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a b s t r a c t 

Given the complex nature of traumatic brain injury (TBI), assessment of injury risk directly from kinematic 

measures of head motion remains a challenge. Despite this challenge, kinematic-based measures of injury continue 

to be widely used to guide the design of protective equipment. In an effort to provide more insight into the 

relationship between rotational head kinematics and injury risk, we have conducted a large scale parametric finite 

element analysis (FEA) to investigate the role of angular acceleration, angular velocity, and angular jerk on the 

brain tissue strains and strain rates. The peak strains and strain rates resulting from rotational head accelerations 

were obtained for peak angular accelerations ranging from 0.5 - 25 krad/s 2 and peak angular velocities ranging 

from 10 - 100 rad/s. The results of this study show that both angular acceleration and angular velocity have a 

significant effect on the peak tissue strains and strain rates, reinforcing the importance of accounting for both of 

these kinematic measures when evaluating injury risk. For a given magnitude of peak angular acceleration and 

angular velocity, increases in angular jerk are shown to have minimal effect on the peak tissue strains but can 

lead to an increase in the peak tissue strain rates. This advancement in our understanding of the relationship 

between angular head kinematics, tissue strain, and tissue strain rate is an important step toward developing 

improved kinematic-based measures of injury. 

Statement of Significance 

To reduce the risk of traumatic brain injury, we must first fully understand the relationship between impact- 

induced head motions and the brain deformation response. Large deformations of the brain have been shown to 

cause damage to neural cells and can result in long-term neurocognitive deficits. This study investigates the role 

of angular acceleration, angular velocity, and angular jerk on the tissue strains and strain rates that develop in 

the brain. By providing further insight into how each of these kinematic parameters affect the brain deformation 

response, we can begin to identify the types of head motions that are the most injurious and develop new targeted 

approaches to reduce the risk of injury. 
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. Introduction 

Traumatic brain injury (TBI) is a debilitating condition that can lead

o long-term cognitive and physical impairments. It can be caused by

udden inertial loading of the head, which can result from blunt trauma

r from exposure to blasts. There has been a focused effort to develop

ew injury prevention protocols and protective equipment for TBI to re-

uce the risk and severity of injury. Kinematic-based tolerance thresh-

lds for injury are often used to guide the design and to assess the effec-

iveness of these measures [1] . Although a large number of head kine-

atic injury criteria and tolerance thresholds have been proposed for
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BI, given the complex nature of brain injury, there is still no consen-

us on the best measure to use when developing new injury mitigation

trategies. 

Further insight into the relationship between head kinematics and

rain deformation is needed to guide the development of new injury

revention measures. Rotational accelerations and velocities are of par-

icular concern as key contributors to injury [2] . In this study, we in-

estigate the role of rotational head acceleration, velocity, and jerk on

he tissue strains and strain rates that develop within the brain through

 large scale parametric analysis. Both strain and strain rate have been

hown to play an important role in axonal injury, which is one of the
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Fig. 1. The effect of head rotation on the brain 

tissue deformation was assessed using 2-D finite 

element head models representing the (a) coro- 

nal, (b) axial, and (c) sagittal planes. Angular ac- 

celerations were applied in the direction shown 

about the head center of mass (i.e., in the posi- 

tive x, y, and z rotation directions). The finite el- 

ement models included the skull (red), cerebral 

spinal fluid (light blue), ventricles (dark blue), falx 

cerebri (orange), tentorium cerebellum (orange), 

bridging veins (purple), white matter (white), and 

gray matter (gray). 
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ain pathological features of TBI [3–5] . Mechanical stretch of neu-

onal axons at high strain rates has been shown to cause rupture of

ytoskeletal structures, mechanoporation, and initiate biochemical sig-

aling cascades that can ultimately result in cell death [5–7] . Proposed

train thresholds for neural injury typically range between 10% and 25%

3,4,7–12] . The effect of strain rate on injury has not been as extensively

tudied; however, there is evidence that an increase in strain rate can

ead to an increased probability of injury [3,7,10,13–17] . In vitro stud-

es have shown that neurons subjected to high rates of loading ( > 10 s −1 )

ave an increased likelihood of cell death compared to neurons loaded at

uasi-static rates [7,16] . Animal studies have also found a strong corre-

ation between axonal injury and axonal deformation measures [3,17] .

n optimal axonal strain rate injury threshold range of 40 - 90 s −1 has

ecently been defined using a porcine model of TBI [17] . Although more

ork is needed to define appropriate tissue-based tolerance thresholds

hat account for both of these deformation measures, there is a general

onsensus that interventions that reduce the tissue strains and strain

ates in the brain will lead to a lower risk of injury. 

Given the importance of mechanical strain and strain rate in injury

evelopment, there is a critical need to map head kinematics to tissue-

ased deformation measures to assess injury risk. Since the tissue strains

ithin the brain have been shown to be primarily caused by rotational

ead motions [2,18] , it is especially important to account for the effect

f angular acceleration, angular velocity, and angular jerk on the brain

eformation response. One of the most common approaches for relat-

ng strains and strain rates within the brain to head kinematics has been

hrough the use of finite element (FE) head models. FE head models have

een applied to reconstruct real-world head impact events and to cor-

elate brain deformation measures with injury diagnosis and structural

hanges in the brain following a head impact [4,12,19–24] . Through this

pproach, both kinematic and tissue deformation-based injury metrics

ave been derived [9,11,25–27] . While most of these studies focus on

he ability of FE models to predict the presence of injury, recent studies

ave also investigated the capability of FE models to predict the loca-

ion of axonal injury in the brain [3,17] . A study by Hajiaghamemar and

argulies has shown that the sites of axonal injury in pigs subjected to

apid head rotation could be predicted within 2.5 mm using an FE head

odel [17] . These studies demonstrate the promising potential of FE

odels to predict the severity and distribution of injury in the brain. 

