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Abstract

The passive eye response (PER) may act as a surrogate for the brain response to head
acceleration during a concussion causing impact. A novel eye movement sensor designed in
this dissertation is used to verify this hypothesis and to predict the risk of mild traumatic
brain injury (mTBI). Microelectromechanical systems (MEMS) accelerometers are proven
to capture the relative displacement of the eye to the bony socket/skull in a similar fashion
to the brain. Expansion to dynamic systems is achieved by applying 6-DoF MEMS inertial
measurement units (IMU), which are tested on a skull-brain-eye model and human volun-
teers in drop-and-impact experiments. An advanced sensor fusion technique is designed and
applied in processing the IMU data. Similar angular accelerations of eye and brain relative
to skull are observed in the IMU data during rotation tests. Strong correlations of eye and
brain accelerations are discovered in the drop-and-impact model tests suggesting that sens-
ing the PER using IMU’s could provide better outcomes than sensing head acceleration for

real-time on-field objective mTBI monitoring, assessment, and diagnosis.
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Chapter 1

Introduction

In recent years, public awareness of the risks of concussive trauma in contact-sport-
related activities has increased dramatically. Since 2009, all 50 states and the District of
Columbia have enacted legislation regulating concussion treatment [1]. The prevalence of
concussions in particular sports has increased, though it is not known whether this is the
result of increased incidence of injury or improved diagnostics [2]. Previous research indicates
the prevalence of concussions could be between 1.6 and 3.8 million injuries per year [3].

A concussion is often referred to by doctors as a mild traumatic brain injure (mTBI) ,
which is caused by the displacement and deformation of the brain in the skull during head
or body impacts [4]. Both terms are used when a person experiences a change in normal
brain function for no longer than a minute following trauma. Concussion/mTBI is such a
high prevalence injury that athletes in contact sports at all levels are at high-risk. Though
usually not being life-threatening, its effects can be serious and life-long. The immediate
affects of mTBI may include one or more of the following symptoms: headache, nausea and
vomiting, loss of consciousness, change in vision, being confused, hardness to arouse, memory
loss (amnesia), and feeling of “lost time”, etc.

Because mTBI is mostly diagnosed subjectively and the symptoms can often mirror
symptoms of other pathologies, objective diagnosis can be challenging but is critical as
undiagnosed thus untreated mTBI can result in a number of neurological and cognitive
conditions such as issues with memory and reasoning, difficulties with balance and sight,
weakened communication skills, and emotional instability. Repeated mTBI can result in

the accumulation of these symptoms over time. Additionally, mTBI can cause epilepsy



and increase the risk for age-related neurological disorders like Parkinson’s and Alzheimer’s
disease [5]. Details on concussion/mTBI are given in Section 2.1.

The ability for real-time assessment of brain motion and deformation during head im-
pact is of immense value in understanding the biomechanics of mTBI, in assessing mTBI risk,
and in diagnosing mTBI objectively. The ability to objectively assess the risk of mTBI in
the field of play or on the sideline is also very desirable for making important decisions such
as return-to-play. However, there are major challenges to real-time diagnosis. First, while
advanced technologies such as magnetic resonance imaging (MRI) and computed tomogra-
phy (CT) have the potential to image brain motion/deformation during small, non-injurious
head accelerations [6-8], they cannot be used to evaluate the large, potentially injurious head
acceleration encountered in the field. Second, simultaneous recording of brain motion/de-
formation has been a challenge because the fluidic human brain moves quite differently than
the solid skull moves during an impact (Figure 1.1 [9]). Insertion of sensors inside the skull
is not applicable on a healthy person however vulnerable to concussion he or she is. This

issue is further discussed in Section 2.2.

Concussion

Initial impact of concussion (coup) Secondary impact (contrecoup)

Figure 1.1: An Illustration of Human Brain Concussion.



A significant effort toward this direction is the Head Impact Telemetry (HIT) System ™,
which uses an array of non-orthogonal accelerometers mounted inside helmets to provide in-
field real-time monitoring of head accelerations with the intention to predict mTBI from
head kinematics [10-13]. While the HIT system has made important contributions to our
understanding about head impacts in sports, its ability to predict mTBI has not been es-
tablished [14-20]. The likely reason is that head accelerations may not directly translate to
brain motion/deformation in the skull. More discussions on HIT system are given in Section
2.3.

