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ABSTRACT 

Whole-body vibration (WBV) has been identified as a stressor to supine patients 

with head and spinal injuries during medical transportation.  Limited information is 

available on the dynamic effects of the long spinal board and stretcher in vibrating 

environments.  This is the first study to investigate the transmission of vibration through 

the long spinal board, military stretcher, and supine human in relation to a control case 

with full-rigid support. A sample of eight healthy male participants was used in this 

study.  Each was placed on a vibration platform using spinal immobilization.  Random 

vibration was applied in the fore-aft, lateral, and vertical directions, and the transmission 

of vibration was computed for the head, sternum, and pelvis.  In addition, a novel 

approach to assess relative motion between segments, called relative transmissibility, was 

introduced. Compared to full-rigid support, the long spinal board strapped to a standard 

military litter system showed a 50% increase in transmission of anterior-posterior 

vibration to the head and a 100% increase to the sternum at its resonance frequency of 5 

Hz (p < 0.05, Wilcoxon) for vertical vibration.  Use of the cervical collar during 

immobilization increased the head nodding and the relative head-sternum flexion-

extension as a result of the input fore-aft (axial) whole-body vibration.  Yet, head 

nodding was reduced from vertical (anterior-posterior) input vibration.  Relative 

transmissibility has revealed that at 5 Hz, the acceleration difference between the head 

and sternum was 1.5 times the vertical (anterior-posterior) input acceleration using the 

spinal board upon the military litter.  During air, ground, and hand transportation, WBV 

may occur around 5 Hz.  Patients with head and spinal cord injuries may benefit from 

vibration-suppression designs that minimize (1) the overall transmission of vibration in 
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each axis and (2) the relative accelerations between segments for the most common 

vibration frequencies that occur during transportation. Furthermore, vibration applied in 

each axis independently showed transmissibility results comparable to that of 

simultaneous stimuli in three axes.  Although the effects of vibration are quantified in this 

study, transient shock type vibration should be investigated and future research should be 

done to fully understand the clinical significance and application of these results. 
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CHAPTER I 

INTRODUCTION 

Motivation 

In the U.S., there are an estimated 12,000 – 20,000 new spinal cord injuries each 

year [1-2], with approximately 20% of deaths and 25% of cases exacerbated prior to 

arrival at the hospital [1-3]. The estimated direct cost of spinal cord injuries exceeds $7 

billion in one year [4].  Patients may also be affected by other factors during pre-hospital 

transportation such as a lack of oxygen at high altitude, temperature shifts, vibration, 

noise, and g-forces [5].   It is apparent that pre-hospital transportation is a critical period 

for patients for both civilian and military medical teams, yet healthcare on the battlefield 

presents some of the most dangerous and controversial methods in providing aid for 

combat casualties.  Advancements in armor and current war tactics have changed the 

pattern of injury; current research has revealed that a larger proportion of head and neck 

injuries are emerging with most due to an explosive mechanism [6].   Within this harsh 

environment, the effects of whole-body vibration on patient transportation remains 

relatively understudied.  Subjective reports have indicated a variety of complications 

from vibration such as bleeding [7] and difficulty monitoring patients [7, 8].    

Background 

Stretchers and Litters 

During conflict and warfare, injured soldiers must be transported to a location 

where they can receive medical care.  The military litter or stretcher may be used to help 

carry a casualty using two or four soldiers.  This device mainly consists of two parallel 

poles with a fabric connecting them.  As early as the Roman Empire, the litter concept 

was implemented to transport injured soldiers [9].  Figure 1-1 displays use of the litter 

during the Civil War and Figure 1-2 depicts a modern military litter that can be folded 
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into a much smaller size for easy storage.  Interestingly, basic litter design concepts have 

not changed much since the Civil War [10]. 

Spinal Immobilization 

Prior to evacuation, at the discretion of the medical team, spinal immobilization 

may be used.  The goal of spinal immobilization is to constrain the injured person such 

that no further harm may be done while transporting the individual to more definitive 

care.  First, the patient is placed onto a long spinal board and constrained.  The spinal 

board is a device to provide rigid support and reduce movement of the patient.   A 

cervical collar may also be recommended and fitted before securing the head.  Following 

that, the patient constrained to the spinal board is transferred to the litter for ease in 

transportation.  Two additional straps attach the patient and spinal board to the litter. 

Figure 1-3 illustrates the basic steps in mobilizing the casualty.  For more details refer to 

the spinal immobilization section in Appendix A. 

Vibration in Transportation 

The phases of medical evacuation can be characterized by ground, vehicle, and 

aerial transport [11], and whole-body vibration exists in all of these modes.  A study [12] 

on off-road ambulance and hand transportation showed the largest un-weighted average 

accelerations—1.87 and 1.46 m/s2, respectively. In addition, helicopter and ambulance 

accelerations have been recorded in medical transportation [13]. Due to the lack of safety 

standards pertaining to supine vibration, whole-body vibration exposure has been studied 

using ISO standards for hand transport, ground vehicle transport, and aerial methods 

relating to a mountain rescue operation, even though these standards apply mainly to 

seated vibration. 
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Supine Human Vibration    

Huang and Griffin [14] observed the apparent mass for the semi-supine human 

body during vertical and longitudinal dual-axis vibration, the apparent mass during 

longitudinal and horizontal vibration [15], and the apparent mass and transmissibility 

during vertical vibration for the semi-supine, full supine, and constrained supine postures 

[16].  Specific to spinal immobilization, Perry et al. [17] reported relative neck motions 

associated with horizontal vibration; the neck motion was deemed clinically significant 

by a neuroscientist for a potential contribution to spinal cord injury. In civilian 

applications, the use of a cervical collar is recommended during spinal immobilization 

[18-19]. 

Multi-Axis Vibration 

In designing vibration-suppression systems, many seated studies have used single-

axis input vibration during analysis. Mansfield and Maeda [20] observed a cross-axis 

effect in apparent mass similar to the nonlinear softening characteristics presented by 

increasing the magnitude of vibration.  They demonstrated that the resonance frequency 

of a particular direction is affected by the addition of vibration in orthogonal directions. 

Hypotheses 

This study demonstrates the effect of WBV between supporting conditions in the 

supine position, investigates the relative motion between segments, and discusses the 

application of 1 dimensional analysis to more real-life 3 dimensional situations. 

1. Support conditions: Investigating the transmission of vibration through the 

spinal board, military litter, and cervical collar will provide a means to 

understand the coupled system and gain insight into possible solutions. It is 

hypothesized that body-support and constraint conditions will affect the 

transmitted motion to the head, sternum, pelvis, cervical spine, and lower back 

during whole-body vibration.   
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2. Relative motion of segments: While the transmissibility for seated and 

standing positions can give valuable information to vibration-suppression 

designers about the relationship between the input ground motion and the 

output motion at different points on the body, it has difficulties providing 

them with the same level of information for supine positions. In the supine 

position the input energy enters the body from different locations (head, torso, 

pelvis, and legs), and while it looks like each segment is vibrating 

independently due to the input motion, it is also clear that the motion of each 

segment is affected by the motion of the neighboring segments. A novel 

approach termed relative transmissibility is introduced in this study and is 

hypothesized to capture the effect of the input ground motion on the motion of 

the cervical spine (relative motion between the head and sternum) and on the 

motion of the lower back (relative motion between the sternum and pelvis). 

3.  Axis of Vibration: The experimental cost of vibration studies would be more 

feasible if designer were not require to use expensive 6 DOF (degrees of 

freedom) vibration platform to produce vibration in each axis simultaneously.  

Although the addition of vibration in one direction may affect the resonance 

frequency of orthogonal directions, using the RMS (root mean square) 

equivalent in tri-axis vibration may produce similar results as single-axis 

vibration.  The final hypothesis is that the study of supporting conditions and 

the transmission of energy to the immobilized supine human using 1 

dimension vibration stimuli will apply to real-life situations that most 

commonly are comprised of at least 3 dimension inputs. 

By understanding the supine human response for these conditions, future developments 

and designs may be incorporated to reduce the transmitted vibration to the supine patients 

during transportation. 
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Figure 1-1.  Illustration of military litter use during the U.S. Civil War.  
 Source: National Museum of Civil War Medicine [21]. 

