calculated Radial Offset From the LNLC 

HSM 

Condition 

Total Mass at 

LNLC (kg) 

LNLCx Offset 

(cm) 

LNLCz Offset 

(cm) 

Radial LNLC 

Offset (cm) 

HSM0 7.35 8.24 25.21 26.52 

HSM1 10.26 9.85 23.39 25.38 

HSM2 9.86 10.30 25.11 27.14 

HSM3 9.46 11.51 27.33 29.66 

HSM4 9.07 12.35 30.25 32.68 

HSM5 10.26 9.82 24.79 26.67 

HSM6 9.86 10.24 26.77 28.66 

HSM7 9.46 11.54 30.02 32.16 

HSM8 9.07 12.14 34.57 36.64 

This space is intentionally blank. 
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Table 15. Averaged Nij Data for HSM Configurations Listed from Largest to Smallest Radial 

LNLC Offset for the Thrust Phase 

HSM 

Condition 

Radial 

LNLC offset 

(cm) 

Nij StD 

HSM8 10.14 0.869 0.022 

HSM4 6.50 0.876 0.013 

HSM7 5.83 0.878 0.013 

HSM3 3.89 0.878 0.013 

HSM6 2.54 0.888 0.049 

HSM1 2.43 0.912 0.006 

HSM2 2.06 0.900 0.004 

HSM5 1.63 0.922 0.034 

HSM0 0 0.806 0.010 
Note 1. Largest values of each parameter are in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

Table 16. Averaged BC Data for HSM Configurations Listed from Largest to Smallest Radial 

LNLC offset for the Thrust Phase 

HSM 

Condition 

Radial 

LNLC offset 

(cm) 

BC StD 

HSM8 10.14 0.423 0.039 

HSM4 6.50 0.453 0.043 

HSM7 5.83 0.489 0.048 

HSM3 3.89 0.615 0.025 

HSM6 2.54 0.454 0.034 

HSM1 2.43 0.658 0.054 

HSM2 2.06 0.530 0.044 

HSM5 1.63 0.659 0.068 

HSM0 0 0.398 0.922 
Note 1. Largest values of each parameter are in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

This space is intentionally blank. 
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The thrust phase LNLC My model was found to have the highest R2 value (0.851), 

followed by the LNLC Fx (0.785), and the LNLC Fz (0.585). The total mass and radial LNLC 

offset coefficients were found to be statistically significant with p-values less than 0.001. In all 

three models, the total mass coefficient was statistically significant (p < 0.001) whereas the radial 

LNLC offset was not (p > 0.05) (Table 17).  

Table 17. Thrust Phase Linear Regression Model Results for the Dependent Variables 

Thrust 

Phase 

LNLC My 
(R2 = 0.851; p-value < 0.001) 

LNLC Fz 
(R2 = 0.585; p-value < 0.001) 

LNLC Fx 
(R2 = 0.785; p-value < 0.001) 

Coefficient p-value Coefficient p-value Coefficient p-value

Constant -8.196 0.564 -825.141 0.026 -88.310 0.215 

Total 

Mass 
12.806 <0.001 -153.311 <0.001 50.498 <0.001 

Radial 

LNLC 

Offset 

0.262 0.333 2.503 0.706 0.941 0.479 

The R2s for each independent and dependent variable were generated to illustrate the 

relationship between variables in both phases (Table 18). Scatter plots and linear regression 

equations are reported in Figures A1 - A6. The independent variable of total mass had the largest 

R2 for all three dependent variables in comparison to LNLCx, LNLCz, and radial LNLC offset 

for the thrust phase. For the thrust phase, resulting R2s for total mass regression models were 

0.94 for LNLC My, 0.81 for Fz, and 0.84 for Fx indicating moderate to high correlation. The rest 

of the thrust regression models for the thrust phase yielded R2s that were less than 0.1, indicating 

a weak relationship.  

Table 18. The R2 of Each Independent and Dependent Variable for the Thrust Phases 

Output 

Variable 

Thrust 

LNLC My LNLC Fz LNLC Fx 

Total Mass 0.94 0.81 0.84 

LNLCx

Offset 
0.09 0.04 0.07 

LNLCz 

Offset 
0.02 0.07 0.02 

Radial 

LNLC 

Offset 

0.01 0.05 0.01 

Note. Strong correlations are in bold red font. 