An alternative approach to characterizing brain response to impact is through the pas-
sive response of the eye. After impact, extraocular muscles controlling eye movement are
unable to react for approximately 20 ms [21]. During this period it is hypothesized that the
eye moves analogously to the brain as tissue suspended in fluid, but different relative to the
movement of the skull. Objective in-field real-time monitoring of the motion and the defor-
mation of the brain therefore can be realized by indirectly sensing the motion/deformation
of the eye. The goal of this research is to test the feasibility of predicting the risk of mTBI
using the passive mechanical response of the eye as a surrogate for the brain’s response to a
head blow.

The design of experiment in Section 4.1 has been done at Auburn University and con-
firmed the use of microelectromechanical systems (MEMS) accelerometers in measuring the
relative displacements of polydimethylsiloxane (PDMS) model eyes relative to their 3D-
printed model sockets when the sockets are hit by a suspended polyvinyl chloride (PVC)
hammer. Acceleration data were integrated to yield total displacement of both eye and
socket model. Though MEMS accelerometers are able to measure the relative displacement
in the stable socket model systems, more attitude information is needed for accurate es-
timation in dynamic systems where the total displacements are no longer negligible. The
work, as introduced in Section 4.2, expanded upon these findings by utilizing MEMS inertial

measurement units (IMU) to obtain angular, acceleration, velocity, and displacement data



in a simulated impact test for eye response versus head response. The simulation utilized a
3D-printed skull model filled with a model gelatin brain. Additionally, the model includes
scale eye replicas composed of PDMS and gelatin eye sockets. The skull model was subjected
to a number of drop tests in which IMU’s were placed on the skull as a reference and on
the eyeball under an artificial eyelid. In addition, the investigators volunteered to conduct
human tests to verify the eye-skull model and sensor response. The same make of IMU’s
and design of eye-skull model are used in head-rotation experiments in Chapter 5, extending
the use of IMU’s in sensing passive eye rotation as a surrogate for brain rotation. Tests
are done on an air/vacuum-actuated head turner and the vestibulo-ocular response (VOR)
chair at the University of Alabama at Birmingham (UAB) . After validating the usage of
MEMS IMU’s in sensing relative linear and rotational accelerations to the head, correlations
between the passive eye and brain motions are studied in Chapter 6 by model experiments
with IMU’s embedded in the gelatin phantom brain. Finally, summary and conclusion are

given in Chapter 7, and future work in Chapter 8.



Chapter 2

Literature Review
2.1 Traumatic Brain Injury (TBI) and mild TBI

Traumatic Brain Injury (TBI) is a high prevalence injury [22,23], especially in high-risk
populations such as athletes involved in contact or high-speed sports. There are roughly three
types of TBI according to the impact sources: direct impact injury, acceleration/deceleration
injury, and shock wave injury (Figure 2.1 [24]). Up to 3.8-million sport-related TBIs occur
in the US each year [25]. Among collegiate and high-school sports, American football has
the largest number of TBI cases, due to the large number of participants and the high
frequency of body, especially head, impacts [25,26]. According to Meehan IIT et al. [27],

nearly one-third of TBIs go undiagnosed because of the lack of the highly noticeable signs

Types of traumatic brain injury

Direct impact injury Acceleration-deceleration injury Shock wave injury

Figure 2.1: Types of Traumatic Brain Injury (TBI).



and symptoms. Many times athletes may also minimize the severity of their injuries to
remain in the competition.

Although 90% of TBIs are mild in severity (mTBI or concussion) [26] and the patients
usually recover quickly, there are concerns about the long-term effects of repetitive sub-
concussive blows, especially when they are not diagnosed and treated in time. Undiagnosed
mTBIs increase lost time from school [28] and risk of death because of the Second Impact
Syndrome [29]. Their cumulative effects seem not only to slow down recovery, but also to
dramatically increase the possibility of long-term neurophysiological impairment and depres-
sion. They carry risks for cognitive decline [30], depression [31], suicide [32], dementia [33],
Parkinson’s disease [34], and Alzheimer’s disease [35] etc. Professional contact/high-speed-
sport athletes also have a large number of cases where terminal neurological degenerative
diseases like chronic traumatic encephalopathy (CTE) and young-age amyotrophic lateral
sclerosis were caused by the mTBI [36,37]. Last but not least, crucial administrative deci-
sions during the games, such as return to play, have to be made in real time on the field to
reduce the risk of repeated injury.

The pathogenesis of mTBI is the mechanical strain in the brain tissue associated with
the transient motion and deformation of the brain inside the skull induced by injurious
impacts. It is the consensus that most sport-related mTBIs are the results of impulsive forces
from head, neck or body blows that cause sudden acceleration/deceleration of the brain [38].
Animal studies demonstrated that both linear and rotational head accelerations (HACC) can
cause mTBIs, but with different manifestations [39,40]. Physical simulations using gelatin-
filled brain models demonstrated that the largest shear strains in the brain models were
associated with rotations of the head [41-43|. Empirical studies of brain displacement and
deformation in animal models and human cadavers were conducted by direct observation of
the brain through transparent polymer calvariums, by implanting accelerometers in the brain
or by high-speed x-ray imaging of lead markers inserted in the brains of cadavers [44-51].