 

Figure 1-2.  Modern foldable military litter. 
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Figure 1-3.  Illustration of mobilizing the patient using the military litter, spinal board, 
and cervical collar. 
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CHAPTER II 

METHODOLOGY 

Subjects and Setup 

Eight healthy male participants with mean age of 23 years (SD 3.16), mean 

weight of 81 kg (SD 14.98), and mean height of 182 cm (SD 8.36) voluntarily took part 

in this study. The participants had no history of musculoskeletal disorders or injury.  The 

study was approved by the University of Iowa Institutional Review Board (ID # 

200811705) for human subject studies, and informed consent was obtained for each 

participant prior to the study.  An unsigned informed consent document is presented in 

Appendix C.   

Each participant was placed upon a 6-DOF vibration platform (Moog-FCS E-

CUE 624-1800 electrical system, Ann Arbor, MI) able to replicate up to 20 Hz vibration 

accurately, more details are noted in Appendix B.  Four back-support conditions were 

used to attach the spinal- immobilized, supine subjects.  These include: (a) the baseline 

rigid platform covered by a thin rubber sheet (rigid platform, Figure 2-1a); (b) a long 

spinal board (Spine Board 50-013, North American Rescue, Greer, SC)  secured to the 

rigid platform (board, Figure 2-1b); (c) a long spinal board strapped to a standard military 

litter (Talon II Model 90C Litter, North American Rescue, Greer, SC), secured to the 

rigid platform (board-litter, Figure 2-1c); and (d) board-litter with the addition of a 

cervical collar (Cervical Collar 50-0010, North American Rescue, Greer, SC)  (board-

litter-collar, Figure 2-1d).   

For each supporting condition, the input vibration will travel through a different 

set of structures.  Figure 2-2 displays the rigid-platform, board, board-litter, and board-

litter-collar conditions and the associated layers of support. 

In all cases, a 10-point harness was used to constrain the subjects to the long 

spinal board or rigid platform.  For the board-litter-collar condition, a cervical collar was 
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fitted properly for each participant such that a neutral head position was maintained.   

Methods used during spinal immobilization were taken into consideration from pre-

hospital emergency references [18-19] as well as the local emergency medical services 

provider.   

Inertial sensors (MTx inertial tracker, Xsens Technologies, Enschede, 

Netherlands) were placed at four locations on the supine human: head (forehead), 

sternum (xiphoid process), right pelvis (right anterior superior iliac spine), and left pelvis 

(left anterior superior iliac spine). For the sternum and pelvis, a thin layer of medical tape 

was placed on the location where the inertial sensor was fixed using double-sided tape.  

Then, an adjustable strap was fitted to the participant in the supine position and fixed 

securely while considering each participant’s comfort.  Bearing in mind the local tissue-

accelerometer motion, the strapping method used was similar to that used by Huang and 

Griffin [16], and no correction was applied. One sensor was placed upon the participant’s 

forehead and was fastened with foam wrap. During head immobilization, Figure 2-1d, the 

head strap was placed over the head sensor.  For the sternum and pelvis, the 10-point 

harness was not placed directly over the sensor locations as there were already fastened 

with an adjustable strap, Figure 2-1a.  Inertial sensors were also secured to the back of the 

long spinal board approximately below the head, sternum, and pelvis, as well as on the 

rigid platform. 

Data Collection 

Accelerometers are traditionally considered the main measuring tool in whole-

body vibration experimentation. However, several new technologies have emerged 

during the last decade, and one of them will be used in this study.  An inertial-based 

system [22] was used in this work. The system is comprised of - 18 g to + 18 g 

accelerometers, - 1200 deg/s to 1200 deg/s gyroscopes, and magnetometers. Each sensor 

has a 3D orientation accuracy of < 0.5 degrees, a dynamic accuracy of 2 degrees, a 
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resolution of 0.05 degrees, a weight of 30 grams, and a sampling rate up to 120 frames 

per second. The operation bandwidth for the inertial sensor acceleration was 1-30 Hz.      

Each sensor is provided by the manufacture calibrated and acceleration is converted from 

the electrical signal by the software. The lab test showed that the sensor has a resonance 

frequency around 25 Hz, and therefore, it is expected to cause minimal problems for the 

frequency range under consideration.   The inertial system recorded linear acceleration 

and calculated orientation represented in quaternion form.  Acceleration was filtered with 

a low pass Butterworth filter where the cut-off frequency was 20 Hz.   

Vibration Stimuli 

Continuous random vibration files consisting of white noise were used in the fore-

aft, lateral, and vertical directions for (a) single-axis input and (b) tri-axis input vibration.  

Each direction, dimension of input vibration, and supporting condition was presented in a 

randomized order.  Figure 2-3 displays the axis in which vibration was applied relative to 

the supine human.   

The power spectral density across the bandwidth of 0.5 -20 Hz was approximately 

flat for each file.  During single-axis vibration a magnitude of 1.0 m/s2 RMS random 

vibration was used for each input file in the fore-aft, lateral, and vertical directions.  In 

the vertical direction, two additional cases were performed: 1.0 m/s2 swept sinusoidal 

vibration and 0.5 m/s2 random.  For tri-axis stimuli, each direction was given a different 

random signal with a total RMS magnitude of 1.0 m/s2.  All files represented a time 

history of 60 sec in length.  In comparison, [16] used Gaussian random vibration from 

0.0313 m/s2 – 1.0 m/s2 for 90s.  Due to the discomfort associated with longer spinal 

immobilization, the file length in the current study was reduced to 60 sec.  Such file 

length has been commonly used in transmissibility, apparent mass, and absorbed power 

studies for seated applications [23-26].  Subjects were safely exposed to a total of 28 
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minutes of vibration consistent with the limits and guidance established in ISO 2361-1, 

2631-5, and 13090-1 [27-30].    

Analysis 

Data Interpretation 

Both linear acceleration and sensor orientation data were recorded by the inertial 

system.  Raw data from accelerometers contained the constant acceleration of gravity.  

By transforming the acceleration data to the global reference frame, the gravity 

component was subtracted.  For application in the study, the local linear acceleration was 

transformed into the global reference system using a rotation matrix.  The rotation matrix 

is found from the quaternion output for each sensor as seen in the following equation 

[22]. 

𝑅 =  �
𝑞12 +  𝑞22 −  𝑞32 − 𝑞42 2(𝑞2 ∗ 𝑞4∓ 𝑞1 ∗ 𝑞4) 2(𝑞2 ∗ 𝑞4 + 𝑞1 ∗ 𝑞3)

2(𝑞2 ∗ 𝑞3 + 𝑞1 ∗ 𝑞4) 𝑞12 −  𝑞22 +  𝑞32 − 𝑞42 2(𝑞3 ∗ 𝑞4− 𝑞1 ∗ 𝑞2)
2(𝑞2 ∗ 𝑞4 − 𝑞1 ∗ 𝑞3) 2(𝑞3 ∗ 𝑞4 + 𝑞1 ∗ 𝑞2) 𝑞12 −  𝑞22 −  𝑞32 + 𝑞42

� 

For calculation of transmissibility, local linear acceleration from each sensor was 

transformed to the global system as follows. 

�
𝐺𝑎−𝑥
𝐺𝑎−𝑦
𝐺𝑎−𝑧

� = �
𝑅11 𝑅12 𝑅13
𝑅21 𝑅22 𝑅23
𝑅31 𝑅32 𝑅33

� ∗ �
𝐿𝑎−𝑥
𝐿𝑎−𝑦
𝐿𝑎−𝑧

� 

Transmissibility 

Transmissibility is defined as the ratio between the input and output acceleration 

of a system.  In this case, the input motion is the platform and the output motion is 

measured on the human body.  For the rigid-platform condition, the system can be seen 

as the human response.  With the addition of the spinal board and litter, the system then 

comprises of the board-litter and human response.  If the transmissibility is greater than 1, 
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then the input acceleration is amplified, and for transmissibility less than 1, input 

acceleration is attenuated. 

For single-input and single-output motions, the transmissibility can be represented 

as the ratio between the cross-spectral density (SXx) of the input acceleration at the rigid 

platform and the output acceleration at a point on the human body divided by the auto-

spectral density (SXX) of the input acceleration. 