This space is intentionally blank. 
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Discussion 

The original USAARL HSM Acute Neck Injury Risk Curve was based on theoretical 

Newtonian mechanics to estimate the inertial forces and moments at the occupant’s C7/T1 

juncture when exposed to the combined Gx and Gz crash impact accelerations. A critical 

parameter used in the development of the USAARL Curve was the magnitude and direction of 

the acceleration condition. The decision was made to use the acceleration levels from MIL-S-

58095A, the standard for crashworthy pilot seats for helicopter aircrew. Another decision was to 

apply a 1.5 magnification factor to the acceleration level to account for dynamic overshoot of the 

occupant, which was determined by reviewing dynamic sled test reports on seat performance 

conducted by other DoD agencies and contractors. The final and most critical decision was the 

selection of a currently fielded (at that time) Army aircrew helmet used as a data point to serve as 

a foundation of the constant mass-moment curve. The helmet configuration selected was the 

Sound Protective Helmet #4 (SPH-4) configured with the helmet-mounted sighting and tracking 

system used in the AH-1 Cobra attack helicopter. This Army rotary-wing aviator helmet 

configuration represented the heaviest configuration and had the highest CM location that was 

authorized for use at that time. That configuration established the point used to anchor the 

constant mass moment curve about the anatomical C7/T1 level.   

This research project was designed to challenge the assumptions made in developing the 

USAARL Curve by conducting whole-body acceleration tests in the Gx, Gz, and the combined 

Gxz conditions of MIL-S-58095A. Only results of the USAARL Gz tests are presented and 

discussed as the USN test data for the Gx, and Gxz dynamic tests were delivered to USAARL at 

the end of the period of performance and have not been analyzed. 

The CMG0 exposures represent a baseline reference of ATD responses without any 

added HSM. Two experimental CMGs were evaluated, with each group made up of four 

different HSM configurations. From the USAARL Acute HSM Curve that represents a 29.8 kg-

cm constant moment, the curve was extrapolated by extending it above the 58 millimeter CM 

location cutoff and 2.5 kg mass cutoff and four discrete target masses were selected for the 

experiment. The selected target masses were 1.7, 2.1, 2.5. and 2.9 kg, and the respective vertical 

CM positions were determined by the USAARL Acute HSM Curve. Together, these four HSM 

conditions (HSM1 - HSM4) represented CMG1. The second experimental CMG was based on a 

20% increase of the constant moment to 35.8 kg-cm. The same four target masses were used to 

determine the vertical CM locations of four new HSM conditions (HSM5 - HSM8) and represent 

CMG2. The test results and analysis indicated that both CMG1 and CMG2 upper neck and lower 

neck data are significantly different (higher) from the un-helmeted baseline condition (CMG0). 

But the upper and lower neck data between CMG1 and CMG2 were not significantly different.  

This space is intentionally blank. 
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This finding was unexpected as we anticipated a 20% increase in the constant moment 

condition would result in consistent detectable differences in the transmitted neck loads. We 

believe this result was an artifact of the pure Gz test exposure applied, compounded by the 

vertical stiffness of the Hybrid III type ATD. While the ATD configuration had been modified 

with an FAA lumbar spine for general aviation seat crash tests, it sits in a more upright posture 

and is less susceptible to forward flail in the pure vertical loading condition. Additionally, the 

Hybrid III ATD torso is constructed with a rigid thoracic spine and the HIII neck was designed 

to be responsive to frontal car crash impacts, not vertical loadings. So, it is probable that the 

ATD upper torso’s poor response to vertical impact accelerations contributed to poor sensor 

sensitivity to experimental variations in HSM conditions.   