These studies demonstrated that the brain, which is fluid rather than solid, tends to keep its



position and shape when the head begins to accelerate, and to move and deform as the head
motion slows, reaches steady state or changes direction [45,46]. Brain tissues at different
locations in the skull were displaced by different amounts, with local peaks of deformation
and shear strain in the experiments. In human cadavers, HACC and speed peaked at 5
ms after impact and maximum strain peaked at 10 ms [46]. Tt was postulated that the
brain “is injured when its constituent particles are pulled so far apart that they do not join
up again properly when the blow is over” [41]. Brain response in living human participants
applied with impacts can also be studied using tagged MRI [6-8]. Despite the fact that
tagged MRI is not suitable for real-time on-field monitoring of mTBIs, this technology can
be used to validate other techniques buy comparing results from duplicated experiments.
Low linear or angular HACC (1-3 g or 100-300 rad/s?) were shown to produce linear or
circumferential brain displacements (2-3 mm or 1-2°) and shear strains (0.02-0.06) [52-55].
Finite element model simulations have also been used to study the relationship between
HACC and the strain of brain tissue [56-61]. The evidence suggests that the strain within

brain tissue associated with brain acceleration/deceleration is the cause of mTBI.

2.2 Objective, On-Field Monitoring of Head Acceleration

The brain motion/deformation data cited above was acquired under conditions where
the magnitude, direction, location and dynamics of head impacts were strictly controlled.
Brain injuries in real life, however, are affected by many different factors, which laboratory
research may not be able to simulate. Factors such as readiness for impact, protection gear,
head impact v.s. body blow (whiplash), etc. are known to influence the risk of mTBI.
To make diagnosis more difficult, mTBI lacks the overt signs of TBI, such as a fractured
skull and/or prolonged loss of consciousness. It is defined primarily by symptoms reported
by the patients themselves who have received the concussive blow [38]. However, voluntary
reporting is not reliable. For instance, according to a survey of a total of 1532 varsity football

players from 20 high schools in the Milwaukee, Wisconsin as shown in Table 2.1 [62], more



. . * Percentage
Concussion Reporting Data of Subjects
Certified athletic trainer 76.7
Coach 38.8
Concussion Reported to Parent 35.9
Teammate 27.2
Other (eg, family physician, student) 11.7
Did not think it was serious enough 66.4
Did not want to leave the game 41.0
Why Concussion not Reported | Did not know it was a concussion 36.1
Did not want to let down teammates 22.1
Other reasons 9.8
*Categories are not mutually exclusive; subjects were asked to check all that apply.

Table 2.1: The Frequency Distribution for Concussion Self-reporting and Reasons Why
Concussions Not Reported.

than 50% of high-school football players who sustained concussions did not report their
mTBI-related symptoms, because they did not consider the injury to be serious enough or
did not want to be withheld from competition. Therefore, objective assessment of mTBI
risk is vitally important for identifying these players. Such assessment is most effective if
taken on-field, right after impact, real-time if possible, so that potentially concussive blows
can be detected, and thus repeated injuries can be prevented. The effectiveness of protective
equipment can be realistically evaluated and techniques to prevent injurious contacts can be
taught. Because direct measurement of brain dynamics during impact is extremely difficult
in humans and it is impossible to assess brain responses to concussive blows in a live human
being outside of laboratory settings, the current focus of on-field mTBI research naturally
falls on the head kinematics, i.e., the linear and angular accelerations of the head, simply
because it can be more readily assessed [63]. This has been the motivation of a large body of

studies concerning the relationship between head /body blows, HACC and the risk of mTBI.

Instrumented helmets and bite-plates/mouthguards have been used to measure HACCs

in human volunteers during various sports and daily activities [64-70]. The state of the



art in on-field head kinematics assessment is the Head Impact Telemetry (HIT) System by
Simbex™ | which is now marked by Riddell™ in the Riddells Sideline Response System
(SRS) (Figure 2.2a) and the InSite Impact Response System [71,72] (Figure 2.2b). The
HIT system features 6 spring-loaded accelerometers mounted inside each helmet as shown in

Figure 2.2¢, real-time recording of head kinematics (such as location of head impact, peak

Riddell’
The
HIT System™

Figure 2.2: The Head Impact Telemetry (HIT) System: (a) HIT System Apparatus; (b) HIT
System in Riddell InSite; (¢) The Six Accelerometers of HIT System Embedded in a Helmet.