1( ) ( ) ( )Xx XX XxH S Sω ω ω−=  
where the uppercase letter (X) represents the input direction and the lower case letter (x) 

represents the output direction.  

Relative Transmissibility 

The relative transmissibility is defined in this study as the ratio between the cross-

spectral density of the input acceleration at the rigid platform and the output acceleration 

represented by the difference between the acceleration of two adjacent segments (SXxy) 

of the human body divided by the auto-spectral density of the input acceleration (SXX), 

1( ) ( ) ( )Xxy XX XxyH S Sω ω ω−=  

While the platform-to-head and platform-to-sternum transmissibilities are good measures 

of how the segments are moving relative to the platform, the relative transmissibility 

checks the severity of the motion between adjacent segments as a result of the input 

motion. For example (Figure 2-4), in the vertical direction the sternum and head may be 

undergoing the same motion and acceleration.  In this case, the acceleration difference 

would be zero; therefore the ratio of this difference with the input acceleration (relative 

transmissibility) would be zero as well.  Relative transmissibility is larger when there is 

an acceleration difference and zero when the acceleration of the two segments are equal 

in a particular direction.  In other words, the higher the relative transmissibility, the worse 

the motion is in the cervical area. While it is based on acceleration, the relative 
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transmissibility also gives an indication of the severity of the relative forces in the 

cervical spine area. 

Statistical Methods 

The paired-Wilcoxon signed rank method was implemented in this study at each 

frequency to investigate the significance of  differences (p < 0.05, Wilcoxon) between 

different back-support conditions (rigid platform vs. board-litter) and the neck constraint 

condition (board-litter vs. board-litter-collar).  A paired-Wilcoxon was used by other 

researchers for transmissibility of the supine human [16]. Although there may be inter-

subject variability, paired methods test the difference in the value for each pair of 

observations. In addition, the Wilcoxon test does not need to assume a normal 

distribution of the paired differences [31].  To compare between single- and tri-axis input 

vibrations, the correlation of transmissibility for each input/output was computed using 

the R2 coefficient of determination.  The R2 correlation provides a means to describe the 

amount of variation in tri-axis vibration that can be explained by single-axis vibration. 
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Figure 2-1. Example of experimental participant for each of the four support conditions:  
(a) rigid-platform; (b) long-board fixed to the platform; (c) addition of 
military litter; and (d) addition of cervical collar. 
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Figure 2-2. Illustration of the supporting conditions which include the (a) rigid-platform, 
(b) board, (c) board-litter, and (d) board-litter-collar.  The box under the head 
represents the foam cushion support incorporated in the head immobilization 
device and the red square represents the cervical collar. 
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Figure 2-3.  Axes definition in which vibration was applied with respect to the platform.  
For single-axis vibration, the random vibration was used in one axis 
independently.  During tri-axis vibration, the stimuli were applied in each axis 
simultaneously.  Vertical vibration primarily results in motion of the human in 
the anterior-posterior axis, fore-aft causes axial motion, and lateral vibration 
results in medial-lateral motion of the human. 

 

Figure 2-4. Example of relative transmissibility for discrete sinusoidal vibration.  
Acceleration at the head is subtracted from the sternum then divided by the 
input platform acceleration. The box under the head represents the foam 
cushion support incorporated in the head immobilization device. 
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CHAPTER III 

RESULTS 

Data Collection Validation 

Inertial Acceleration vs. Baseline Accelerometer 

The inertial system used to collect the acceleration data has a max sampling rate 

of 120 samples/s.  Most accelerometers have the capability to sample at much higher 

rates above 500 samples/s.  The frequency range of interest (0-20 Hz) is well below the 

Nyquist sampling rate [32] of 60 samples/s for the inertial system, however it is also 

important to verify the data with the gold standard.  In this case the inertial sensor and 

standard accelerometer were rigidly fixed to the vibrating platform.  Figure 3-1 displays a 

comparison between the inertial system and an accelerometer on the Moog platform 

system.  The Moog platform accelerometer (Model 080A190, PCB Piezotronics, Depew, 

NY) is considered the baseline gold standard.  In addition, the transmissibility was 

calculated between the Moog platform acceleration and the inertial system acceleration.  

The results showed that from 0.5 – 20 Hz the transmissibility was approximately 1 

meaning there was no difference in the signals over that bandwidth or in other words the 

two accelerometers were rigid with each other giving the same measurement.  This 

addresses manufactures concerns with mechanical vibration around the bandwidth limit 

of the sensor (30 Hz) and is not seen to affect the reliability of the data collected in this 

study.          

Transmissibility Literature Comparison 

 Data for the supine human transmissibility to the sternum has been reported in the 

literature for vertical random vibration [16].  In the current study, the rigid-platform case 

(vertical component) serves as a control for comparison to previously reported results. 



17 
 

 

 

Spinal immobilization was not used in literature available, but constraining straps were 

applied.  Figure 3-2 shows the literature comparison. 

Single-Axis Input Vibration 

Litter and Spinal Board 

Baseline Transmissibility 

The rigid-platform condition is used in this study as a baseline condition for the 

investigation of the supine-human transmissibility response to vibration under the no-

back-support condition.  In Figures 3-3 to 3-5, the column on the left represents the input 

in the X direction (fore-aft), the column in the middle represents the input in the Y 

direction (lateral), and the column on the right represents the input in the Z direction 

(vertical).  The output components on the human body are represented by the lowercase 

letters x (axial), y (medial-lateral), and z (anterior-posterior) as shown in the figures. For 

single-axis input, vibration in the X, Y, and Z directions were applied independently.  

Taking the sternum as an example, Zz represents the transmissibility of vertical input (Z) 

acceleration on the platform to the vertical output (z) acceleration on the sternum. 

For the baseline rigid-platform condition, the Zz component has indicated a 10 Hz 

natural frequency at the sternum (Figure 3-3) and a 17 Hz at the head (Figure 3-4). For 

the Xx component, the head showed a natural frequency around 3 Hz (Figure 3-4), which 

is very close to that of the sternum (Figure 3-3). For the Yy component, the head showed 

a natural frequency around 7 Hz (Figure 3-4), while the sternum showed a peak around 

2.5 Hz (Figure 3-3). The addition of the board (board condition), which is directly 

attached to the rigid-platform, showed little effect on the characteristics of the median 

response of eight subjects for all transmissibility components.  For clarity, the board 

condition was omitted from Figure 3-3 to Figure 3-6. 
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Platform-to-Sternum Transmissibility 

The platform-to-sternum transmissibility (Figure 3-3) for the board-litter and the 

board-litter-collar conditions have shown clear magnifications for the Xx, Yy, Zz, and Zx 

components, with the remaining components of the transmissibility showing marginable 

contribution. The Xx components for the board-litter and the board-litter-collar 

conditions showed a resonance around 3.5 Hz.  Similar characteristics were shown in the 

Yy component, with all conditions having a resonance around 3 Hz.  The Zz component 

for the board-litter and the board-litter-collar conditions showed a transmissibility of 

magnitude around 3 and peaks around 5 Hz.  For the Zx component, the board-litter and 

board-litter-collar conditions showed a peak around 6 Hz, with the board-litter-collar 

condition having a relatively higher magnitude than the board-litter condition. 

When statistically comparing the board-litter with the rigid-platform condition, 

significant differences were seen in the Zz (Z – vertical platform input, z - anterior-

posterior human output) component, with the board-litter causing a magnification at 0-6.7 

Hz and attenuation at 8.1-20 Hz.  For the Xx (X – fore-aft platform input, x – axial 

human output) component, significant magnification occurred in the frequency range of 

0-7.6 Hz, and attenuation occurred from 11.8-20 Hz. The Zx component showed 

significant magnification from 0.7-7.9 Hz with some attenuation from 9.4-20 Hz. 

