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Figure 2.5 — Physical markers placed on each subject for a subject seen
in the posterior view (left) and side view (right)

Each local marker-based system can be related to other local marker-based

systems and to a global coordinate system. The marker-based local systems are also

related to the accelerometer local systems. Three markers fastened to a plastic structure

were applied on the spinous process of C3. Another three markers were fitted to an

accelerometer and applied on the spinous process of the C7. Additionally, markers were

placed on the shoulders, clavicle, and the frame of the seat. Table 2.3 lists the complete

marker set for the motion capture.

Table 2.3 - Complete marker set for experiment

NAME DESCRIPTION

RFHD, LFHD Placed just superior and lateral to each eyebrow
RBHD, LBHD Placed on the back of the head, one on each side
RC1, LC1 Placed laterally on the level of C1

C3 Placed on C3 spinous process

C7 Placed on C7 spinous process

CLAV Placed in the center of the clavicle

RSHO, LSHO Placed over superior point of the acromion process
RSEAT, LSEAT Placed on frame of rigid mounted seat
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System Calibration

The Vicon system was calibrated using a T-shaped wand and an L-shaped frame
which can be seen in Figure 2.6. The frames have reflective markers attached to very
specific dimensions recognized by the system. The wand wave is a dynamic calibration
and helps the cameras calculate position in space. A good dynamic calibration must be
preformed to get accurate results. The L-frame calibration is a static calibration and

defines the location of the global coordinate system of the lab.

Figure 2.6 — L-frame (upper) and wand (lower) used for
Vicon system calibration

Motion Capture Post Processing

Reconstruction of Data and Virtual Points

Vicon 1Q 2.0 software was used to post-process the motion capture data. Data
were reconstructed where three cameras were needed to see a marker to recognize a point
and only two cameras were needed to continue the trajectory of that point in space. A
simple marker model set was created using the software, and then the reconstructed data
points were color labeled, as shown in Figure 2.7. Because individual markers were

useful to capture the motion of points on the skin only, virtual markers were created at
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advantageous locations to represent the motion of the joints of the cervical spine. A
virtual marker can be created through its relation in space to other markers. An example
can be seen in Figure 2.7 where a virtual marker was created in the center of the (CO0)
using the markers on the halo. Virtual markers were created at the seat, C7, and the center
of the head; then the positions with time were exported to a text data file for further data
analyses.

The motion capture system uses multiple infrared cameras to triangulate the
positions of reflective markers in space. Because of the risk of occlusion (where a marker
is hidden from the required number of cameras), redundant markers are used. Redundant
markers are additional markers that allow the original marker to be re-created using the
motion capture software when occlusion occurs. The markers are attached to bony
landmarks on the subject, and the position history is recorded. The system calculates
these markers in relation to a given origin in the capture space and gives a global

coordinate for each frame.
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Figure 2.7 — Reconstructed motion capture markers
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Validation of Motion Capture Data Using Accelerometers

Accelerometers have been the gold standard to measure whole-body vibration.
While accelerometers are reliable, they can be disadvantageous because of the number of
accelerometers needed and the need to factor out the gravity acceleration component. In
addition, angular and linear displacements calculated from accelerometers using double
integration tend to lead to unwanted drift and a lack of a global coordinate system.

Methods of capturing human segment motion have been developed using motion
capture systems and have been shown to be reliable. The marker position data can be
double differentiated using a five-point central finite difference method to calculate the
acceleration of a specific marker or set of markers. A number of filtering and smoothing
techniques have been used to obtain useful and realistic acceleration data from the motion
capture data (Rahmatalla et al., 2006).

The study by Rahmatalla et al. (2006) showed that acceleration calculated from
motion capture position data can successfully be compared to accelerometer data when
the marker data is filtered at the correct low-pass frequency. Because data collection in
whole-body vibration environments introduces a great deal of noise into the system, an
accelerometer is used as a reference for any filtering or smoothing operations to the
motion capture data.