HACCs and impact duration), wireless transmission of time-stamped data to a collector on
the side line that converts the data to head impact severity measures and an acoustic alert
for potentially injurious impacts. The HIT System has been validated against the Hybrid
IIT dummy [11], has been used in a wide variety of sports with more than 2,000,000 sets
of impact data collected from high-school and college athletes [71] but has not been used
in professional games. The HIT achievements include quantitative assessments of position-
specific and session-specific (game and practice) impact frequencies, mean peak linear and
angular accelerations, the spectra of linear and angular accelerations and assessments of
concussion thresholds for collegiate and high-school football players [73-75]. These studies
documented how the head moved under impact, but not how the brain responded.

Another typical position to instrument on-field concussion assessment systems is in
a mouthguard. Other groups are working to design more accurate systems such as the
integration of sensors on a mouthguard to monitor dangerous impacts [76-78|. Figure 2.3
shows such a device produced by Prevent Biometrics™ [79]. Mouthguard-embedded systems

expand the applications of on-field concussion assessment to more helmetless sports such as

Four 3-Channel
Accelerometers

Head Impact Alert LED

Wireless Charging

Compact Form Factor

Figure 2.3: A Mouthguard Instrumented Concussion Sensing Device by Prevent Biometrics.
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rugby and boxing etc., however, the measurands are still the same as the helmet-mounted
ones: head kinematics. While these studies and products have improved our understanding of
how, where and when athletes get hit during games, it has become clear that head kinematics
alone cannot predict the risk of mTBI. What is missing is the capability for on-field real-time
assessment of how head impact load is translated into brain displacement and deformation
in the skull. One way to bridge the gap is by monitoring surrogates that undergo similar

motion and deformation as the brain during a head/body blow.

2.3 Eye Tracking Technologies

Many researchers have realized the potential to use eye movements to diagnose concus-
sion. They use conventional, video-based eye trackers to compare eye movement patterns
and dynamics of normal controls to concussion suspects or patients [80-84]. However, these
studies differ from the proposed eye sensor in several ways. Firstly, as shown in Figure 2.4,
eye trackers such as the state-of-art EyeLink™ 1000 Plus [85] require stable head position to
achieve a high measurement accuracy. Even for the wearable version of EyeLink™ II (Fig-
ure 2.5 [86,87]), special devices, such as the head- and chin-rest and the head camera are
introduced to minimize head motion and to compensate the effects of head motion. These
devices are useless under the head acceleration condition studied in this research. The veloc-
ity and amplitude are too much for these eye trackers to operate normally. Secondly, current
concussion eye movement studies differ from this research in their purposes. They study eye
movement abnormalities after concussive head impacts. The purpose for developing the eye
sensor is to understand how the brain is injured in the skull and to assess concussion risk
during head impact without opening the skull. The eye is a surrogate of the brain. Thirdly,
current concussion eye movement studies measure different kinds of eye movements from the
ones interested in this research. Instead of the eye rotations under neural control, the eye
motion studied here occurs only during a short time window during a head impact during

which neural control has not activated, which is further discussed in the next chapter. This
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passive eye motion may mirror the brain motion/deformation during the same impact. An
injury threshold may thus be derived to predict brain injury. Fourthly, current concussion
eye movement studies have different applications. They are used in clinical settings long
after head impacts to determine if there is a concussion. The ultimate goal of the eye sensor
is real-time, remote assessment of concussion risk in the field. It can assist the prediction
and diagnosis of concussion and it can also provide objective evidence to assist time-critical
decisions such as return-to-play or med-evac in the field. Lastly, the final product of the eye

sensor will be untethered and will be comfortable to wear.
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Figure 2.4: The Setup of EyeLink 1000 Plus.
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Figure 2.5: The Setup of EyeLink II.
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Chapter 3