Platform-to-Head Transmissibility 

As shown in Figure 3-4, the Xx component for all conditions showed a resonance 

around 3 Hz. The Yy (Y – lateral platform input, y – medial-lateral human output) 

component for the board-litter and the board-litter-collar conditions showed two 

resonances around 2 Hz and 8 Hz. In the Zz component, the board-litter and the board-

litter-collar conditions showed two resonances around 5 and 11 Hz. The Zx component 

was sensitive to the support conditions and showed peaks around 11 Hz for the board-

litter condition and around 10 Hz for the board-litter-collar condition.  
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The comparison between the head transmissibility under the rigid platform and 

the board-litter condition (Figure 3-4) showed that the Zz component of the board-litter 

condition had significant magnification at 0-7 Hz and attenuation at 12.8-20 Hz.  In 

addition, the Zx component showed significant amplification from 0-10 Hz and 

attenuation from 12.6-20 Hz.  The Yy component had a small magnification from 0-2.1 

Hz, and larger attenuation over the range of 3.9-8.7 Hz.  In the Xx component, following 

the peak at 3 Hz, there was an increase in transmissibility at 11 Hz; significant 

differences were found from 8.25-15.5 Hz as well.  Finally for the Xz component, the 

board-litter system showed significant amplification from 1.9-13.6 Hz and minimal 

attenuation from 16.5-20 Hz. 

Platform-to-Sternum-Head Relative Transmissibility 

Figure 3-5 shows the results of the relative sternum-head transmissibility under 

the three single-direction input motions of the platform X (fore-aft), Y (lateral), and Z 

(vertical); with output motions on the human in x (axial), y (medial-lateral), and z 

(anterior-posterior) directions. The Xx and Yy components of the board-litter and the 

board-litter-collar conditions showed the lowest relative transmissibility around 5 Hz; 

however, they showed the largest relative transmissibility around 7 Hz for the Zz 

component. The board-litter and the board-litter-collar conditions showed lower relative 

transmissibility for the Zx condition, but were higher for the Xz condition.  

Differences were observed during the statistical comparison between the rigid-

platform and board-litter conditions in the Zz, Yy, Xx, Zx, and Xz components.  For the 

Zz component, significant magnification was shown in the board-litter conditions over 0-

11.3 Hz and attenuation from 13.2-20 Hz. The peak Yy magnification was also 

significant from 3.5-6.7 Hz. Relative transmissibility was significantly lower in the Xx 

direction for the board-litter system over the range 0-11.2 Hz.  Zx had significant 
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amplification from 1.7-8.6 Hz and attenuation from 13.0-20 Hz. Also, the Xz component 

showed significant amplification from 8.8-14.1 Hz. 

Platform-to-Pelvis Transmissibility 

Figure 3-6a shows the median platform-to-pelvis transmissibility under vertical 

input vibration (Z). For the Zz component, the baseline transmissibility showed a 

resonance around 8 Hz. The board condition showed higher transmissibility around 10 

Hz. The board-litter and the board-litter-collar conditions showed a similar trend, with a 

peak frequency around 5 Hz; the transmissibility showed lower magnitudes for the Zx 

and Zy components, with both cases showing relatively smaller peaks around 5 Hz. 

Significant differences between the rigid-platform and board-litter conditions 

were found for the Zx (Z – vertical platform input, x - axial human output) and Zz (Z – 

vertical platform input, z - anterior-posterior human output) components.  For the Zx 

component, the board-litter system showed significant attenuation from 9.1-20 Hz, while 

the Zz component showed significant amplification from 0-7.6 Hz and attenuation from 

8.9-20 Hz. 

Platform-to-Pelvis-Sternum Relative Transmissibility 

The rigid platform relative transmissibility of the Zz component of the sternum-

pelvis ascended steadily for the frequency under consideration but reached a steady state 

around 19 Hz (Figure 3-6b).  The board-litter and the board-litter-collar showed a peak 

around 7 Hz but descended after that. While the Zy (Z – vertical platform input, y – 

medial-lateral human output) component showed transmissibility below 0.4, the Zx 

component depicted two peaks for the baseline rigid-platform around 10 and 15 Hz. The 

board-litter and the board-litter-collar conditions showed similar trends and peaked 

around 6 Hz, with the board-litter-collar showing a relatively higher transmissibility at 

that peak.  
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The comparison between the rigid-platform and board-litter conditions showed 

differences in the Zx and Zz components. The Zx of the board-litter conditions showed 

significant magnification from 0.6-7.5 Hz and attenuation from 9.3-20 Hz.  In Zz, there 

was significant attenuation from 12.3-20 Hz.     

Platform-to-Board Transmissibility 

The platform-to-board transmissibility under three conditions—board, board-

litter, and board-litter-collar—are shown in Figure 3-7. Most activities occurred in the 

diagonal directions. For the Zz component, both the board-litter and the board-litter-

collar conditions showed a peak around 5 Hz with a magnification of 2.5.  The Xx 

component of the board-litter and the board-litter-collar conditions showed attenuation 

around 5 Hz, but showed magnification after 15 Hz.  For the board condition, the long 

spinal board was approximately rigidly moving with the platform. The statistical 

comparison between the board and the board-litter conditions (Figure 3-7) showed 

significant differences in the transmissibility.  In the Zz component, there was significant 

magnification in the board-litter condition around 5 Hz and attenuation from 8.35-20 Hz. 

The Yy component showed small but significant attenuation from 2.1-13.4 Hz. Finally, 

the Xx component showed significant attenuation from 3.2-11.8 Hz and magnification 

after 15.6 Hz. 

Cervical Collar 

Platform-to-Head Transmissibility 

Comparing the board-litter condition with the board-litter-collar condition (Figure 

3-4), there were no meaningfully significant differences in the Zz, Yy, and Xx 

components for head transmissibility.  Zx displayed significant attenuation with the 

cervical collar from 2.3-13.3 Hz; however, Xz showed amplification with significant 

differences in 0-20 Hz.  
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Platform-to-Sternum-Head Relative Transmissibility 

For the head sternum relative transmissibility (Figure 3-5), the effects of the 

cervical collar were seen in the Zx and Xz components. For the Zx component, 

significant attenuation was presented from 6.7-14.1 Hz. Significant magnification was 

seen for the Xz condition from 0- 20 Hz.  These findings were similar to the effect of the 

cervical collar on the head transmissibility. 

Vibration Magnitude 

For the head and sternum, the effect of vibration magnitude was investigated 

using single-axis vibration for the vertical direction.  The results are presented in Figure 

3-8 with columns representing (a) head transmissibility and (b) sternum transmissibility.  

Four cases are shown: rigid-platform, board, board-litter, and board-litter-collar. 

Random vs. Sinusoidal Vibration 

For the vertical direction, a comparison was made between using swept sinusoidal 

vibration and random vibration.  Figure 3-9 displays (a) head transmissibility and (b) 

sternum transmissibility for four conditions: rigid-platform, board, board-litter, and 

board-litter-collar. 

Tri-Axis Input Vibration 

During the analysis of transmissibility for the supine human, single-axis vibration 

provides some significant information about the human response during WBV under 

various back-supporting conditions.  However, in real-life situations, WBV more 

commonly occurs with input vibration over multiple axes.  For vibration-suppression 

design, it may be easier to conduct experiments using single-axis analysis.  Figures 3-10 

and 3-11 display the transmissibility during tri-axis vibration for the sternum and head 

respectively.  Three supporting conditions are displayed: rigid-platform, board-litter, and 

board-litter-collar. 
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Platform-to-Sternum Transmissibility Comparison 

To compare the single- and tri-axis transmissibility, an R2 correlation coefficient 

was computed.  For example, a linear regression model was fitted between the (Xx) 

single-axis component and the (Xx) tri-axis transmissibility component for each support 

condition (rigid-platform, board, board-litter, and board-litter-collar).  The model was 

fitted for the median of eight subjects during single-axis vs. tri-axis.  Figures 3-12 to 3-15 

display the single- and tri-axis transmissibility for the sternum and Table 3-1 summarizes 

the respective coefficient of correlation (R2).  Each figure represents a different 

supporting condition: rigid-platform, board, board-litter, and board-litter-collar. 

Platform-to-Head Transmissibility Comparison 

A linear regression model for the head transmissibility was fitted in the same 

manner as the sternum.  Figures 3-16 to 3-19 illustrate the single- and tri-axis 

transmissibility to the head, while Table 3-2 summarizes the correlation coefficients.  

Each figure represents a supporting condition. 
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Figure 3-1. Fore-aft acceleration for the Moven inertial system (green line) and Platform 
accelerometer (blue line) during random vibration was used to verify the 
inertial system acceleration. 