The experimental design of the HSM test conditions also provides opportunity for 

investigation of the individual effect of mass and vertical CM offset. This is illustrated in Figures 

8 and 9 where HSM conditions are paired together by constant mass (Figure 8) or similar vertical 

CM offset (Figure 9). Four constant mass pairs exist such that each pair has the same mass 

configured on the HMSD, but at different vertical CM locations. The difference in mass between 

pairs was 0.4 kg. The intent for this design was to demonstrate a vertical CM effect by revealing 

the measured neck response change within each mass pair as the CMz offset position increased 

and to illustrate the consistency of neck response change across the mass pairs. The second 

opportunity paired the HSM configurations with similar CMz offset positions but with masses 

that were different by 0.4 kg. The intent for these pairings was the same as for the mass pairs, to 

reveal changes in the measured neck response associated with changing mass and to determine if 

the pattern was consistent across the pairs. Unfortunately, for both grouping pairs, the neck 

response measurement results are mixed and inconsistent (Tables 9 through 12). As discussed 

above, the inability to detect the influence of HSM variations on the HIII ATD’s neck load cells 

may be attributed to the ATDs’ rigidity in the vertical loading direction.   

The mean Nij values calculated from the UNLC for each HSM condition were all within 

the Nij acceptance threshold by being less than a value of 1.0. As a baseline condition, the un-

helmeted condition HSM0 resulted with a mean Nij value of 0.806 with a standard deviation of 

0.01. For the helmeted conditions, HSM4 (1.7 kg, CMG1) resulted in the lowest mean Nij score 

of 0.836 while HSM5 (2.9 kg, CMG2) resulted in the highest mean Nij score of 0.922. Within 

each CMG, the Nij value increases with increasing head-borne mass condition. However, this Nij 

trend with head-borne mass may only be applicable to the pure Gz acceleration condition, and 

not the Gx or combined Gxz acceleration conditions.  

The mean BC values calculated from the LNLC for each HSM condition were all within 

the BC acceptance threshold by being less than a value of 1.0. As a baseline condition, the un-

helmeted condition, HSM0, resulted with a mean BC value of 0.398 and a standard deviation of 

0.062. For the helmeted conditions, the largest and smallest BC values are both from CMG2 with 

HSM5 (2.9 kg, lowest CMz offset) being the highest BC value at 0.659 and HSM8 (1.7 kg, 

highest CMz offset) being the lowest BC value at 0.423. No consistent trend for the BC value is 

evident. 
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The FAA-HIII lumbar spine was designed for vertical accelerative loading; however, the 

neck was designed predominantly for Gx impact events. The HIII neck of the FAA-HIII was 

designed to flail in the automotive Gx frontal loading condition. In the Gz environment, its 

biofidelity is not validated and may mask the effects of HSM and location. Additionally, the 

straight lumbar spine positions the ATD in a more erect seating posture; therefore, the CM is 

located closer to the spinal axis, which likely resulted in dampened HSM effects. As a result, it is 

likely that the effects of HSM were underestimated in this study for the Gz environment. 

However, the data collected by the USN in the Gx and Gxz
 should be analyzed to examine the 

effects that HSM and location has on acute neck injury risk with the HIII neck. 

The CM differences in the eight HSM configurations tested in this study may not have 

been large enough for the HIII neck to respond differently to the CMGs. The biological tissue of 

a PMHS would have different kinematic responses than the stiffer mechanical components of the 

ATD. The USAARL HSM Acute Injury Risk Curve assumes that neck injury risk is related to 

the mass moment placed upon the C7/T1 juncture (McEntire & Shanahan, 1996). The curves 

indicate that increasing the moment, whether via an increase in weight or an increase in CM 

offset, will increase the lower neck injury risk. The Nij indicated no injury for all HSM 

configurations. According to the resulting BC outcomes, both mass moment conditions, the 

CMG1 and CMG2 conditions were above 1, indicating an increased likelihood of injury. 

However, the BC assessment indicated that there was little difference between the CMG1 and 

CMG2 conditions even though the moment was increased by 20%. This was because there was 

no statistical difference between the CMG1 and CMG2 conditions for LNLC My or Fz. The BC 

was developed for combined horizontal and vertical impacts, not purely vertical. Additionally, 

the BC was not specifically developed for HSM. However, there are no other lower neck injury 

criteria recommended for the military environment to evaluate HSM (Rhodes et al., 2022). 

Because of the HIII neck stiff construction and lack of validation in vertical exposures, it was 

difficult to assess injury between different HSM configurations; therefore, it is recommended 

that this study be repeated with PMHS to verify injury risk with HSM and then validate injury 

metrics such as Nij and BC with matched-pair testing. 