While finite element head models allow us to study the brain de-

ormation response, these simulations are computationally expensive,

ften taking several hours or tens of hours to run depending on the

patial resolution and numerical methods that are implemented [28–

0] . Therefore, there is also a need to develop simple models through

ither physics-based or empirical approaches that allow for the rapid

ssessment of the peak tissue strains and strain rates, which would save

onsiderable time in the design process of new protective equipment

nd in the assessment of new injury mitigation strategies. Several stud-

es have applied a physics-based approach to study the relationship be-
ween rotational head kinematics and brain deformation and showed o  

2 
ood agreement between the peak strains predicted with a mass-spring-

amper mechanical system and that predicted with a finite element head

odel [31–34] . These mechanical models were validated against finite

lement predictions for a subset of impact conditions. In this study, we

erform a large scale parametric analysis to investigate the relationship

etween head kinematics and tissue strain and strain rate. An idealized

cceleration loading profile is applied to biofidelic 2-D finite element

ead models, simulating angular rotations about the three main anatom-

cal axes. The results of this study provide a physics-based perspective

n the relationship between angular kinematics and brain deformation.

he insight gained this study can be applied to develop new approaches

or rapidly estimating the brain deformation response and assessing in-

ury risk. 

The rest of this paper is organized as follows. The finite element

ead models and the design of the parametric study are presented in

ection 2 . In the parametric study, the peak angular acceleration and

eak angular velocity of the head are varied to cover the range of accel-

rations and velocities typically encountered in common head impact

cenarios (e.g., sports, falls, etc.). We also explore the effect of angular

erk on the brain deformation response, which has not been as exten-

ively studied as other kinematic measures. Results from the parametric

nalysis are presented in Section 3 . Finally, the significance of the re-

ults are discussed in Section 4 , highlighting the important role of the

ngular kinematic parameters on the brain deformation response. 

. Methods 

.1. Finite Element Head Models 

The parametric study was conducted using two-dimensional human

ead finite element (FE) models representing the coronal, axial, and

agittal planes as shown in Figure 1 . The 2-D FE models are described

riefly here, but further details about the model development and val-

dation can be found in Wright et al. [35] . The FE models were gener-

ted from T1-weighted magnetic resonance images (MRI) and diffusion

ensor images (DTI) of a single normal adult subject and include the ma-

or anatomical structures, such as the skull, dura mater (including falx

erebri and tentorium cerebellum), bridging veins, cerebral spinal fluid,

entricles, white matter, and gray matter. Each finite element model

onsists of about 10,000 elements, including 4-node bilinear, reduced

ntegration with hourglass control and 3-node linear elements. The el-

ment size (1 to 2 mm) is comparable to the spatial resolution of the

maging data. The brain tissue was modeled using an anisotropic hyper-

iscoelastic strain energy function where the local fiber alignment di-

ection and degree of fiber dispersion were obtained from DTI data. A

ie-Gruneisen equation of state was applied to define the hydrostatic

ehavior of the fluid regions, and the deviatoric behavior was defined

hrough a shear viscosity. The skull was treated as a rigid solid. A table

f the material properties can be found in the Supplementary Materials.
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Fig. 2. Representative angular acceleration (left) and 

corresponding angular velocity (right) time histories 

are shown. The angular acceleration profiles were ap- 

plied to the finite element models in the parametric 

study. In (a), the peak angular acceleration is varied 

while holding the peak angular velocity constant. In 

(b), the peak angular velocity is varied while holding 

the peak angular acceleration constant. In (c), the an- 

gular jerk is varied while holding the peak angular ac- 

celeration and peak angular velocity constant. 
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The finite element head models have previously been validated

gainst several experimental datasets, including both low and high rate

ead impact data [35] . The intracranial pressure response was com-

ared to pressure measurements from a cadaveric head impact test by

ahum et al. [36] , and the finite element models were shown to ade-

uately capture the pressure time history [35] . The deviatoric response

f the brain tissue at low strain rates was validated against in vivo strain

easurements from tagged magnetic resonance imaging (tagged MRI)

f human volunteers subjected to mild angular head accelerations [37] .

he area fraction of the brain exceeding a shear strain threshold of 2%,

%, and 6% was quantified during the loading history. Good agreement

as found between the experimental and model-predicted results [35] .