 

Figure 3-2. Vertical sternum transmissibility in the constrained semi-supine posture for 
the literature adapted from Huang and Griffin’s 2009 study (solid line) and the 
current study (dotted line). 
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Figure 3-3. Platform-to-sternum transmissibility. Median of eight subjects is shown for 
three directions using single-axis input. For each direction the transmissibility 
is shown for the input direction as well as the orthogonal cross axis.  Three 
support conditions are displayed: solid line (rigid-platform); dash (board-
litter); and dotted (board-litter-collar). The uppercase direction represents the 
input motion of the platform: X – fore-aft, Y – lateral, Z - vertical and the 
lowercase direction represents the output motion on the human: x – axial, y – 
medial-lateral, and z – anterior-posterior.   For example (Zz), the input 
platform motion (Z - vertical) mainly results in output human motion (z – 
anterior-posterior). 
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Figure 3-4. Platform-to-head transmissibility. Median of eight subjects is shown for three 
directions using single-axis input. For each the transmissibility is shown for 
the input direction as well as the orthogonal cross axis.  Three support 
conditions are displayed: solid line (rigid-platform); dash (board-litter); and 
dotted (board-litter-collar). The uppercase direction represents the input 
motion of the platform: X – fore-aft, Y – lateral, Z - vertical and the lowercase 
direction represents the output motion on the human: x – axial, y – medial-
lateral, and z – anterior-posterior.   For example (Zz), the input platform 
motion (Z - vertical) mainly results in output human motion (z – anterior-
posterior). 
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Figure 3-5. Sternum-to-head relative transmissibility. Median of eight subjects is shown 
for three directions using single-axis input. For each direction the 
transmissibility is shown for the input direction as well as the orthogonal cross 
axis.  Three support conditions are displayed: solid line (rigid-platform); dash 
(board-litter); and dotted (board-litter-collar). The uppercase directions 
represents the input motion of the platform: X – fore-aft, Y – lateral, Z - 
vertical and the lowercase directions represents the output motion on the 
human: x – axial, y – medial-lateral, and z – anterior-posterior.   For example 
(Zz), the input platform motion (Z - vertical) mainly results in output human 
motion (z – anterior-posterior). 
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Figure 3-6. Median of eight subjects is shown for (a) platform to pelvis and (b) platform 
to relative (pelvis-sternum) transmissibilities during single-input vertical 
vibration.  Three support conditions are displayed: solid line (rigid-platform); 
dash (board-litter); and dotted (board-litter-collar). The uppercase direction 
represents the input motion of the platform (Z - vertical) and the lowercase 
direction represents the output motion on the human (z – anterior-posterior).  
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Figure 3-7. Platform-to-board transmissibility. Median of eight subjects is shown for 
three directions using single-axis input.  For each direction the transmissibility 
is shown for the input direction as well as the orthogonal cross axis.  Three 
support conditions are displayed: solid line (board); dash (board-litter); and 
dotted (board-litter-collar). The uppercase directions represents the input 
motion of the platform: X – fore-aft, Y – lateral, Z - vertical and the lowercase 
directions represents the output motion on the center of the spinal board: x – 
axial, y – medial-lateral, and z – anterior-posterior.   For example (Zz), the 
input platform motion (Z - vertical) mainly results in output board motion (z – 
anterior-posterior). 
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Figure 3-8. Platform to (a) head and (b) sternum transmissibilities are shown for four 
support conditions (rigid-platform, board, board-litter, and board-litter-collar). 
The solid line represents 0.5 m/s2 random input vibration, and the dashed line 
represents 1.0 m/s2 random input vibration.  Median of eight subjects is shown 
for vertical vibration using single-axis input.  Transmissibility is shown for the 
Zz direction (Z – vertical platform input, z – anterior-posterior human output). 
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Figure 3-9. Platform to (a) head and (b) sternum transmissibilities are shown for four 
support conditions (rigid-platform, board, board-litter, and board-litter-collar). 
The solid line represents 1.0 m/s2 sinusoidal input vibration, and the dashed 
line represents 1.0 m/s2 random input vibration.  Median of eight subjects is 
shown for vertical vibration using single-axis input.  Transmissibility is shown 
for the Zz direction (Z – vertical platform input, z – anterior-posterior human 
output). 
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Figure 3-10. Platform-to-sternum transmissibility. Median of eight subjects is shown for 
three directions using tri-axis input. For each direction the transmissibility is 
shown for the input direction as well as the orthogonal cross axis.  Three 
support conditions are displayed: solid line (rigid-platform); dash (board-
litter); and dotted (board-litter-collar). The uppercase direction represents the 
input motion of the platform: X – fore-aft, Y – lateral, Z - vertical and the 
lowercase direction represents the output motion on the human: x – axial, y – 
medial-lateral, and z – anterior-posterior.   For example (Zz), the input 
platform motion (Z - vertical) mainly results in output human motion (z – 
anterior-posterior). 
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Figure 3-11. Platform-to-head transmissibility. Median of eight subjects is shown for 
three directions using tri-axis input. For each the transmissibility is shown for 
the input direction as well as the orthogonal cross axis.  Three support 
conditions are displayed: solid line (rigid-platform); dash (board-litter); and 
dotted (board-litter-collar). The uppercase direction represents the input 
motion of the platform: X – fore-aft, Y – lateral, Z - vertical and the lowercase 
direction represents the output motion on the human: x – axial, y – medial-
lateral, and z – anterior-posterior.   For example (Zz), the input platform 
motion (Z - vertical) mainly results in output human motion (z – anterior-
posterior). 
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Figure 3-12. Platform-to-sternum transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under rigid-platform support. The uppercase 
direction represents the input motion of the platform: X – fore-aft, Y – lateral, 
Z - vertical and the lowercase direction represents the output motion on the 
human: x – axial, y – medial-lateral, and z – anterior-posterior.   For example 
(Zz), the input platform motion (Z - vertical) mainly results in output human 
motion (z – anterior-posterior). 
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Figure 3-13. Platform-to-sternum transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under spinal board support. The uppercase direction 
represents the input motion of the platform: X – fore-aft, Y – lateral, Z - 
vertical and the lowercase direction represents the output motion on the 
human: x – axial, y – medial-lateral, and z – anterior-posterior.   For example 
(Zz), the input platform motion (Z - vertical) mainly results in output human 
motion (z – anterior-posterior). 
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Figure 3-14. Platform-to-sternum transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under spinal board and litter support. The uppercase 
direction represents the input motion of the platform: X – fore-aft, Y – lateral, 
Z - vertical and the lowercase direction represents the output motion on the 
human: x – axial, y – medial-lateral, and z – anterior-posterior.   For example 
(Zz), the input platform motion (Z - vertical) mainly results in output human 
motion (z – anterior-posterior). 
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Figure 3-15. Platform-to-sternum transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under spinal board, litter, and cervical collar support. 
The uppercase direction represents the input motion of the platform: X – fore-
aft, Y – lateral, Z - vertical and the lowercase direction represents the output 
motion on the human: x – axial, y – medial-lateral, and z – anterior-posterior.   
For example (Zz), the input platform motion (Z - vertical) mainly results in 
output human motion (z – anterior-posterior). 
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Figure 3-16. Platform-to-head transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under rigid platform support. The uppercase 
direction represents the input motion of the platform: X – fore-aft, Y – lateral, 
Z - vertical and the lowercase direction represents the output motion on the 
human: x – axial, y – medial-lateral, and z – anterior-posterior.   For example 
(Zz), the input platform motion (Z - vertical) mainly results in output human 
motion (z – anterior-posterior). 
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Figure 3-17. Platform-to-head transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under spinal board support. The uppercase direction 
represents the input motion of the platform: X – fore-aft, Y – lateral, Z - 
vertical and the lowercase direction represents the output motion on the 
human: x – axial, y – medial-lateral, and z – anterior-posterior.   For example 
(Zz), the input platform motion (Z - vertical) mainly results in output human 
motion (z – anterior-posterior). 
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Figure 3-18. Platform-to-head transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under spinal board and litter support. The uppercase 
direction represents the input motion of the platform: X – fore-aft, Y – lateral, 
Z - vertical and the lowercase direction represents the output motion on the 
human: x – axial, y – medial-lateral, and z – anterior-posterior.   For example 
(Zz), the input platform motion (Z - vertical) mainly results in output human 
motion (z – anterior-posterior). 
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Figure 3-19. Platform-to-head transmissibility for tri- and single- axis vibration input. 
Median of eight subjects under spinal board, litter, and cervical collar support. 
The uppercase direction represents the input motion of the platform: X – fore-
aft, Y – lateral, Z - vertical and the lowercase direction represents the output 
motion on the human: x – axial, y – medial-lateral, and z – anterior-posterior.   
For example (Zz), the input platform motion (Z - vertical) mainly results in 
output human motion (z – anterior-posterior). 
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Table 3-1.  R2 correlation coefficient between the median of eight subjects for (a) single- 
and (b) tri-axis platform-to-sternum transmissibility for each supporting 
condition. The uppercase direction represents the input motion of the 
platform: X - fore-aft, Y - lateral, Z - vertical and the lowercase direction 
represents the output motion on the human: x - axial, y - medial-lateral, and z 
- anterior-posterior.   For example (Zz), the input platform motion (Z - 
vertical) mainly results in output human motion (z - anterior-posterior). 