A CM parameter not yet addressed is the HSM CM location along the x-axis (fore/aft 

direction). The x-axis CM locations for the eight test configurations were intentionally selected 

from the USAARL Performance Curve (McEntire & Shanahan, 1998). The four selected masses 

(1.7, 2.1, 2.5, and 2.9 kg) were applied to the USAARL Constant Moment Curve (105.6 N-cm) 

to determine the target location of the longitudinal CM position for the eight HSM test 

configurations. While the x-axis CM location was ignored in the development of the original 

USAARL Acute Neck Injury Curve as the focus was on the Gx and combined Gxz acceleration 

conditions, this parameter may be more critical in the Gz acceleration loading condition.   

This space is intentionally blank. 
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Further research is needed to assess how CM offset influences injury risk. Linear 

regression was used to determine the influence of the individual components that affect the mass 

moment and BC. In all models, the LNLCx and LNLCz offsets were determined to be correlated 

and inflated the variance within the model. As the LNLCx and LNLCz were both manipulated to 

create a constant mass moment over four HSM configurations, the strong correlation between the 

two offsets was anticipated and replaced in the regression models with the radial LNLC offset. 

After replacing the individual offset directions with a radial offset variable, the mass was still the 

only significant coefficient for all linear regression models. It is recommended that additional 

studies, including PMHS studies, be conducted while keeping the mass and either LNLCx or 

LNLCz constant to determine the effects of horizontal and vertical offset on injury risk. 

Finally, a related aspect of the USAARL HSM Acute Neck Injury Risk Curve that needs 

updating is the terminology of injury severity used to describe relatively safe and unsafe 

conditions, as related to head-worn mass and vertical distance from the tragion notch (Figure 1). 

While these terms (i.e., acceptable and severe) are descriptive, convey meaning, and have 

withstood the test of time, they are imprecise and inconsistent with current safety risk assessment 

conventions. This issue was not an objective of the present study, but is noted as a topic for 

further review.  

Conclusion 

While this assessment of the USAARL HSM Acute Neck Injury Risk Curve (McEntire & 

Shanahan, 1998) does not support changing the accepted injury risk threshold at this time, further 

research is indicated. Results indicate that HSM effects on the HIII neck are not substantially 

influenced under the Gz loading condition. Although it was found that mass had an influence on 

lower neck response and injury risk, further testing with PMHS is needed to confirm the risk of 

injury due to HSM and CM offset. Future ATD and PMHS studies are needed to determine how 

HSM and offset affect injury risk in vertical accelerative tests, including within the accepted risk 

area of the USAARL HSM Acute Neck Injury Risk Curve. An ATD neck that responds 

appropriately to accelerations when burdened with HSM should also be researched. Additionally, 

data collected from the USN Gx and Gxz horizontal sled tests should be analyzed to validate the 

USAARL HSM Acute Neck Injury Risk Curve.  
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Appendix A. Thrust Data 

Table A1. Averaged Comparison of UNLC Data for CMG1 and CMG2 Conditions for the Thrust 

Phase 

HSM 
Thrust Fx Thrust Fz Thrust My Nij Thrust 

N StD N StD N-m StD Nij StD 

HSM0 352.3 4.4 -1182.3 86.3 681.9 24.5 0.806 0.01 

HSM1 417.2 13.8 -1714.8 9.8 942.1 22.7 0.912 0.006 

HSM2 431.9 5.3 -1739.3 73.4 911.4 28.5 0.900 0.004 

HSM3 399.5 24.5 -1604.0 29.8 923.5 78.7 0.878 0.013 

HSM4 429.3 8.0 -1519.5 78.7 962.6 34.7 0.876 0.013 

HSM5 392.3 3.6 -1754.4 36.0 937.2 38.3 0.922 0.034 

HSM6 457.7 16.0 -1698.3 28.9 1032.4 125.0 0.888 0.049 

HSM7 443.5 10.2 -1555.1 37.8 1108.9 20.9 0.878 0.013 

HSM8 428.4 12.5 -1477.3 53.4 983.9 109.9 0.869 0.022 

Note 1. Largest values of the flail phase are in bold red font. 