To show the quality of the acceleration obtained by differentiating the positions of
the motion capture data, a tri-axial accelerometer placed on the back of the head was used
to verify the correct low-pass filtering frequency. A program was written in MATLAB to
filter the marker position, double differentiate the marker position, and then plot the data
versus the accelerometer data. A comparison of the two data sets can be seen in Figure
2.8a, where the marker position was filtered at 12 Hz. Additionally, a tri-axial
accelerometer was placed on the rigid seat and aligned with the x-direction so that the
gravity component would not need to be removed for comparison. The same procedure

was used to generate marker acceleration versus time and was compared to that of the x-



direction from the accelerometer. The data sets can be seen in Figure 2.8b, where the

marker position is also filtered at 12 Hz.
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Figure 2.8 — Comparison between calculated marker acceleration data filtered at 12 Hz

and accelerometer data for head test (a) and seat test (b). Red is the calculated marker

data and black is the accelerometer data
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Figure 2.9 — Accelerometer data compared to marker data filtered at cutoff
frequencies of 8, 10, 12, 14, 16, 18 and 20 Hz for both head and seat test

To gain insight into what filtering frequency was the most appropriate, a

comparison was run for both head and seat tests, and the RMS values of each signal were
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evaluated. Low-pass cutoff frequencies of 8, 10, 12, 14, 16, 18 and 20 Hz were used for
comparison of the head test and the seat test. The results are presented in Figures 2.8.

As can be seen from the two tests in Figure 2.7 and Figure 2.8, motion capture
data can be a very effective tool in evaluating acceleration in vibration environments,
especially when post-processed using appropriate filtering and smoothing techniques.
The remaining data analysis of this experiment will use the sets of marker data to
calculate the positions, velocities, and accelerations of the head-neck system due to
vibration.

Calculations

Subjective Reported Discomfort

Because each subject gave an additional response for the normal posture after an
altered posture (head down, to-the-side, or up), the normal posture was used as the
control. Normal posture is defined as the head in standard anatomical position with the
subject facing straight forward. After each gave a discomfort response to an altered head
posture response, the subject gave a secondary response in the normal posture to be used
as the baseline. Each subject’s normal posture responses were then averaged to provide a
baseline for normalization. Finally, all subject responses for all postures were divided by
each subject’s baseline discomfort value. This ensured that while some subjects may have
tendencies to give overall higher or lower responses, the general trends can be found.
Once subject data were normalized, the 10 subjects' discomfort responses were averaged
for each discrete frequency and posture and are presented in the Results section.

Velocity and Acceleration

Once the marker position data is collected and correctly low-pass filtered, it can
be used to calculate the velocity and acceleration of the marker by differentiation of the
continuous position data. A program in MATLAB was written to use a 5-point central
difference method to approximate the differential of the position data to obtain realistic

velocity data. The velocity data were then differentiated by the same method to
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acceleration data. Caution should be taken when using this method, however, because the
ends of the data are not accurate due to the differentiation.

Biomechanical Response

The measure of seat-to-head transmissibility has been the standard for whole-
body vibration studies, especially when dealing with seating characteristics or posture
(Paddan and Griffin, 1998; Fard et al., 2001; Mansfield, 2004; Viviani and Berthoz,
1975). For random vibrations, the seat-to-head transmissibility is found by taking the
cross spectrum of the head acceleration in the frequency domain and dividing it by the
auto spectrum of the input vibration and is shown in equation (1) where Gj,(f) is the cross

spectrum and Gj;(f) is the auto spectrum.

_ Ga(f)

H(f) Gl 1)

(1)

Transmissibilities above 1.0 indicate that the output motion is being amplified
from the input motion and resonance is occurring. For discrete frequencies, such as in this
work, the transmissibility magnitude calculation is much simpler and is equal to the RMS
of output acceleration divided by the RMS of input acceleration in the time domain. For
this experiment, transmissibility calculations have been performed using the individual-
head fore-and-aft, lateral, and vertical directions as the output acceleration component
and using the seat fore-and-aft direction acceleration as the input component.
Additionally, the total magnitude RMS accelerations for all directions and the angular
head velocity were used in the transmissibility calculations.