 CORA analysis [38] was performed with scores ranging from 0.520 to

.679, corresponding to a “Fair ” to “Good ” biofidelity rating. We have

lso extended our analysis to include high-rate cadaveric head impact

est data from Hardy et al. [39] . In these experimental tests, clusters

f neutral density targets (NDT) implanted in the brain were tracked

sing bi-plane high-speed X-ray, and the tissue strains were computed

rom the displacement history of the targets. The experimental strain

esults from these head impact tests were recently reanalyzed by Zhou

t al. [40] , and this updated strain-time history data was compared to

ur model predictions. An acceptable level of agreement was found be-

ween the model predictions and the experimental results. The CORA

cores ranged from 0.456 to 0.534, corresponding to a “Fair ” biofidelity

ating. More details about the validation studies are included in the Sup-

lementary Materials. 
3 
.2. Loading Condition 

A series of angular acceleration loading profiles were applied to the

E head models to study the relationship between rotational head kine-

atics and brain tissue deformation. A continuously differentiable bump

unction was used to define the pulse shape of the acceleration loading

rofile as follows 

( 𝑡 ) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
( 𝛼𝑚𝑎𝑥 ) exp 

( 

1 − 

1 

1− 
(

2 𝑡 
Δ𝑡 −1 

)2 
) 

0 ≤ 𝑡 ≤ Δ𝑡 

0 otherwise 

(1)

here 𝛼( 𝑡 ) is the angular acceleration, 𝑡 is time, Δ𝑡 is the pulse duration,

nd 𝛼𝑚𝑎𝑥 is the peak angular acceleration magnitude. The peak angular

cceleration occurs at 𝑡 = Δ𝑡 ∕2 . This function was integrated to obtain

he angular velocity 𝜔 and differentiated with respect to time to obtain

he angular jerk 𝜁 . 

Using this loading profile, the desired peak angular acceleration,

eak angular velocity, and peak angular jerk were applied to the FE

ead models. Representative angular acceleration and velocity loading

rofiles are shown in Figure 2 . To study the effect of angular acceleration

n the brain tissue response, the peak angular velocity was held constant

hile varying the peak angular acceleration ( Figure 2 a). The effect of

ngular velocity was studied by holding the peak angular acceleration

onstant while varying the peak angular velocity ( Figure 2 b). Finally, to

tudy the effect of angular jerk, the angular jerk magnitude was varied
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Fig. 3. (a) The parameter space that was covered in 

the parametric FE analysis is shown, where the circular 

blue markers represent the peak angular velocity and 

peak angular acceleration magnitudes that were simu- 

lated. Each data point represents a separate finite ele- 

ment simulation. The acceleration pulse duration and 

peak angular jerk are a function of the angular velocity 

and angular acceleration magnitudes as shown in the 

contour plots in (b) and (c), respectively. These results 

are shown for the low angular jerk case, and the arrows 

indicate the directions of increasing pulse duration or 

angular jerk. 
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hile holding the peak angular acceleration and peak angular velocity

onstant ( Figure 2 c). The smooth bump function was applied to model

he acceleration profile for the low jerk case (blue curve in Figure 2 c).

or the high jerk case, a bump function with a peak angular jerk that

as 50 times larger than the low jerk profile was applied to generate

he increasing and decreasing portions of the acceleration curve. After

eaching the peak acceleration, the angular acceleration was held con-

tant long enough to achieve the desired peak angular velocity as shown

y the orange curve in Figure 2 c. 

The finite element analyses were conducted using an explicit time

ntegration scheme in Abaqus/Explicit (Dassault Systémes), and a plane

train condition was assumed for the 2-D problem. To simulate rota-

ional head motions, the angular acceleration loading profiles were ap-

lied directly to the rigid skull of the FE model, and the skull was rotated

bout the head center of mass. The skull was rotated in the directions

hown in Figure 1 . The simulation time was extended 20 ms beyond

he end of the applied acceleration pulse for all simulations to give the

hear waves enough time to propagate through the brain tissue to fully

apture the strain response, which has been shown to be important in

rior studies [41] . This is especially important for loading profiles with a

hort pulse duration ( < 10 ms) since the tissue strains do not reach their

aximum value before the end of the acceleration pulse. The accelera-

ion magnitude was set to zero during the final 20 ms of the simulations.

ach simulation utilized 12 cores on a high performance computer with

n average wall clock time of about 0.6 minutes for 1 ms of simulation

ime. 

.3. Parametric Study 

A large-scale parametric FE analysis was conducted to investigate

he relationship between the applied inertial loads and the brain tis-

ue response. The parametric study was designed to span a wide range

f applied loading conditions representative of real-world head impact

onditions, and the effect of both the peak angular acceleration and peak

ngular velocity on the maximum principal tissue strains and strain rates

as analyzed. Figure 3 a shows the parameter space. Each data point

epresents a single simulation that was conducted using the methods de-

cribed in Section 2.2 . The peak angular velocity was varied between 10

nd 100 rad/s, and the peak angular acceleration was varied between

.5 and 25 krad/s 2 . The upper values of these kinematic parameters
4 
ere chosen based on measured head impact events. Angular acceler-

tions up to 25 krad/s 2 have been recorded in head impacts of mixed

artial arts (MMA) fighters [42] , and angular velocities up to 100 rad/s

ave been recorded in concussive sports impacts [34] . 

From the angular velocity and angular acceleration values, the accel-

ration pulse duration and peak angular jerk can be computed. Contour

lots of the pulse duration and peak angular jerk are shown for the low

ngular jerk case in Figures 3 b and 3 c, respectively. The pulse dura-

ion ranged from 0.7 ms to 331 ms for the low angular jerk case, and it

anged from 0.4 ms to 203 ms for the high angular jerk case. The peak

ngular jerk magnitude ranged from 6 . 5 × 10 3 rad/s 3 to 1 . 6 × 10 8 rad/s 3 

or the low angular jerk case, with the angular jerk magnitudes being

0 times larger for the high angular jerk case. A total of one-hundred

imulations were conducted to cover the parameter space. This para-

etric study was repeated for each finite element head model (coronal,

xial, and sagittal) and for both the low angular jerk and high angu-

ar jerk acceleration loading profiles, resulting in a total of six-hundred

imulations. 