Theory Basis and Discussion

3.1 Head Kinematics Cannot Predict Concussion

Although the HIT System is not designed to be a diagnostic tool for mTBI [88], one
of its designated purposes is to detect potentially injurious head impacts [18,71]. However,
head-kinematics-based severity criteria for mTBI risk have been found to be incapable of
separating concussive from non-concussive players. For any such criteria, there were always
many more severe HIT impacts that did not produce mTBI and there were mTBI cases that
were caused by much less severe HIT impacts [18]. In a 3-year study of 88 collegiate football
players wearing HIT embedded helmets, no significant relationships were found between HIT
data and clinical assessments collected within 24-48 hours post-injury [14]. Among the more
than 100,000 HIT head impact data sets collected from 95 high-school football players dur-
ing 4 years, no significant correlations were found between HIT impact characteristics and
athlete demographics (previous number of concussions), symptoms, InPACT (a concussion
management software [89]) pre/post injury change scores or the number of days until recov-
ery [16]. No significant differences in peak linear HACC levels and in frequencies of impacts
were found among college football players with and without clinically-observed impairment
and “functionally-observed impairment” [17]. High-school football players who had clini-
cally diagnosed concussions accumulated significantly fewer head collisions reported by the
HIT system than their teammates who had no concussion in all collision intensity categories
and locations [20]. Researchers have realized that “the efficacy of using helmet telemetry to
identify concussion and/or concussion-like signs and symptoms in the absence of subjective

information provided by the athlete was not demonstrated” [15], that “the HIT data on the
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injury are not accurate” [12] and that “impact severity (measured in acceleration/decelera-
tion) may be clinically irrelevant” [63]. Adding more sensors to the helmet may not result in
fundamentally different assessments [90,91]. It has become clear that HACC is only a risk

factor of mTBI [63]. It alone is not sufficient in predicting mTBI [14, 19].

3.2 Using the Eye as a Surrogate to Infer Brain Response to Impact

mTBI is the consequence of a series of events: head /body impact ¥ linear/angular head
acceleration ¥ brain acceleration and deformation ¥ brain tissue shear ¥ mTBI [92]. The
fact that HACCs recorded on-field by the helmet or mouthguard mounted sensors have failed
to predict mTBI occurrence shows an urgent need to explore new ways to assess on-field real-
time transmission of the head/body impact loading to the brain displacement/deformation
and tissue shear. As mentioned above, none of the currently available methods is capable of
doing so.

This research uses the eye as a surrogate to infer the brain response to impacts. As
an extension of the brain, the eye sits inside a bony socket, tethered by the optical nerve
and the six extraocular muscles (Figure 3.1 [93]) and cushioned by several types of orbital
tissues. It is subject to the same forces as the brain during head/body impacts. While
the normal voluntary and reflexive movements of the eye are neurally-controlled rotations
about its center of rotation, there is solid evidence that during a short time window immedi-
ately after a HACC, the eye undergoes a passive motion before neural control takes over to
generate a vestibulo-ocular response (VOR). During this time window, the eye’s motion is
governed purely by laws of dynamics [21,94]. This passive eye response (PER) can be seen
as the entire ocular mass, eyeball, extraocular muscles, nerves, vessels and orbital tissues,
interacting with the eye socket as a whole under the forces transmitted from HACC. Because
the eye is much more accessible than the brain which is sealed in the skull, physical measures

of PER to head/body impacts can potentially be used to infer the brain response to impacts.
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If such a link can be established, a window is opened for objective, on-field, real-time assess-
ment of brain responses in sport fields or even war zones. New insights can be brought to
the relationship between real-life impacts, both benign and injurious, and brain responses.
Furthermore, because MEMS sensors embedded in small ocular inserts can be placed inside
the pouches around the eye, a completely new device for real-time objective monitoring of
brain response to impact in the field can be developed for the purposes of mTBI detection,

assessment, management and prevention.

3.3 Passive Eye Response Immediately after Head Acceleration

Vestibulo-ocular responses (VOR) are rapid reflexive rotations of the eyes for the purpose
of stabilizing eye gaze during head/body motions [95]. The direction of VOR is therefore
compensatory, i.e. in the opposite direction of head/body motion. VORs are driven by

crossed excitation and inhibition of the signals from the semi-circular canals and the otolith

Superior Oblique

Inferior Oblique

Figure 3.1: The Six Extraocular Muscles in a Human Eye Socket.
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sensors (rotational and linear VOR) as shown in Figure 3.2 [95]. The neural control pathway
of VOR is short and fast, with a latency of approximately 10 ms. However, it has been shown
that head motions do not only cause neurally-controlled VOR. In humans, the VOR gain fol-
lowing passive head oscillation increases with increasing head frequency and passes unity at
approximately 12 Hz. It was speculated that this high gain was caused by mechanical oscilla-
tions of the orbital apparatus [96]. When a rhesus monkey was accelerated laterally on a sled
for 200 ms with peak acceleration of approximately 400 mm/s?, an “anti-compensatory” eye
motion with a duration of less than 40 ms and an amplitude less than 10% of the maximum
compensatory response was found prior to the onset of the compensatory linear VOR [97].
When a monkey was subject to a sudden brief period of free-fall, equivalent to a 1 g ver-
tical linear acceleration, the earliest ocular response was an anti-compensatory downward

eye movement, followed by an upward compensatory VOR [94]. While the gain of the linear