Predictive Discomfort Function

A predictive function is very useful to predict neck discomfort in response to
vibration. A predictive function equation was created to estimate discomfort, based on the
idea that a position becomes more uncomfortable when a joint deviates from its neutral

position. The predictive discomfort function is presented in this work and applied on the
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normal posture only as a proof of concept. For all head-neck positions, joint angles were
only considered at one degree of freedom, and the head-neck motion was calculated
between the C7 vertebra and the center of the head in the sagittal plane. All side-to-side
movements were considered negligible for this pilot test. The predictive function peak
discomfort values were averaged, excluding any outliers or other obvious global motion
artifact, and an average value was calculated for each discrete frequency. Finally, the
predictive discomfort values were normalized by frequency cubed of the input signals

and presented in the Results.
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CHAPTER 1II
RESULTS
Subjective Reported Discomfort

Figure 3.1 shows the average reported subjective ratings of 10 subjects based on
the Borg CR-10 scale in four different head-neck postures where the data was normalized
by each subject’s average rated normal posture discomfort. In general, the normal head-
neck posture showed a peak at 4 Hz and another peak at approximately 6 Hz. The up,
down, and to-the-side postures showed similar trends, with the first peak at 4 Hz, but
showed a shift in the second peak to a higher frequency (approximately 7 Hz). After the
first peak (4 Hz), the up and the to-the-side postures showed lower discomfort level
compared to the normal posture; however, the head-down posture was very sensitive to
frequencies higher than 4 Hz and showed a higher discomfort value in that region. The
difference between the rated discomfort and the immediate rating of the normal (control)

posture can be seen in Figure A.1 in the Appendix A.

Subjective Discomfort of All Head-Neck Postures for 1.15 RMS
X-Direction Vibration
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Figure 3.1 —Subjective discomfort ratings from 10 subjects for each head posture
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Figure 3.2 shows the difference in average discomfort values between vibration
amplitudes of 0.8 and 1.15 m's® RMS for all four head postures in the frequency range of
2-8 Hz. The greater vibration amplitude yielded greater subjective discomfort ratings for
each posture. The most notable difference between vibration amplitudes within the same
posture occurred with the head-down posture. Overall discomfort ratings of the head-to-
side posture and head-up posture were slightly lower than the normal posture for the 1.15
m-s? RMS amplitude; meanwhile, the head-down posture values were the largest with
almost twice the reported discomfort. For the lower amplitude vibration, reported
discomfort values were very close among head-down, head-up, and normal postures;

however, the head-to-side posture discomfort was less.

Average Subjective Discomfort of 10 Subjects for 2 Vibration
Amplitudes and 4 Head Postures

137

127

Eod /
5 117
o~ e
g 100
S y
2 e
o 0.9
- e H1.15ms? RMS
[T 0.8 .
N /
= e m0.8ms? RMS
£ 07+ -
= e
S 06

,//

0.5 —

0.4 T T :
Normal Posture Head Down Posture Head to Side Posture Head Up Posture

Figure 3.2 — Discomfort between vibration amplitudes and head postures

Biomechanical Response
Figure 3.3 shows the average transmissibility of 10 subjects based on the head
position acceleration (CO0) in four different head-neck postures. For the transmissibility,

the total combined head acceleration magnitudes from the fore-and-aft, lateral, and
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vertical motion of the head or the motion in the individual directions were considered as
the output, where the acceleration magnitude of the fore-and-aft direction of the seat was
the input. Figure 3.3 shows the average of the 10 subjects’ specific acceleration
component directions by comparing transmissibilities in the fore-and-aft, lateral, and
vertical directions, as well as the combined magnitude of all directions. The
transmissibility of the fore-an-aft motion of the head is greatest in the low frequency
range and can be seen in Figure 3.3a. The head-to-side posture shows a much higher
transmissibility in the lateral direction (Figure 3.3b) which makes sense because of head
is orientated in the lateral direction in the head-to-side posture. The vertical
transmissibility (Figure 3.3c) showed the highest values for the 10 subjects of any

direction and indicates a possible head rotational component due to the input vibration.
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Figure 3.3 — Averaged transmissibility of all 10 subjects for each head posture broken
down into individual transmissibility directions
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The multidirectional combined transmissibility was calculated by taking the
square root of the sum of the squares of each directional RMS acceleration magnitude
and then dividing by the RMS acceleration magnitude of the fore-and-aft vibration signal

as shown in equation (2).