.4. Analysis 

The finite element analysis results were post-processed to obtain the

aximum principal strains (MPS) and maximum principal strain rates

MPSR) within the brain tissue. At each time point of the simulation, the

5th percentile logarithmic MPS value was obtained for the brain (i.e.,

5% of the brain tissue elements have a strain magnitude at or below

his value). The 95th percentile value (instead of the 100th percentile

alue) is commonly used in finite element studies to limit the effect

f numerical artifacts on the results [28] . The peak strain for a given

imulation was defined as the maximum value of the 95th percentile

PS during the time history of the simulation. The peak strain rates were

imilarly obtained from the 95th percentile logarithmic MPSR values. 

To analyze the effect of using an anisotropic definition of strain on

he results, the maximum axonal strain (MAS) and maximum axonal

train rate (MASR) were also assessed in the white matter regions of the

rain. Unlike the gray matter, which consist of neuronal cell bodies and

s considered isotropic, the white matter consists of aligned axonal fibers

nd is considered to be anisotropic. Prior studies have proposed the use

f an anisotropic measure of strain to evaluate the risk of axonal injury

22,24,43–47] . In this study, the axonal strain is defined as the loga-
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Fig. 4. The effect of angular velocity 𝜔 and angular 

acceleration 𝛼 on the peak tissue strain is shown. In 

the left column, the peak tissue strain is plotted along 

the vertical axis in the 3-D surface plots, and the results 

are shown for the (a) axial, (c) coronal, and (e) sagittal 

models. In the right column, contour plots of the peak 

tissue strains are shown for the (b) axial, (d) coronal, 

and (f) sagittal models. 
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ithmic strain component resolved in the direction of fiber alignment.

ikewise, the axonal strain rate is the logarithmic strain rate component

esolved in the direction of fiber alignment. Since the FE head models

re two-dimensional, the fiber alignment directions were obtained by

rojecting the 3-D fiber orientation vectors from diffusion tensor imag-

ng onto the 2-D plane of the models. The fiber orientations were initially

efined in the reference configuration and were allowed to rotate with

he material as it deformed. The axonal strain was defined based on the

irection of fiber alignment in the deformed configuration. The 95th

ercentile axonal strain (MAS) and 95th percentile axonal strain rate

MASR) were obtained within the white matter regions of the brain at

ach time point of the simulations. The peak values of MAS and MASR

or a given simulation were defined as the maximum value of the 95th

ercentile MAS and the maximum value of 95th percentile MASR over

he time history of the simulation. 

Contour plots and 3-D surface plots relating the peak angular acceler-

tion, peak angular velocity, and peak strains (or peak strain rates) were

enerated to investigate the effect of the applied loading conditions on

he brain deformation response. Separate plots were generated for each

otation direction (axial, coronal, and sagittal). Normalized strain and

train rate distribution plots were also created to show the locations of

he brain that experience the largest strain and strain rates over the time

istory of the simulations. In these plots, the peak value of the MPS from

ach brain tissue element was extracted over the course of each simula-

ion. The MPS values were then normalized by the 95th percentile MPS

or a given kinematic condition. Finally, cumulative strain maps and

train rate maps were created to identify those regions with strain and

train rate magnitudes above a given threshold. To generate the cumu-

ative strain and strain rate maps, the 95th percentile MPS and MPSR

T  

5 
ere tracked for all brain tissue elements (white and gray matter) dur-

ng the time history of the simulations. Any elements that exceeded a

train value of 15% or strain rate value of 40 s −1 at any time point of

he simulation were identified and highlighted in the brain maps. These

hreshold values were chosen since they fall within the range of strain

nd strain rate injury tolerance thresholds that have been proposed for

xonal injury [3,4,7–17] . The area fraction of the brain tissue that ex-

eeds each of the threshold values was also computed. This area fraction

etric is similar to the cumulative strain damage measure (CSDM) com-

only used to assess brain injury in finite element studies of TBI [25] ,

hich is based on the total volume fraction of brain tissue that exceeds

 given MPS threshold. 

. Results 

.1. Effect of Head Kinematics on Peak Strains 

The peak tissue strains resulting from the parametric study are shown

n Figure 4 . These results were obtained by applying the low angular

erk acceleration loading profiles in the rotation directions shown. In

he left column of the figure, three-dimensional surface plots of the peak

train are shown for head rotations about the axial, coronal, and sagit-

al planes. The peak strain values are plotted along the vertical axis,

nd the peak angular acceleration and peak angular velocity magni-

udes are plotted along the horizontal axes. The 3-D surfaces were fitted

o the peak strain values using piecewise linear interpolation. In the

ight column of Figure 4 , the same peak strains from the surface plots

re represented as contour plots. These results show that for the same

pplied loading conditions, axial rotations produced the largest brain

issue strains, followed by coronal rotations, and then sagittal rotations.

he maximum percent difference in the peak strains between the axial
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Fig. 5. The normalized maximum principal strain (MPS) distribu- 

tion within the coronal plane is plotted for different applied mag- 

nitudes of angular acceleration and angular velocity. The strain 

distribution represents the peak MPS from each brain tissue el- 

ement over the course of a simulation. The magnitude of the 

strains for each kinematic condition have been normalized by the 

95th percentile strain value (MPS 95 ) for that kinematic condition, 

which can be obtained from Figure 4 . 
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nd coronal models was 34.7%, and the maximum percent difference be-

ween the coronal and sagittal models was 17.1%. Positive and negative

otation directions within a given plane did not have a significant effect

n the peak strains. For example, the maximum percent difference in the

eak strains for sagittal rotations in the positive and negative direction

as defined in Figure 1 ) was 3.1%, with an average percent difference

f 0.9%. 