1. Detection of rotation

2. Inhibition of 2. Excitation of

extraocular ' extraocular
muscles U muscles on
oh one the other
side. side

3. Compensating eye movement

Figure 3.2: Vestibulo-ocular response (VOR).
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VOR was sensitive to viewing distance, the early response was independent of where the ani-
mal was looking before the sled movement [94,97]. It was speculated that this early response
was mechanical in nature and purely passive, i.e., not neurally controlled. When 200 ms ro-
tational acceleration pulses (peaked at 1000-1200 deg/s? in 10 ms) were applied to the head
of a human volunteer using a torque helmet, a zero-delay anti-compensatory eye response
that preceded the compensatory VOR was found [21]. The anti-compensatory response was
in the same direction as the head, had a peak velocity of several deg/s, a peak acceleration
of several hundreds of deg/s? and amplitude of a few minutes of arc as illuminated in Figure
3.3 [21], where eye velocity shown inverted for clarity. More prominent anti-compensatory
eye responses were found in patients with bilateral labyrinthine defects, presumably due to
the disabled compensatory VOR, [98,99]. Tapping the head with a reflex hammer produced
a small, zero-delay passive response in electro-oculography that culminated in the first 5
ms [100]. These studies demonstrated that immediately after a HACC, the eye undergoes
a passive response which appears to be purely mechanical. This indicates the eye, in its

passive response, as an ideal candidate of brain surrogate.
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Figure 3.3: Time Courses of Head and Negative Eye Velocities.
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It has been argued that the passive eye response (PER) was not the eye rotating about
its center of rotation due to inertia, because such a rotation would have been in the com-
pensatory direction. To explain the anti-compensatory PER, Collewijn et al. considered the
eye and the surrounding tissues, the extraocular muscles, the orbital tissue and so on, as
a viscoelastic mass (ocular mass) inside a bony confinement, r mm from the instantaneous
center of rotation of the head (point H in Figure 3.4), that underwent a passive underdamped
eccentric rotation during HACC [21]. The tangential component of the rotational moment,
Qin, deformed the ocular mass such that its front surface tilted in the same direction as the
HACC (Figure 3.4b). This deformation was registered by the search coil fixed on the front
surface of the eye as an anti-compensatory eye rotation. Using semi-solid gelatin to simulate
the eye mass, Collewijn et al. successfully simulated the first order effect of the PER [21].
They concluded that “the anti-compensatory component can only be purely mechanical in
origin and can only result from the assembly of eye accelerations (rotational and linear)
related to the imposed head rotation.” [21]. When the PER and the active VOR were sepa-
rated mathematically, it was found that, without active VOR, the eye would have undergone
a damped 12-15 Hz oscillation, starting in the anti-compensatory direction [21]. This VOR-
truncated passive oscillation of the eye at its natural frequency can also explain the results
from squirrel monkey VOR studies in [101] and the anti-compensatory eye responses under
linear accelerations of the head in [94] and [97].

Therefore it is important to distinguish the normal, neurally-controlled eye movement,
which is a rotation around the center of rotation of the eye, from the PER, which is the
displacement and deformation of the ocular mass in the eye socket under the impact load
of the head. It is also important to point out that, while the PER reported in the studies
mentioned above was recorded as a rotation of an eye coil, its underlying mechanics resembles
that of the initial phase of “liquid sloshing” (Figure 3.4). This sloshing can be easily observed
by pushing a bottle of liquid soap or a cup of coffee across the table and paying attention to

the direction of the initial motion of the surface [102,103]. Sloshing of the ocular mass in the
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socket (displacement and deformation) was demonstrated using a simplified finite element
eye-in-socket model when a fall from a 1-m height was simulated [104]. In hydrodynamics,
sloshing is quantified by a velocity potential field, or a time-varying deformation throughout
the body of mass that sloshes. For example, the surface layers of the body are known
to move more freely than deeper layers [102,105]. Studies of gelatin brains and human
cadavers have shown sloshing-like deformations of the brain, with the surface undergoing
larger motion than deeper layers and thus suffering stronger strain [45,46,106]. In fact,
sloshing, in its hydrodynamic sense, has been used to describe the injury mechanism of the
semisolid mammalian brain [107,108] and “brain sloshing” is often found in the press and
on TV. This has led to the development of a physical antisloshing method that resulted in
a significant reduction of the pathological index of TBI in a rat model [107,108] and to an

explanation of the lower concussion rates in NFL games played at higher altitudes [109].