2 2 2
Arms(X)(CO) Arms(Y)(CO) Arms(Z)(CO)
Tx(xyz)=,|| ——— | +| —————| +| —— (2)
Arms( X )(Seat) Arms(X )(Seat) Arms(X )(Seat)

In general, the multidirectional transmissibility of the normal head-neck posture

showed a peak from 5 to 6 Hz as can be seen in Figure 3.3d. The up and the head-to-side
postures showed similar trends, with a rounded peak at 5 to 6 Hz, while the down posture
showed a peak at around 7 Hz. The head-down posture showed a higher transmissibility
at all frequencies. The head-up and head-to-side postures exhibited a similar trend to the

normal posture, but were attenuated in the 4 to 7 Hz frequency range.

Head Angular Velocity Transmissibility of All Postures for
1.15 RMS X-Direction Vibration
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Figure 3.4 — Averaged transmissibility of all 10 subjects for each head posture based
on head angular velocity in the pitch direction
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Angular velocity transmissibility was also calculated and is presented in Figure
3.4. For this function, the head-neck was considered a 1-DOF system, where output was
the angular velocity at the center of the head and the input was the seat acceleration in the
x-direction. The transmissibility peaks for all head postures around 2 to 3 Hz, and a
second peak can be found in the head-to-side posture at 7 Hz. The head-down posture
consistently has a higher transmissibility value throughout the studied range.

Predictive Discomfort Function

Data sets for discomfort, transmissibility, and the predictive discomfort function
were normalized by their peaks for comparison and can be seen in Figure 3.6. The
predictive function peaks once at around 4 Hz and once again at 6 Hz, which is very
similar to the peaks for the subjective reported discomfort. The transmissibility has one
peak around 5 Hz, which is much broader than the peaks of the predictive function and

subjective reported discomfort.

Normalized Discomfort, Transmissibility and Predictive
Function for Normal Posture at 1.15 RMS X-Direction Vibration
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Figure 3.5 — Comparison of normalized discomfort, transmissibility, and predictive
function for normal posture
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CHAPTER IV
DISCUSSION
Trends in Discomfort Data

The results have shown that the head-neck posture did not affect the location and
the magnitude of the discomfort at the low-frequency range, with the first peak at 4 Hz
for all postures. However, the head-neck posture plays a more significant role on head-
neck motion and discomfort at higher frequencies. This is very clear in Figure 3.1, where
the second peak in the discomfort was shifted to a higher peak around 7 Hz for the head-
up and head-to-side postures. This might be related to stiffer systems or larger motions
with more muscle involvement. For the head-down posture, the magnitude of the
discomfort function was higher than for the normal posture. This could be associated with
the difficulty of generating more muscle activity in that position to support the head-neck
region, resulting in more uncontrolled, uncomfortable motions. As shown in Figure 3.1,
the discomfort value for the head-down posture increased steadily after 4 Hz. All postures
showed higher discomfort at 2 Hz but the head-up and head-to-side postures showed less
discomfort after the first peak at 4 Hz and their magnitudes approach the normal posture
around 8 Hz. In these postures, the subjects may be using the major neck-back muscles to
alter the biomechanical response. This may create a stiffer system and explain why there
is a shift in the second peak in the to-the-side and head-up postures.