The shape of the strain contours in Figure 4 provide insight into the

elationship between tissue strain, angular acceleration, and angular ve-

ocity. The contours have a similar shape for all three head rotation

irections. The strain contours tend to be vertical at larger accelera-

ion magnitudes and horizontal at lower acceleration magnitudes with

 transition zone occurring in-between. This general shape of the strain

ontours has also been observed in prior studies [3,31,48] . The transi-

ion zone is delineated on the plots in Figure 4 by two dashed lines that

epresent the acceleration pulse duration times of 10 ms and 30 ms. For

ulse durations less than 10 ms, the tissue strain is predominantly de-

endent on the peak angular velocity, and for pulse durations greater

han 30 ms, the tissue strain is predominantly dependent on the peak

ngular acceleration. In between 10 ms and 30 ms, the tissue strain is

ependent on both peak angular velocity and peak angular acceleration.

To identify the regions of the brain that experience the largest strains,

he normalized strain results are plotted for the coronal rotation case in

igure 5 for varying applied magnitudes of angular acceleration and

ngular velocity. From this figure, it is evident that the spatial distri-

ution of strain does not change significantly when the peak angular

cceleration and angular velocity is varied. Although the magnitude of

he strain is dependent on the applied loading condition (as shown in

igure 4 ), the location of the peak strains within the brain is relatively

onsistent for all applied loading conditions as long as the rotation di-

ection remains the same. For the three rotation directions analyzed in

his study, the largest strains occur at the periphery of the cerebral cor-

ex, primarily concentrated within the gyri and sulci. For the coronal

otation case, elevated strains are also found within the frontal lobes,

emporal lobes, and the boundary between the pons and medulla. The

esults for the sagittal and axial loading cases are shown in the Supple-

entary Materials. For the axial rotation case, the strains are concen-

rated fairly uniformly along the outer boundary of the cortex. For the

agittal rotation case, the largest strains are found within the gyri of the
6 
arietal lobe and upper portion of the occipital lobe as well as within

he brainstem and upper portion of the cerebellum near the tentorium

erebellum. 

To study the effect of the choice of strain measure on the cumulative

train response, cumulative critical strain maps were generated using

wo different definitions of strain: maximum axonal strain (MAS) and

aximum principal strain (MPS). MAS accounts for the anisotropic na-

ure of the white matter whereas MPS does not. The brain regions that

xceed a strain threshold of 15% are highlighted in red. In Figure 6 a, a

5% MPS threshold is applied to all brain tissue elements. In contrast in

igure 6 b, the 15% MPS threshold is applied to the gray matter, and a

5% MAS threshold is applied to the white matter (i.e., the white mat-

er regions are highlighted in red only if the strain component in the

irection of fiber alignment exceeds 15%). In both sets of results, the

rain tissue material model remains the same. At low inertial loads, the

trains are concentrated in the outer cortex, but as the inertial loads

ncrease, the subcortical regions of the brain also begin to exceed the

train threshold. Comparing Figures 6 a and b, a smaller percentage of

he brain tissue is highlighted in red in Figure 6 b due to the use of the

nisotropic strain measure that takes directionality into account. This is

lso evident in the area fraction contour plots shown in Figure 6 c and

igure 6 d, where a smaller area fraction of the brain is shown to exceed

he strain threshold when an anisotropic measure of strain is applied.

igure 6 c shows the results when a MPS threshold is applied to all brain

issue elements whereas in Figure 6 d, the MPS threshold is applied to

he gray matter and the MAS threshold is applied to the white matter.

he area fraction is on average 26.8% lower when an anisotropic mea-

ure of strain is used, with a maximum percent difference in area frac-

ion of 45.4%. These differences highlight the importance of choosing

n appropriate definition of strain when evaluating cumulative damage

ithin the brain. 

The shape of the contour lines in the area fraction plots is similar

o that of the peak strain contour lines in Figure 4 . The contour lines

re vertical when the acceleration magnitude is large, and they are hor-

zontal when the acceleration magnitude is small. Therefore, the peak

ngular velocity has a larger effect on the area fraction when the ac-

eleration is large. This can also be observed in Figure 6 a. The area

raction of the brain that is highlighted in red is relatively unchanged as

ou move to the right along the bottom row of cumulative strain maps
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Fig. 6. Cumulative strain maps (top) are shown 

for the coronal rotation case, where the brain tis- 

sue elements that exceed a 15% strain threshold 

are highlighted in red for different applied magni- 

tudes of angular acceleration and angular velocity. 