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

Table A2. Averaged Comparison of LNLC Data for CMG1 and CMG2 Conditions for the Thrust 

Phase 

HSM 
Thrust Fx Thrust Fz  Thrust My BC Thrust 

N StD N StD N-m StD BC StD 

HSM0 308.3 6.2 -1868.7 132.6 3651.5 117.0 0.398 0.922 

HSM1 474.2 8.5 -2261.9 11.1 5081.2 107.6 0.658 0.054 

HSM2 433.3 5.8 -2307.7 62.3 4893.0 168.6 0.530 0.044 

HSM3 401.7 19.1 -2190.7 65.4 4813.4 100.5 0.615 0.025 

HSM4 393.2 9.3 -2237.0 230.0 4659.5 56.0 0.453 0.043 

HSM5 423.9 6.2 -2320.6 31.6 5212.0 121.4 0.659 0.068 

HSM6 446.2 33.8 -2360.7 137.4 4973.6 339.8 0.454 0.034 

HSM7 451.5 14.7 -2112.0 50.7 4536.3 287.8 0.489 0.048 

HSM8 396.3 15.1 -2080.0 86.7 4691.1 90.7 0.423 0.039 

Note 1. Largest values of the thrust phase are in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 
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Figure A1. Scatter plots of LNLC My versus (A) total mass, (B) LNLCx offset, (C) LNLCz offset, and (D) radial LNLC offset in the 

thrust phase were produced. 
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Figure A2. Scatter plots of LNLC Fz versus (A) total mass, (B) LNLCx offset, (C) LNLCz offset, and (D) radial LNLC offset in the 

thrust phase were produced. 
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Figure A3. Scatter plots of LNLC Fx versus (A) total mass, (B) LNLCx offset, (C) LNLCz offset, and (D) radial LNLC offset in the 

thrust phase were produced.  
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Figure A4. Scatter plots of LNLC Fx versus (A) total mass, (B) LNLCx offset, (C) LNLCz offset, and (D) radial LNLC offset in the 

thrust phase were produced. 
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Appendix B. Flail Data 

Table B1. Averaged Comparison of UNLC Data for CMG1 and CMG2 Conditions for the Flail 

Phase 

HSM 
Flail Fx Flail Fz Flail My Nij Flail 

N StD N StD N-m StD Nij StD 

HSM0 -437.3 17.3 405.2 9.8 1093.4 159.7 0.184 0.006 

HSM1 -675.7 19.1 818.5 10.7 1136.5 170.8 0.173 0.002 

HSM2 -612.1 5.3 721.1 10.7 1370.1 142.3 0.155 0.001 

HSM3 -597.4 33.8 689.9 33.8 1493.3 153.0 0.151 0.001 

HSM4 -613.4 22.2 857.2 157.0 2082.2 445.7 0.175 0.023 

HSM5 -627.2 17.8 763.8 67.2 1409.6 281.6 0.165 0.007 

HSM6 -653.0 18.7 935.9 149.9 1682.8 260.2 0.190 0.026 

HSM7 -619.6 15.6 713.9 23.1 1632.1 102.8 0.158 0.004 

HSM8 -487.5 10.7 622.3 12.9 1827.8 69.4 0.157 0.01 

Note 1. Largest values of the flail phase are in bold red font. 

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

Table B2. Averaged Comparison of LNLC Data for CMG1 and CMG2 Conditions for the Flail 

Phase 

HSM 
Flail Fx Flail Fz Flail My BC Flail 

N StD N StD N-m StD BC StD 

HSM0 -641.4 37.8 405.7 24.5 5684.8 241.5 0.437 0.862 

HSM1 -1180.6 13.3 451.5 13.8 8617.1 35.6 1.225 0.006 

HSM2 -1046.2 22.2 384.8 23.1 8527.2 196.6 1.219 0.021 

HSM3 -1036.9 17.8 405.7 17.8 8631.3 334.1 1.200 0.041 

HSM4 -1073.8 79.6 427.9 40.9 8258.6 447.0 1.225 0.012 

HSM5 -1084.0 79.2 392.3 21.8 7798.2 450.6 1.128 0.042 

HSM6 -1190.8 97.0 438.6 46.3 8255.5 774.4 1.237 0.047 

HSM7 -1034.7 38.3 383.4 39.6 8978.3 298.0 1.259 0.030 

HSM8 -871.0 5.3 277.6 9.3 7937.0 235.8 1.174 0.021 

Note 1. Largest values of the flail phase are in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 
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Table B3. Averaged Comparison of UNLC Data for CMG0, CMG1, and CMG2 Conditions for 