Trends in Biomechanical Response

It is known from the literature that subjects supported with a backrest increase
their resonance frequency of the head-neck system to the 4 to 6 Hz range (Griffin 1988).
Figure 3.3d shows the peak transmissibility of the normal posture to also be in this range.
Interestingly, the head-to-side and head-up postures exhibit a similar trend to the normal
posture; however, the peak transmissibility is attenuated. In addition, the subject’s
average transmissibility was lower in this range compared to the normal posture. This

suggests that when the head-neck system is stiffened from muscle activity, head
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accelerations are attenuated and subjects have less motion in critical frequency ranges. It
is clear from Figure 3.3d and Figure 3.4 that the head-down posture has the highest
transmissibility for all frequencies. This could be due to the lack of muscle stability in the
head-down posture. This trend alone suggests that workers in vibration environments
should reduce any head-down postures to avoid unwanted head accelerations and
discomfort.

The general trend of angular velocity transmissibility for the normal posture is
consistent with that of a study by Fard et al. (2001), but with slightly lesser values and
can be found in Figure A.2 of Appendix A. The slightly lesser values were also consistent
and could be due to differences in the experimental setup. The extra peak observed in the
head-to-side transmissibility may be due to out-of-plane motion generated by a cross-axis
effect. The angular head velocity was calculated for only the pitch axis; therefore, the
head-to-side posture may not be adequately represented by the angular head
transmissibility.

Predictive Discomfort Function

The general trend for the predictive discomfort function seems to match the
subjective reported discomfort for the normal posture very well. The predictive function
is able to capture relative motion away from the neutral position and relate that to
discomfort; however, for higher frequencies a two- degree-of-freedom system will be
needed. By normalizing the predictive function by frequency cubed, a greater discomfort
weighting is added to higher frequencies and is better at capturing discomfort. In future
studies with random vibration, the motion may need to be normalized by frequency cubed
first and then calculated with a predictive discomfort function for more accurate results.
Also, a pilot investigation has been conducted to evaluate the validity of angular
acceleration as part of a predictive discomfort function which shows promising results.
Additionally, the rotational acceleration component could be very important for

analyzing neck joint forces for discomfort and injury prevention. Finally, the prediction
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discomfort function will add value for future human models could be generalized to other
joints of the body for discomfort prediction in whole-body vibration.
Future Work

Input Vibration Parameters

The expansion of vibration parameters is necessary in order to gain insight into
the complicated response of the head-neck system. Such parameters include frequency
spectrum, vibration magnitude and duration, and three-dimensional vibration. A much
wider frequency spectrum should be used to capture the full response of the head-neck
system to posture change because different low and high frequencies affect local
resonances of the neck. The vibration magnitude and duration will play a large role in
human discomfort. It may be found that a non-neutral position is more comfortable for a
short exposure but over a long exposure or magnitude, it could become much more
uncomfortable. Because vibration direction is so important for the response of the head-
neck system, all directions should be explored with the ultimate goal to have a three-
dimensional simulation and discomfort prediction.

Performance Measures

Additionally, work in the area of performance measures could have large
implications in the field of human vibration response. In this age of technology, more and
more laptop computers and touch-screen devices are being used in whole-body
environments. Recommendations for these devices could be made based upon postural
discomfort and performance measures. Visual tracking, touch-screen accuracy, and
keyboard-performance studies would also greatly benefit the field of human vibration
response.

Predictive Discomfort Function

Finally, future work on a predictive discomfort function is essential in order to get
closer to predicting human discomfort mathematically. It would then be possible to

mathematically formulate a subject's comfort level based on certain input characteristics.
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A multi-degree-of-freedom function would have to be developed, however, in order to
capture the complex motion of humans. If such a function can be found to be robust and
accurate, it would be utilized by industry and academia alike. The power to predict
human discomfort based on posture and motion would allow designers to construct
products that are more comfortable and safer and that would allow for better performance

in vibration environments.
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APPENDIX

Appendix A. Additional Figures
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Figure A.1 — Average of difference in subjective reported discomfort between normal
posture and each alternative head-neck posture for 10 subjects. Normal posture rating
is used as a baseline.
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Figure A.2 — Comparison of angular velocity transmissibility from average of 6
subjects from Fard et al. (2001) study in normal posture