Sternum Transmissibility R2  
    Component Xx Xy Xz Yx Yy Yz Zx Zy Zz 

Rigid-platform 0.99 0.27 0.60 0.52 0.99 0.72 0.97 0.80 0.93 
Board 0.98 0.78 0.47 0.74 0.98 0.01 0.77 0.43 0.89 
Board-litter 0.99 0.67 0.63 0.59 0.98 0.68 0.97 0.73 0.99 
Board-litter-collar 0.99 0.84 0.63 0.93 0.97 0.51 0.98 0.73 0.99 
 

Table 3-2.  R2 correlation coefficient between the median of eight subjects for (a) single- 
and (b) tri-axis platform-to-head transmissibility for each supporting 
condition. The uppercase direction represents the input motion of the 
platform: X - fore-aft, Y - lateral, Z - vertical and the lowercase direction 
represents the output motion on the human: x - axial, y - medial-lateral, and z 
- anterior-posterior.   For example (Zz), the input platform motion (Z - 
vertical) mainly results in output human motion (z - anterior-posterior). 

Head Transmissibility R2  
Component Xx Xy Xz Yx Yy Yz Zx Zy Zz 
Rigid-platform 0.97 0.70 0.57 0.11 0.97 0.88 0.99 0.92 0.99 
Board 0.95 0.81 0.98 0.61 0.99 0.81 099 0.91 0.99 
Board-litter 0.99 0.47 0.95 0.16 0.96 0.74 0.99 0.98 0.99 
Board-litter-collar 0.98 0.98 0.96 0.44 0.96 0.91 0.99 0.98 0.98 
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CHAPTER IV 

DISCUSSION 

In designing vibration-suppression systems, information about the relationship 

between the input ground motion and the resulting motion on the human body is very 

important. In seated and standing positions, the information about selected points on the 

human body (the head, for example) could be sufficient to reduce the motion at different 

segments as the energy is transferring through the body from the seat or feet to the head, 

but the situation in supine positions is more complicated. For supine subjects, if the 

motion of the head in response to the input motion is minimized, then that may not solve 

the problem at the cervical spine area, as the latter may have been affected by the motion 

of the adjacent segments as well (Figure 3-5).  

Platform to the sternum transmissibility (Zz in Figure 3-3; Z – vertical platform 

input, z – anterior-posterior human output) and platform to the pelvis transmissibly (Zz in 

Figure 3-6a) are similar to some degree, especially up to 7 Hz, with both of them 

resonating around 5 Hz; thus, their relative transmissibility (Zz in Figure 3-6b) in this 

range is small, meaning that the segments are moving together and the relative motion 

between them is minimal. However, the small difference between the sternum and pelvis 

motions may become larger if the vibration-suppression systems targeted only one of 

them, for example.  

The sternum and the head have shown different baseline resonances in different 

directions, which can be attributed to the differences in their mass, stiffness, and 

constraint conditions; however, most of these frequencies are still greater than 10 Hz and 

therefore are expected to be attenuated by the board-litter system. Clear examples are 

shown in the Zz and Zx (Z – vertical platform input, x – axial human output) cases of 

Figures 3-3 and 3-4.  Below 10 Hz, the sternum motion is affected directly by the board-

litter system at 5 Hz as shown in (Zz in Figure 3-3; Z – vertical platform input, z – 
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anterior-posterior human output); however, it appears that the head is affected by the 

board-litter system at 5 Hz as well 10 Hz (Figure 3-4). 

The effect of the board-litter system on the motion during fore-aft X (axial) and 

lateral Y (medial-lateral) vibrations is not as prominent as that in the vertical (anterior-

posterior) Z direction. While it looks like the board-litter system is moderately 

magnifying the motion of the sternum around 3 Hz in Xx (X – fore-aft platform input, x – 

axial human output), the relative transmissibility between the sternum and the head was 

attenuated in the Xx direction.  

Still the prominent frequency due to the board-litter system at 5 Hz was very 

clear, indicating the board-litter system is magnifying the transmitted motion for the 

whole-body segments at 5 Hz in the vertical (Zz) direction. The magnification, however, 

is not the same for all segments but depends on the segment mass and stiffness. 

Therefore, the effect of the board-litter system can be captured by the relative 

transmissibility, which can demonstrate what is happening between the segments and 

how segment motions are affecting each other. 

The effect of vibration magnitude in the vertical direction on the human sternum 

and head natural frequencies showed softening characteristics for the four support 

conditions (Figure 3-7) similar to those observed by [16] for the sternum.  The resonance 

frequency was shifted by 1-2 Hz when the input vibration magnitude was increased from 

0.5 m/s2 to 1 m/s2.  

The results have in general shown insignificant changes in the transmissibility 

magnitude when sinusoidal input signals were used instead of random input signals 

(Figure 3-8). The Zz component of the sternum showed a less than 5% difference in the 

peak for the human response during random and sin sweep signals, while the board-litter 

system showed an approximately 15-25%  higher peak value for random vibration.  

These differences were not seen in peak head transmissibility. 
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With the current spinal board dimensions and material type, it was expected that 

the board would show some flexibility, especially along its longitudinal axis. The 

transmissibility between the rigid platform and the output motion at three locations on the 

board (under the head, under the sternum, and under the pelvis) was investigated. The 

results showed similar characteristics at these three locations in terms of the resulting 

peaks, however, the one under the pelvis showed a magnitude that is slightly higher than 

the one under the sternum. The one under the head showed a smaller peak (around 5 Hz) 

in comparison to the other two points.  

For verification purposes the acceleration from both the inertial system and gold 

standard accelerometer were compared, Figure 3-1.  The results showed minimal 

differences.  In addition, the transmissibility to the sternum (Figure 3-2) from the rigid-

platform case was compared with previously reported results showing a good trend match 

from 0-15 Hz, while from 15-20 Hz the literature results tapered off at a faster rate than 

data collected in this study.  This difference is likely attributed to the constraints of spinal 

immobilization.  

Limitations 

In this pilot study there are some limitations that should be considered when 

interpreting the results.  A small sample size may reduce the effectiveness of the 

statistical test.  Only healthy male college subjects that were reasonably fit participated in 

the study.  The data collection was associated with some difficulties. The usage of the 

inertial system for a supine-human facilitated to a certain degree the transformation of the 

acceleration components from the local to the global reference frames; however, the 

system was sensitive to possible interference with ferro-magnetic conditions, which could 

affect the z rotation angle. In this study, the local to global z rotation was approximated 

as zero, as the sensors were approximately aligned on the participant’s body.  Although, 

the z rotation was affected, orientation about the x and y axes were not affected and 
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subtraction of the gravity component was not seen to be affected. There were also some 

difficulties associated with strapping the relatively large, flat sensor to the subject’s 

curved forehead using the head immobilization. Other researchers have noted challenges 

with sensor placement on the head [12].   

Future Work 

Vibration Suppression 

Based on the current study, the stiffness properties in the spinal board and litter 

should be investigated.  Adjusting the board stiffness will alter the vibration and shock 

characteristics.  While the current spinal board and litter act a low pass filter that 

attenuates higher frequency vibration, it is clear that resonance occurs differently based 

on the direction.  An optimal design will take into account the resonance in each direction 

as well as the relative motion between segments seen with relative transmissibility.  Since 

each segment has different vibration characteristics, materials placed below each 

individual segment may provide a method of synchronizing the segments.  Other 

technologies such semi-active and active dampers should be investigated as well. 