the Flail Phase 

HSM 

Condition 
Nij StD 

HSM0 0.184 0.006 

HSM1 0.173 0.002 

HSM2 0.155 0.001 

HSM3 0.151 0.001 

HSM4 0.175 0.023 

HSM5 0.165 0.007 

HSM6 0.190 0.026 

HSM7 0.158 0.004 

HSM8 0.157 0.01 

Note 1. Largest Nij value of the flail phase is in bold red font. 

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

Table B4. Averaged Comparison of LNLC Data for CMG0, CMG1, and CMG2 Conditions for 

the Flail Phase 

HSM 

Condition 
BC StD 

HSM0 0.437 0.862 

HSM1 1.225 0.006 

HSM2 1.219 0.021 

HSM3 1.200 0.041 

HSM4 1.225 0.012 

HSM5 1.128 0.042 

HSM6 1.237 0.047 

HSM7 1.259 0.030 

HSM8 1.174 0.021 

Note 1. Largest BC value of the flail phase is in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 
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Table B5. Percent Changes of Similar Vertical Offset Pairs for UNLC Data 

Parameter HSM2 & HSM5 HSM3 & HSM6 HSM4 & HSM7 

Thrust Fx -9.1% 14.6%* 3.4% 

Thrust Fz 0.9% 5.9% 2.3% 

Thrust My 2.8% 11.8% 15.2% 

Flail Fx 2.5% 9.3%* 1.0% 

Flail Fz 5.9% 35.7%* -16.7%

Flail My 2.9% 12.7% -21.6%

Nij Thrust Max 2.4% 1.4% 5.1% 

Nij Flail Max 6.4% 25.9% -9.7%
Note. Percent differences larger that ± 10% are in bold red font. 
*Statistically significant difference with p-value < 0.05

Table B6. Percent Changes of Vertical Offset Pairs for LNLC Data 

Parameter HSM2 & HSM5 HSM3 & HSM6 HSM4 & HSM7 

Thrust Fx -2.1% 11.1% 14.9%* 

Thrust Fz 0.5% 7.7% -5.6%

Thrust My 6.5% 3.3% -2.6%

Flail Fx 3.6% 14.8% -3.7%

Flail Fz 1.9% 8.1% -10.4%

Flail My -8.5% -4.4% 8.7%

BC Thrust Max 24.3% -26.2% 8.0% 

BC Flail Max -7.5% 3.0% 2.8% 

Note. Percent differences larger that ± 10% are in bold red font. 
*Statistically significant difference with p-value < 0.05
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Table B7. Average Nij, StD, and Percent Change for All CMGs in the Flail Phase 

CMG Condition Average StD 

CMG0 0.18 0.01 

CMG1 0.16 0.01 

CMG2 0.17 0.02 

CMG Condition 

Comparison 
% Change 

Tukey Test 

(p-value) 

CMG1 to CMG0 -11% NA* 

CMG2 to CMG0 -6% NA* 

CMG2 to CMG1 6% NA* 
*ANOVA was not significant.

Table B8. Average BC, StD, and Percent Difference for All CMGs in the Flail Phase 

CMG Condition Avg StD 

CMG0 0.89 0.02 

CMG1 1.22 0.02 

CMG2 1.20 0.06 

CMG Condition 

Comparison 
% Change 

Tukey Test 

(p-value) 

CMG1 to CMG0 37% 0.014 

CMG2 to CMG0 35% 0.044 

CMG2 to CMG1 -1% 0.488 

Table B9. Average, StD, and % Change in Peak UNLC My, Fz, and Fx for All CMG in the Flail 

Phase 

CMG Condition 
My (N-m) Fz (N) Fx (N) 