The area fraction of the brain highlighted in red is 

also depicted in the contour plots (bottom). Results 

are shown for two different measures of strain. In 

(a,c), the maximum principal strain (MPS) thresh- 

old is applied to all brain tissue elements. In (b,d), 

the maximum axonal strain (MAS) threshold is ap- 

plied to the white matter elements, and the MPS 

threshold is applied to the gray matter elements. 
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here the angular acceleration is 2 krad/s 2 ; however, a greater change

n the area fraction is observed as you move to the right along the top

ow of strain maps where the angular acceleration is 20 krad/s 2 . This

rend is observed for both cumulative strain maps. This analysis has also

een repeated using a strain threshold value of 25% (see Supplementary

aterials). When a larger strain threshold value is applied, the total area

raction of the brain that exceeds the threshold value decreases; how-

ver, the general trends (e.g., shape of the contours) remain the same. 

.2. Effect of Head Kinematics on Peak Strain Rates 

The peak strain rates were also assessed to study the effect of the

inematic parameters on the tissue strain rate. The 3-D surface and con-

our plots of the peak strain rates for each rotation direction are shown

n Figure 7 . All results are shown for the low angular jerk case. In the

urface plots, the peak strain rate values are plotted along the vertical

xis, and the peak angular acceleration and peak angular velocity mag-

itudes are plotted along the horizontal axes. Similar to the peak strain

esults, axial rotations produced the largest strain rates for a given kine-

atic input. Coronal rotations produced the second highest strain rates,

ollowed by sagittal rotations. The maximum percent difference in the

eak strain rates between the axial and coronal models was 35.0%, and

he maximum percent difference between the coronal and sagittal mod-

ls was 19.6%. Since the sagittal plane does not have geometric sym-

etry about the axis of rotation, we also assessed the effect of rotation

irection within the sagittal plane. The maximum percent difference in

eak strain rate between positive and negative rotation directions was

ound to be 9.4% for the sagittal plane (see Supplementary Materials for

orresponding strain rate contour plots). 

When comparing the shape of the strain rate contours in

igure 7 with the shape of the strain contours in Figure 4 , there are some

oticeable differences and similarities. There is greater curvature in the

train rate contours when the acceleration magnitude is large whereas

he strain contours remained relatively vertical. However, similar to the
7 
train contours, the strain rate contours are relatively horizontal when

he acceleration magnitudes are small. A transition in the curvature of

he strain rate contours occurs when the acceleration pulse duration

ime is about 10 ms as shown by the dashed line in Figure 7 . Therefore,

nlike the peak strain, which is predominantly dependent on the angu-

ar acceleration for pulse durations less than 10 ms, the peak strain rate

s dependent on both the angular velocity and angular acceleration at

horter pulse durations. At pulse durations greater than 10 ms, the tissue

train rate is predominantly dependent on the angular acceleration. 

Plots of the normalized MPSR are shown in Figure 8 for coronal ro-

ation. Similar to the MPS distribution, the distribution of MPSR is rel-

tively consistent for all kinematic loading conditions, with the largest

train rates occurring at the periphery of the outer cortex. Large strain

ates are also localized along the falx cerebri, which is a stiff membrane

ocated between the cerebral hemispheres. Comparing the MPS distri-

ution in Figure 5 with the MPSR distribution in Figure 8 , there is a high

egree of overlap in the regions of the brain that experience the largest

train and strain rates, indicating that the regions of the brain that expe-

ience the largest strains also tend to experience the largest strain rates.

imilar trends are also found for the axial and sagittal rotation cases,

hich are included in the Supplementary Materials. 

The cumulative strain rate maps and area fraction contour plots are

hown in Figure 9 for the coronal rotation case. A strain rate thresh-

ld value of 40 s −1 was used to generate these plots. In Figure 9 a, gray

nd white matter elements that exceed a MPSR threshold of 40 s −1 are

ighlighted in red. In Figure 9 b, gray matter elements that exceed a

PSR threshold of 40 s −1 and white matter elements that exceed a

ASR threshold of 40 s −1 are highlighted in red. As the inertial loads

re increased, a larger proportion of the brain exceeds the strain rate

hresholds. Comparing the cumulative strain map in Figure 6 with the

umulative strain rate map in Figure 9 for the same applied kinematic

ondition, the area fraction of the brain that is highlighted in red is

uite different between the two figures. The area fraction is smaller

hen a strain rate threshold of 40 s −1 is applied as compared to a
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Fig. 7. The effect of angular velocity 𝜔 and angu- 

lar acceleration 𝛼 on the peak tissue strain rate is 

shown. In the left column, the peak tissue strain 

rate is plotted along the vertical axis in the 3-D 

surface plots, and the results are shown for the (a) 

axial, (c) coronal, and (e) sagittal models. In the 

right column, contour plots of the peak tissue strain 

rates are shown for the (b) axial, (d) coronal, and 

(f) sagittal models. 

Fig. 8. The normalized maximum principal strain rate (MPSR) 

distribution within the coronal plane is plotted for different ap- 

plied magnitudes of angular acceleration and angular velocity. 

The strain rate distribution represents the peak MPSR from each 

brain tissue element over the course of a simulation. The magni- 

tude of the strain rates for each kinematic condition have been 

normalized by the 95th percentile strain rate value (MPSR 95 ) for 

that kinematic condition, which can be obtained from Figure 7 . 