Motion Capture 

Using passive optical motion capture technologies, the displacement may also be 

recorded to analyze relative motions between segments of the supine human.  

Considering the limitations in resolution, at higher frequencies the displacement recorded 

may be less accurate; however, the supine human provides a small capture volume and a 

properly calibrated system may give accurate results beyond 10 Hz.  Using motion 

capture to track displacement, biomechanical modes can then be used to gain information 

about the muscle activity.  This would require collecting force data as well.  Another 

aspect of using motion capture is the ability to capture the effects of posture, which may 

be valuable in understanding the dynamics of the human upon the litter. 
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Other Dynamic Measures 

Impedance and apparent mass are two other dynamic measures used to 

characterize the human response to vibration.  These measures may also provide valuable 

feedback for the evaluation of vibration suppression systems. 
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CONCLUSION 

In this study, the effect of the spinal board upon the military litter has resulted in 

an amplification of vertical (anterior-posterior) acceleration to the segments with 

resonance around 5 Hz.  The advantage of the long spinal board coupled to the military 

litter is that the transmission of higher frequency vibration may be reduced after 12 Hz 

for the head and after 6 Hz for the sternum.  Yet, these advantages are also coupled with 

an increase in vibration transmission to both the head and sternum at 5 Hz.  Use of the 

military litter created amplification 3 times the input vibration level at the sternum and 

1.5 times the input at the head during vertical resonance in the anterior-posterior axis of 

the subject. Compared to full-rigid support, the long spinal board strapped to a standard 

military litter system showed a 50% increase in transmission of the vibration to the head 

and a 100% increase to the sternum at its resonant frequency of 5 Hz (p < 0.05, 

Wilcoxon) for vertical vibration in subject’s anterior-posterior axis.  

The neck-collar showed, in general, little effect on the relative motion between 

the head and the sternum, but showed significant magnification in response to the axial 

(fore-aft) motion. In other words, using the cervical collar during immobilization 

increased the head nodding and the relative head-sternum flexion-extension as a result of 

the axial platform fore-aft whole-body vibration.  Yet, head nodding was reduced from 

vertical (anterior-posterior) platform input vibration.    

Results showed good correlation between single- and tri-axis transmissibilities to 

both the head and sternum.  In the components with the largest transmissibility most 

directions showed minimal differences. 
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The response to vibration of the human, spinal board, and litter system, is 

inherently complex.  The frequency of aerial, ground, and hand vibration content as well 

as the transmission of vibration through the human, spinal board, and military litter 

should be considered with caution to find an optimal design which considers the relative 

dynamics between human segments as well as the transmission of vibration to each 

segment.  This task, however, is also complicated with various resonant frequencies 

among human segments and vibration directions. 

A novel approach, called relative transmissibility, was introduced and presents a 

good tool for the designers of vibration-suppression systems to target the relative motion 

between the segments and the input ground motion at specific locations on the spine. 
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APPENDIX A 

SPINAL IMMOBILIZATION 

The local EMS was consulted for the proper spinal immobilization procedure.  

Figure A-1 displays the demonstrated immobilization.  Below is the full protocol [33]. 

 
1. Indications 
A. Mandatory mechanisms that require immobilization. 

1. High impact vehicle crashes that include: 
a. Significant passenger compartment intrusion.  
b. Ejection of the patient. 
c. Rollover. 
d. Traumatic death of another occupant of the vehicle. 

2. Pedestrian hit at 20mph or greater. 
3. Falls from 20 feet or greater. 
4. Gunshot or other severe wound near the spine. 
5. Blast injuries. 
6. Shallow water diving accidents. 

B. If you are unsure if the mechanism of injury indicates immobilization, Paramedic 
Specialists may follow the following to consider immobilization.  All others must follow 
the procedures for spinal immobilization. 

1. Patient has posterior spine pain or tenderness- immobilize. 
2. The motor/sensory exam is abnormal-immobilize. 
3. The patient/exam is unreliable- immobilize. 
*If all three of the above are negative, no immobilization is required. 

C. If you are sure that the mechanism of injury is not significant, no immobilization is 
required. 

 
2. Procedure 

 
A. Assure that the scene is safe and free of any potential hazards to rescuer or patient.  
B.  Assess the scene for mechanism and potential severity of injuries. 
C.  Rapidly gain access to the patient without endangering rescuer or patient. 
D.  Gain initial control of the spine manually. Unless contraindicated by pain or muscle 
spasm, move the head into a neutral, in-line position and provide manual stabilization. If 
unable to move head to neutral position with gentle traction, stabilize it as found. 
E.  Rapidly perform a primary assessment including auscultation of lung fields. Begin 
appropriate interventions as indicated. If potential life threatening conditions are 
identified, scene time must be kept to a minimum. 
F. Apply an appropriate, effective and properly fitted/sized cervical collar. Collars that 
are too large may cause dangerous hyperextension; collars that are too small are 
ineffective. Note: Do not rely on the collar alone to effectively immobilize the patient's 
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C-spine, always maintain in-line stabilization until the patient's head and body are 
secured to long spine board. 
G. If time permits, complete the patient assessment and provide any additional 
interventions as indicated. 
H. Select the appropriate interim method or device that can safely and effectively 
facilitate the moving of the patient to a supine position on a long spine board. In non-life 
threatening situations, time may allow the use of a KED device. The need for additional 
resuscitation or shortened scene time or an unstable environment dictates the use of the 
PHTLS rapid manual extrication method for movement of a seated patient. 
I. Once on the long spine board, the patient must be effectively secured to prevent 
movement. Straps must be secured in ax-pattern over the shoulders and under the armpits 
to secure the upper chest. Additional straps are placed across the iliac crest and above the 
knees to prevent potential movement. Attempts should be made to maintain Normal 
Anatomical Alignment (NAA) of the spine on all patients (except those with abnormal 
spines, i.e. kyphosis).  
J. The head must be completely immobilized in normal anatomical position.  In most 
cases, 1-1.5 inches of non-compressible padding should be placed under the head. Few 
cases will not require such padding to maintain neutral position. Towel rolls or other 
bulky, lightweight material may be placed around the head to stabilize it. Do not use sand 
bags. A wide strip of adhesive tape across the forehead to form an "X" effectively secures 
the head to the board. The use of chinstraps is not advised due to the potential for 
aspiration if the patient vomits. 
K. The feet are secured together with tape to prevent rotation of the legs. Rotation may 
cause anterior pelvic thrust, which results in undesirable movement of the spine and 
flexion of the cervical spine. In addition, it is also desirable to secure the arms at the 
patient's sides to prevent movement of the shoulder girdle. 

 
3. Special Considerations 

 
A. Large bore suction equipment must be at hand for a patient placed on a spine board in 
the event of vomiting. The backboard may have to be rolled to the side to clear the 
patient's airway.  
B. When moving the immobilized patient, move them as a unified package versus 
moving the patient or device alone. 
C. It is best to immobilize the patient's torso first, and then immobilize the head to the 
device. 
D. Do not attempt to follow a rigid, detailed technique when immobilizing or extricating 
a patient. Adjustments must be made to accommodate any number of variables to attain 
the general objectives as outlined. 
E. Immediate interventions to maintain the ABC's must be quickly met while also 
protecting the patient's spine. 
F. Conditions that relate to an unreliable patient/exam are: 

l. Drugs or alcohol intoxication. 
2. Acute stress reaction. 
3. Chronic alteration of mental status. 
4. Brain injury.   
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5. Distracting injuries. 
6. Inability of the patient to communicate. 

 

Figure A-1. EMS spinal immobilization demonstration. 
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APPENDIX B 

MOTION PLATFORM SPECIFICATIONS 

 The vibrating platform (Moog-FCS E-CUE 624-1800 electrical system, Ann 

Arbor, MI) used in this study can produce 6 DOF motion.  Tables B-1 and B-2 present 

public manufacture specifications although individual systems may vary [34].  

Table B-1.  Maximum excursion for the E-CUE 624-1800 motion platform. 