Avg StD Avg StD Avg StD 

CMG0 3.14 0.37 1801.68 35.39 -1944.92 63.65 

CMG1 4.36 1.17 3432.45 418.13 -2778.23 7.93 

CMG2 4.70 0.64 3376.31 590.46 -2655.00 14.77 

CMG Condition 

Comparison 
% Change p-value % Change p-value % Change p-value

CMG1 to CMG0 39% 

NA* 

91% <0.001 43% <0.001 

CMG2 to CMG0 50% 87% <0.001 37% <0.001 

CMG2 to CMG1 8% -2% 0.961 -4% 0.419 
*ANOVA was not significant.
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Table B10. Average, StD, and % Change in Peak LNLC My, Fz, and Fx for All CMG in the Flail 

Phase 

CMG Condition 
My (N-m) Fz (N) Fx (N) 

Avg StD Avg StD Avg StD 

CMG0 144.39 5.01 405.51 20.02 -641.29 31.05 

CMG1 24.42 0.82 417.45 32.66 -4823.75 15.04 

CMG2 23.65 1.74 373.06 64.67 -4649.35 28.57 

CMG Condition 

Comparison 
% Change p-value % Change p-value % Change p-value

CMG1 to CMG0 -83% <0.001 3% 

NA* 

652% <0.001 

CMG2 to CMG0 -84% <0.001 -8% 625% <0.001 

CMG2 to CMG1 -3% 0.375 -11% -4% 0.621 
*ANOVA was not significant.
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Figure B1. Scatter plots of LNLC My versus (A) total mass, (B) LNLCx offset, (C) LNLCz offset, and (D) radial LNLC offset in the 

flail phase were produced. 
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Figure B2. Scatter plots of LNLC Fz versus (A) total mass, (B) LNLCx offset, (C) LNLCz offset, and (D) radial LNLC offset in the 

flail phase were produced.
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Table B11. Averaged Nij Data for HSM Configurations Listed from Largest to Smallest Radial 

LNLC Offset for the Flail Phase 

HSM 

Condition 

Radial 

LNLC offset 

(cm) 

Nij StD 

HSM8 10.14 0.157 0.010 

HSM4 6.50 0.175 0.023 

HSM7 5.83 0.158 0.004 

HSM3 3.89 0.151 0.001 

HSM6 2.54 0.190 0.026 

HSM1 2.43 0.173 0.002 

HSM2 2.06 0.155 0.001 

HSM5 1.63 0.165 0.007 

HSM0 0 0.184 0.006 

Note 1. Largest values of each parameter are in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

This space is intentionally blank. 
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Table B12. Averaged BC Data for HSM Configurations Listed from Largest to Smallest Radial 

LNLC offset for the Flail Phase 

HSM 

Condition 

Radial 

LNLC offset 

(cm) 

BC StD 

HSM8 10.14 1.174 0.021 

HSM4 6.50 1.225 0.012 

HSM7 5.83 1.259 0.030 

HSM3 3.89 1.200 0.041 

HSM6 2.54 1.237 0.047 

HSM1 2.43 1.225 0.006 

HSM2 2.06 1.219 0.021 

HSM5 1.63 1.128 0.042 

HSM0 0 0.437 0.862 

Note 1. Largest values of each parameter are in bold red font.  

Note 2. CMG0 (HSM0) is shaded gray. CMG1 (HSM1 through HSM4) and CMG2 (HSM5 through HSM8) 

are shaded yellow and blue, respectively. 

Table B13. Flail Phase Linear Regression Model Results for the Dependent Variables 

Flail 

Phase 

LNLC My 
(R2 = 0.692; p-value < 0.001) 

LNLC Fz 
(R2 = 0.390; p-value = 0.003) 

LNLC Fx 
(R2 = 0.768; p-value < 0.001) 

Coefficient p-value Coefficient p-value Coefficient p-value

Constant -10.678 0.038 635.215 <0.001 2734.328 0.022 

Total 

Mass 
2.698 <0.001 3.966 0.702 -769.095 <0.001 

Radial 

LNLC 

Offset 

0.287 0.005 -9.360 <0.001 -0.942 0.965 

Table B14. The R2 of Each Independent and Dependent Variables for Thrust and Flail Phases 

Output 

Variable 

Flail 

LNLC My LNLC Fz LNLC Fx 

Total Mass 0.64 0.04 0.83 

LNLCx

Offset 
0.43 0.14 0.09 

LNLCz 

Offset 
0.03 0.52 0.05 

Radial 

LNLC 

Offset 

0.05 0.48 0.02 

Note. Strong correlations are in bold red font. 
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