Head
Acceleration

(a) (b)

Figure 3.4: Illustration of Eye Acceleration and Sloshing: (a) Eccentric Rotation of the
Human Eye; (b) Sloshing of the Ocular Mass Due to Head Acceleration.
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Another line of research also shows that brain and eye injuries are closely related. It was
found that 78% of children with abusive head trauma (shaken-baby syndrome) had retinal
hemorrhages [110] and 66% of US service members with TBI also had combat ocular trauma
[111]. It is thus hypothesized that a head/body impact causes both the ocular mass and the
brain to undergo a sloshing-like motion and deformation and that direct assessment of PER
immediately after the impact, in combination with assessment of the head kinematics, can

be used to infer brain response and to better assess the risk of mTBI.
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Chapter 4

Sensing Brain Response to Linear Acceleration of the Head

In this chapter, an alternative approach to sense and record the passive eye response as
a surrogate for the brain response to the linear acceleration of the head is introduced. As
discussed in the previous chapter, when an impact happens, the muscles that control the
eyeball are unable to react for a time of approximately 20 ms [21]. Within this time window,
the eye moves passively in a fashion similar to the brain, yet different from the head/skull.
In this chapter, MEMS accelerometers are first validated to sense and record the different
movements of the model eyeballs and model eye sockets in hit-by-hammer experiments. The
sensing technique is then evolved by using MEMS inertial measurement units (IMU) with
sensor fusion to fit more dynamic application systems like the drop-and-impact experiments.
Tests are performed on both 3D printed models and on human subjects. Relative linear
velocities and displacements are calculated by processing the acceleration data. A semi-
wireless in-helmet expansion of the skull model apparatus is designed by cooperating with

colleagues from another research project.

4.1 Experiments with MEMS Accelerometers

4.1.1 Tests on 5:3 Ping Pong Ball Model

As a first attempt to verify the eye as a surrogate of brain, and the usage of MEMS
sensors to sense the passive eye accelerations, a series of human body phantoms with 3D-
printed “bones” and gelatin emulated “tissues” were designed and tested. A 5:3 expanded
eye socket model with a ping pang ball “eyeball” was initially tested. In order to emu-
late the relatively high tensile strength of the eye sclera, a model eyeball was fabricated by

injecting a 10% gelatin type A (Lot No. Q5860, Cat No. 901771) aqueous solution into
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a 40 mm diameter ping pong ball. As a real human eyeball has a diameter of approxi-
mately 24 mm, this model has an expanding ratio of 5:3. In this ratio, an eye socket was
designed using SolidWorks™ CAD software according to human anatomy shown in Figure
4.1 [112] but idealized in symmetry as shown in Figure 4.2a and Figure 4.2b, and 3D printed
(Figure 4.2d) using polylactide (PLA) with layer height of 0.1 mm and infill of 70% by
a MakerBot™ Replicator. Notice that in Figure 4.2d, the ping pong ball was suspended
in cured 10% gelatin and covered by a 1-mm-thick “eyelid” membrane which was made of
polydimethylsiloxane (PDMS). A pair of 3D-printed PLA molds (Figure 4.2¢) were used to
form the PDMS “eyelid”. A 5:3-expanded cavity between the “eyeball” and the “eyelid” was
specifically spared as a control according to [113]. The PDMS in the molds had a 10:1 ratio
of elastomer to curing agent. After removing bubbles by placing the well mixed PDMS in a
vacuum chamber, the PDMS mixture was poured into the molds and baked in an oven at a
temperature of 70 °C for 6 hours. A pair of PLA clamps were also 3D printed to fasten the

model during impact tests (Figure 4.2d).

From above
Orbital axis
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TO BRAIN

Figure 4.1: Anatomic Dimensions of Human Eye Socket.
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Analog Devices™ ADXL325 3-axis MEMS accelerometers were used for the impact
tests [114]. The ADXL325 is a small, low power (single supply operation at 1.8 V to 3.6
V), complete 3-axis (X, Y, and Z) accelerometer with signal conditioned voltage outputs.

The output signals are analog voltages that are proportional to acceleration. One of these 4

© * ()

Figure 4.2: 5:3 Eye Socket Model: (a) SolidWorks™ Design with Dimensions in mm; (b)
3D Model with Impact Platforms and Directions of Impact (in red); (c¢) 3D-printed Molds
to Make PDMS Eyelid; (d) The Setup of the Model.