DOF Excursion Limits 
Single DOF Maximum 

Surge -0.46/+0.57 m -0.57/ +0.57 m 

Sway +- 0.46 m +- 0.49 m 

Heave +- 0.39 m +- 0.39 m 

Roll +- 23.2 deg +- 23.8 deg 

Pitch -23.0 deg/+25.6 deg -27.4 deg/+31.6 deg 

Yaw +- 24.3 deg +- 27.5 deg 

Table B-2.  Maximum velocity and acceleration for the E-CUE 624-1800 motion 
platform. 

DOF Velocity Acceleration 

Surge +- 0.7 m/s +- 7 m/s2 

Sway +- 0.7 m/s +- 7 m/s2 

Heave +- 0.5 m/s +- 10 m/s2 

Roll +- 34 deg/s > 225 deg/s2 

Pitch +- 35 deg/s > 225 deg/s2 

Yaw +- 36 deg/s > 225 deg/s2 
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APPENDIX C 

INFORMED CONSENT DOCUMENT 

The following pages reflect an unsigned informed consent document. The study 

was approved by the University of Iowa Institutional Review Board (ID # 200811705) 

for human subject studies, and informed consent was obtained for each participant prior 

to the study.   

 

 

 

 

 

 

 

 

 

 

 



55 
 

 

 

 



56 
 

 

 

 



57 
 

 

 

 



58 
 

 

 

 



59 
 

 

 

 



60 
 

 

 

 



61 
 

 

 

 



62 
 

 

 

 



63 
 

 

 

REFERENCES 

1. L.H.S. Sekhon, M.G. Fehlings, Epidemiology, demographics, and pathophysiology of 
acute spinal cord injury. Spine 26 (2001) S2-12.  

2. M. Bernhard, A. Gries, P. Kremer, B.W. Bottiger, Spinal cord injury (SCI)--
prehospital management. Resuscitation 66 (2005) 127-139.  

3. D. Thurman, C. Burnett, L. Jeppson, D. Beaudoin, J. Sniezek, Surveillance of spinal 
cord injuries in Utah, USA. Spinal Cord 32 (1994) 665-669.  

4. M.J. DeVivo, Causes and costs of spinal cord injury in the United States. Spinal Cord 
35 (1997) 809-813.  

5. J. Reno, Military aeromedical evacuation, with special emphasis on craniospinal 
trauma. Neurosurg Focus 28 (2010) 1-4. 

6. B.D. Owens, J.F. Kragh Jr, J.C. Wenke, J. Macaitis, C.E. Wade, J.B. Holcomb, 
Combat wounds in operation Iraqi Freedom and operation Enduring Freedom. The 
Journal of trauma 64 (2008) 295-299.  

7. M.C. Joshi, R.M. Sharma, Aero-medical Considerations in Casualty Air Evacuation 
(CASAEVAC). Medical Journal Armed Forces India 66 (2010) 63-65. 

8. T.E. Martin, Clinical aspects of aeromedical transport. Current Anaesthesia & 
Critical Care 14 (2003) 131-140.  

9. J.E. McCallum, Military medicine: From ancient times to 21st century, Santa Barbara, 
California, 2008. 

10. D.G. Wilder, Biomedical Engineering Department, University of Iowa, Iowa City, 
IA. Personal communication, April 2012. 

11. D.G. Kang, R.A. Lehman Jr, Spine Immobilization: Prehospitalization to Final 
Destination. Journal of Surgical Orthopaedic Advances 20 (2010) 2-7.  

12. E. Alberti, D. Chiappa, G. Moschioni, B. Saggin, M. Tarabini, Whole body vibration 
in mountain-rescue operations. Journal of Sound and Vibration 298 (2006) 580-593.  

13. R. Silbergleit, D.K. Dedrick, J. Pape, R.E. Burney, Forces acting during air and 
ground transport on patients stabilized by standard immobilization techniques. Annals 
of Emergency Medicine 20 (1991) 875-877.  

14. Y. Huang, M.J. Griffin, Nonlinear dual-axis biodynamic response of the semi-supine 
human body during vertical whole-body vibration. Journal of Sound and Vibration 
312 (2008) 296-315.  



64 
 

 

 

15. Y. Huang, M.J. Griffin, Nonlinear dual-axis biodynamic response of the semi-supine 
human body during longitudinal horizontal whole-body vibration. Journal of Sound 
and Vibration 312 (2008) 273-295.  

16. Y. Huang, M.J. Griffin, Nonlinearity in apparent mass and transmissibility of the 
supine human body during vertical whole-body vibration. Journal of Sound and 
Vibration 324 (2009) 429-452.  

17. S.D. Perry, B. McLellan, W.E. McIlroy, B.E. Maki, M. Schwartz, G.R. Fernie, The 
efficacy of head immobilization techniques during simulated vehicle motion. Spine 
24 (1999) 1839-1844.  

18. B. Shade, M. Rothenberg, E. Wertz, S. Jones, T. Collins, EMT intermediate textbook, 
Mosby Inc., Missouri, 2002.  

19. National Association of Emergency Medical Technicians (US). Pre-Hospital Trauma 
Life Support Committee, American College of Surgeons. Committee on Trauma, 
PHTLS: Basic and Advanced Prehospital Trauma Life Support, Mosby Inc., 
Missouri, 2005.  

20. N. Mansfield, S. Maeda, The apparent mass of the seated human exposed to single-
axis and multi-axis whole-body vibration. Journal of Biomechanics 40 (2007) 2543-
2551. 

21. National Museum of Civil War Medicine, 48 East Patrick Street, Frederic MD.  

22. Xsens. MTx Manual. http://www.xsens.com/en/general/mtx (accessed 2011). 

23.  N.J. Mansfield, M.J. Griffin, Non-linearities in apparent mass and transmissibility 
during exposure to whole-body vertical vibration. Journal of Biomechanics 33 (2000) 
933-941.  

24. N. Nawayseh, M.J. Griffin, Power absorbed during whole-body vertical vibration: 
Effects of sitting posture, backrest, and footrest. Journal of Sound and Vibration 329 
(2010) 2928-2938.  

25. W. Wang, S. Rakheja, P. Boileau, Relationship between measured apparent mass and 
seat-to-head transmissibility responses of seated occupants exposed to vertical 
vibration. Journal of Sound and Vibration 314 (2008) 907-922.  

26. N.A. Abdul Jalil, M.J. Griffin, Fore-and-aft apparent mass of the back: Nonlinearity 
and variation with vertical location. Journal of Sound and Vibration 318 (2008) 1348-
1363.  

27.  International Organization for Standardization, Mechanical vibration and shock—
evaluation of human exposure to whole body vibration—part 1: general requirements, 
ISO 2631-1:1997, 1997. 



65 
 

 

 

28. International Organization for Standardization, Mechanical vibration and shock—
evaluation of human exposure to whole body vibration—part 1: general requirements 
amendment 1, ISO 2631-1:2010, 2010. 

29. International Organization for Standardization, Mechanical vibration and shock—
evaluation of human exposure to whole body vibration—part 5: method for 
evaluation of vibration containing multiple shocks, ISO 2631-5:2004, 2004. 

30. International Organization for Standardization, Mechanical vibration and shock—
guidance on safety aspects of tests and experiments with people—part 1: exposure to 
whole-body mechanical vibration and repeated shock, ISO 13090-1:1998, 1998. 

31. M. Pagano, K. Gauvreau, Principles of Biostatistics, Duxbury Press, California, 2000.  

32. J.G. Proakis and D.G. Manolakis, Digitial Signal Processing, 4th ed, Prentice Hall, 
Macmillan, New York, 2007.  

33. Johnson County Ambulance Service. Adult and pediatric protocols. 
http://www.johnson-county.com/dept_ambulance.aspx?id=1957 (accessed 2011). 

34. Moog FCS.  Electric Motion Base E-CUE 624-1800. 
http://www.moog.com/products/motion-systems/motion-bases/electric-motion-
basebrmb-e-6dof-24-1800kg-br-formerly-e-cue-624-1800-/ (accessed 2012).  

 


	University of Iowa
	Iowa Research Online
	Spring 2012

	Supine human response and vibration-suppression during whole-body vibration
	John Carl Meusch
	Recommended Citation


	UI Thesis Template