8 
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Fig. 9. Cumulative strain maps (top) are shown 

for the coronal rotation case, where the brain tis- 

sue elements that exceed a 40 s −1 strain rate thresh- 

old are highlighted in red for different applied 

magnitudes of angular acceleration and angular 

velocity. The area fraction of the brain highlighted 

in red is also depicted in the contour plots (bot- 

tom). Results are shown for two different mea- 

sures of strain rate. In (a,c), the maximum prin- 

cipal strain rate (MPSR) threshold is applied to all 

brain tissue elements. In (b,d), the maximum ax- 

onal strain rate (MASR) threshold is applied to the 

white matter elements, and the MPSR threshold is 

applied to the gray matter elements. 
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train threshold of 15%. This result is highly dependent on the cho-

en threshold values. If a smaller strain rate or larger strain threshold

alue was applied, there would be greater similarity in the total area

raction and in the locations of the brain that are highlighted in red

or a given kinematic condition. Given that there isn’t a consensus on

he appropriate strain and strain rate thresholds to use when evaluating

xonal injury, it is unclear which parameter is the dominant factor in

he development of cumulative brain damage. Results generated using

ther strain and strain rate thresholds are included in the Supplementary

aterials. 

The shape of the area fraction contours in Figures 9 c and 9 d is similar

o the peak strain rate contours in Figure 7 . Therefore, the area fraction

f the brain tissue that exceeds the strain rate threshold is dependent

n both the angular velocity and angular acceleration at shorter pulse

urations, and it is predominantly dependent on the angular accelera-

ion at larger pulse durations. The choice of the definition of strain rate

MPSR vs. MASR) is also shown to have an effect on the strain rate re-

ults. There is a decrease in the area fraction of the brain that exceeds

he strain rate threshold when an anisotropic definition of strain rate

MASR) is applied. This is due to the additional constraint that takes

irectionality into account. The area fraction is on average 24.0% lower

hen an anisotropic measure of strain rate is used, with a maximum

ercent difference in the area fraction of 44.7%. 

.3. Effect of Angular Jerk on Brain Deformation 

To investigate the effect of angular jerk (i.e., the rate of change of the

ngular acceleration) on the tissue strains and strain rates, the paramet-

ic study was conducted for both low and high angular jerk acceleration

oading profiles. The high jerk loading profiles had a peak angular jerk

hat was 50 times larger than the low jerk profiles. The results of the

erk analysis are shown in Figure 10 for the axial rotation case. Contour

lots of the peak strain, peak strain rate, pulse duration, area fraction

f the brain above a 15% MPS threshold, and area fraction of the brain
9 
bove a 40 s −1 MPSR threshold are shown for both the low angular jerk

ase (blue curves) and the high angular jerk case (red curves). A com-

arison of the pulse durations for the low and high jerk case are also

hown in Figure 10 e. For a given kinematic input, a high angular jerk

agnitude will correspond to a shorter pulse duration. 

Comparing the red and blue curves in the plots, it is evident that

ngular jerk has a larger effect on the tissue strain rates than on the

issue strains. The average percent difference in the peak strain rate be-

ween the low and high jerk case is 20.1% whereas the average percent

ifference in the peak strain is only 4.0%. In Figure 10 a, the strain con-

ours are almost identical (0.2% average percent difference) for kine-

atic conditions that correspond to a small pulse duration (i.e., < 10
s for the low jerk case and < 6 ms for the high jerk case). For larger

ulse durations, the average percent difference is 7.2%. When consider-

ng the area fraction of the brain above a 15% MPS threshold, the aver-

ge percent difference between the low and high jerk results is 12.4%

 Figure 10 c). When using a 40 s −1 MPSR threshold, the average per-

ent difference is 25.7% ( Figure 10 d). Based on these results, it can be

oncluded that angular jerk has a larger effect on the peak strain rate

eveloped in the brain. The effect of angular jerk on the peak strains is

inimal, especially for impacts that occur over a short time duration. 

. Discussion 

.1. Effect of Angular Acceleration and Angular Velocity 

The results of this study emphasize the importance of accounting for

he effects of both angular acceleration and angular velocity on brain

eformation. Both of these kinematic measures are shown to influence

he tissue strains and strain rates that develop within the brain. Fur-

hermore, the relative contribution of angular acceleration and angular

elocity on the brain deformation response is shown to be dependent

n loading duration as illustrated in Figure 11 . When the acceleration

ulse duration is short ( < 10 ms for the low angular jerk case), the tis-
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Fig. 10. The effect of angular jerk on the brain tis- 

sue response. Contour plots of the (a) peak strain, 

(b) peak strain rate, (c) area fraction of the brain 

above 15% MPS, (d) area fraction of the brain 

above 40 s −1 MPSR, and (e) acceleration pulse du- 

ration are shown for rotation about the axial plane. 

The blue curves represent the low angular jerk 

case, and the red curves represent the high angular 

jerk case. 

Fig. 11. These phase diagrams show the regimes 

where the angular velocity dominates, angular ac- 

celeration dominates, or where both angular accel- 

eration and angular velocity have an influence (i.e., 

mixed mode) on the (a) brain tissue peak strains and 

(b) brain tissue peak strain rates. The acceleration 

pulse duration times ( Δ𝑡 ) shown are for the low an- 

gular jerk case. 
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ue strain is predominantly dependent on the peak angular velocity.

he tissue strain rate, on the other hand, is dependent on both the peak

ngular velocity and peak angular acceleration at these shorter pulse

urations. The peak angular acceleration plays a larger role in both the

issue strains and strain rates when the pulse duration is long ( > 30 ms

or the low angular jerk case). For intermediate pulse durations (10 ms

 Δ𝑡 < 30 ms), the tissue strain rate is primarily dependent on the peak

ngular acceleration whereas the tissue strain is affected by both the

eak angular velocity and the peak angular acceleration. These results
10 
elp explain prior studies that have found stronger correlations between

ngular velocity or angular acceleration with tissue strain. For example,

ernandez and Camarillo found in very low frequency voluntary head

otions, the maximum principal strain was more sensitive to changes

n angular acceleration [21] . This observation is supported by our re-

ults. Since the time duration of voluntary head motions is long ( > 100

s), we would expect a stronger influence of angular acceleration on the

eak strains. In contrast, Yoganandan et. al. found that angular velocity

orrelated better with strain magnitude [49] . The kinematic conditions
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hat were applied in their study fall within a regime where the peak

ngular velocity would have a larger impact on strain. 