24



mm 4 mm  1.45 mm leadframe-based chip-scale packages (LFCSP) was mounted on a
8mm 6mm 0.79 mm customized printed circuit board (PCB) (Figure A.1) and which
was connected via AWG 32 wires. It was inserted in the PDMS “eyelid” membrane cavity
and held in position on the front side of the ball by the membrane. A second ADXL325
accelerometer, as a reference sensor coupled to the motion of the socket, came on a 20 mm
20 mm  1.57 mm evaluation PCB labeled as EVAL-ADXL325Z, and was attached on the
backside of the socket model so that the Z-axes of both accelerometers were aligned. The
X-axes of the two accelerometers were parallel and along the directions of the strikes applied
on the socket model (Figure 4.3a).

Since the demodulator output designed on the chip of ADXL325 is amplified and brought
off-chip through a built-in 32 k2 resistor, the user sets the signal bandwidth of the device
by adding a capacitor to each output, and the bandwidth is then calculated by the 3 dB

bandwidth equation of Equation (4.1) [114].

f—3dB = 1:<2 (32kQ) Cx;y;z) (41)

0 - B Accelerometer
Aeon the “cycball”

>

Strike at front I

Strike at clamp

Clamp

Strike at back I

@ (b)
Figure 4.3: Ilustration of Impact Tests: (a) Cross Section View; (b) Test Apparatus.
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where Cx.y.z is the filter capacitor at each axis output. This filtering improves measure-
ment resolution and helps prevent aliasing. In this application, the output of each axis of
the accelerometers was filtered by a 0.1 F capacitor on a separate interface circuit board
(Figure A.3) fabricated by a LPKF ProtoMat S103 circuit board plotter by LPKF Lasers
and Electronics™ [115], resulting in a bandwidth of 50 Hz. The noise of ADXL325 has the
characteristics of white Gaussian noise, which contributes equally at all frequencies and is
described in terms of g/ pm, i.e., the noise is proportional to the square root of the band-
width. Therefore, the bandwidth had to be limited to the lowest frequency needed by the
application so as to maximize the dynamic range and the resolution (minimum detectable
acceleration) of the sensor. This traded-off bandwidth of 50 Hz was just wide enough for the
the natural frequency of 12-15 Hz for the VOR-truncated passive oscillation of the eye [21]
as discussed in Section 3.3. This design was also verified by the spectra of the later processed
acceleration data. Under the conditions of a supply voltage of 3 V, filter capacitors of 0.1
F for all three axes, and a room temperature of 25 °C, the ADXL325 achieved a sensing
range of 5 g, a typical sensitivity of 174 mV /g, and a typical noise density of 250 g/ pm.
The test apparatus was a 30 in 20 in PVC pipe frame holding a hammer made of a
PVC T-shape pipe joint with a lever arm of 20 in. The other end of the arm was suspended
at the top of the frame in such a way to make the hammer swing freely in the direction
orthogonal to the frames long axis. During the testing, the hammer was lifted half way in
the air and released to generate an approximately 5 g strike on the socket model, emulating
the impact applied to the head and then translated to the bony eye socket. As illustrated
in Figure 4.2 and Figure 4.3, the model was designed in a way that strikes can be applied
at three points: the front platform, the clamp and the back platform. Since the direction of
the strikes were parallel with the X axes of the accelerometers, the data from these outputs
were of greater interest.
The data of acceleration from the two accelerometers were captured and recorded si-

multaneously by two Tektronix™ oscilloscopes (MDO4054 and MDO3104) with the same
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Raw Data of a Typical Impact Test with the Spectra of Instrument and Impact.
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sampling rate of 50 kHz per channel. Data were stored on USB flash drives and processed by
a MATLAB program (Appendix B.2) on a desktop workstation. The raw data with spectra
of a typical impact test on the front platform are shown in Figure 4.4. The raw data of
the accelerations output by the X, Y and Z axes of the eye accelerometer and the head
accelerometer are in the first column with solid green vertical lines marking the starting
time of the first/major impact and dashed red veritical lines marking the end of impact.
Fast Fourier transform (FFT) was applied on this section of data resulting in the impact
spectra shown in the third column of Figure 4.4. Before the impact, a backgound signal
was also captured and transformed by FFT, resulting in the instrument spectra shown in
the second column of Figure 4.4. Notice that the X axes of both accelerometers output the
largest accelerations in magnitude, which corresponded with the impact direction in X. In
the impact spectra of both accelerometers, the peak frequency components have bandwidths
smaller than 50 Hz, which confirm the previous hardware design (except for the Y axis of
the eyeball sensor, which was of least interest in this design of experiment).

A band pass filter (BPF) with low cut-off frequency of 25 Hz and high cut-off frequency

of 500 Hz was used to filter the raw data which was then processed to calculate the velocities

X 104 Eve displacement in socket (xSocket - xEyeball)
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Figure 4.5: Relative Displacement of the Eyeball Model in the Socket Model along X-axis in
the 5:3 Model Set.
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