The results of our study are also consistent with the results of several

ecent parametric studies. Gabler et al. performed a parametric study us-

ng two different 3-D FE head models and found that the maximum brain

eformation depended primarily on angular velocity for short duration

ulses and on angular acceleration for long duration pulses [31] , which

s consistent with our results. It was also observed that the brain de-

ormation depended on both the velocity and acceleration magnitudes

or pulse durations close to the natural period of the brain-skull sys-

em, which was represented by a single-degree-of-freedom mechanical

odel. The effect of angular kinematics on tissue strain rate was not in-

estigated in their study. Another parametric study by Hajiaghamemar

t al. found a similar relationship between the angular velocity, angular

cceleration, and maximum tissue strain using a porcine FE head model

3] . They found that the deformation responses were dominated by the

eak angular velocity for short duration loadings and by angular accel-

ration for long duration loadings. Furthermore, their study investigated

he effect of angular kinematics on the strain rate response and found

hat strain rate correlated more with the peak angular acceleration than

eak angular velocity. This observation is also consistent with our find-

ngs where the peak strain rate was shown to be primarily dependent

n the peak angular acceleration over a larger range of pulse durations

hen compared to the peak strain. Although the Hajiaghamemar study

as based on angular motions of a porcine FE head model, which has a

uite different skull geometry from the human head, similar trends were

ound between the angular acceleration, angular velocity, and brain de-

ormation. 

.2. Effect of Angular Jerk 

Few studies have systematically investigated the effect of angular

erk on the brain deformation response while controlling for the angular

cceleration and angular velocity magnitudes. A recent FE parametric

tudy by Saboori and Walker found that jerk had a negligible effect on

he maximum principal strain when an input acceleration profile was

pplied directly to the center of the forehead [50] . The maximum jerk

agnitude in their study was 2.5 times larger than the smallest jerk

agnitude. In our study, we assessed the peak strains and peak strain

ates resulting from angular motions where the maximum angular jerk

agnitude was 50 times larger than the minimum jerk magnitude. When

e controlled for the magnitude of the peak angular acceleration and

eak angular velocity, the angular jerk was found to have minimal effect

n the peak strains, especially for short pulse durations. When the pulse

uration exceeded 10 ms, the effect of angular jerk on the peak strains

as a bit more pronounced. Overall, we found that the angular jerk had

 much larger effect on the peak strain rates than on the peak strains,

ith an average percent difference of about 20% in the peak strain rate

agnitude between the low and high angular jerk case. 

Angular jerk magnitudes of real-world head impacts are most likely

loser in magnitude to the low angular jerk case used in this study than

he high angular jerk case. Peak angular jerk magnitudes are not widely

eported in head impact studies, but a study by Bartsch et al. [51] re-

orted the peak angular jerk of the head resulting from an oblique hook

unch from an amateur boxer to be 1 . 42 × 10 6 rad/s 3 . Applying the peak

ngular velocity and peak angular acceleration measured in their study

o the idealized acceleration profiles used in our study, it would corre-

pond to a peak angular jerk of 1 . 25 × 10 6 rad/s 3 for the low angular jerk

ase and a peak angular jerk of 6 . 3 × 10 7 rad/s 3 for the high angular jerk

ase. Therefore, the angular jerk magnitude measured in their study is

uch closer in magnitude to the low angular jerk magnitude used in our

tudy. Although the angular jerk is shown to have an effect on the peak

train rates, more information about the peak angular jerk of real-world

ead impacts is needed to assess the importance of reducing angular

erk to minimize the peak strain rates that develop within the brain. 
11 
.3. Effect of Rotation Direction 

When comparing rotations about the axial, coronal, and sagittal

lanes, axial rotations produced the largest tissue strains and strain

ates, followed by coronal rotations and then sagittal rotations. Axial

otations also resulted in a larger area fraction of the brain exceeding

he strain and strain rate thresholds used in our study. When comparing

he rotation directions that produced the largest (i.e., axial) and smallest

i.e., sagittal) deformation, the maximum percent difference in the peak

train and peak strain rate was 49.3% and 52.7%, respectively. These

esults emphasize the importance of taking rotation direction into ac-

ount when evaluating the brain deformation response. This directional

ependence has also been observed in other studies. In measurements

f brain motion of human post-mortem subjects, axial rotations were

hown to produce larger brain deformations compared to sagittal and

oronal rotations [52] . Several finite element modeling studies have also

ound larger predicted cumulative damage as a result of axial rotations

ompared to sagittal and coronal rotations [31,53,54] . 

.4. Choice of Strain and Strain Rate Measure to Evaluate Cumulative 

amage 

The results of this study highlight the importance of choosing an

ppropriate definition of strain and strain rate when evaluating the cu-

ulative damage that develops within the brain. The use an anisotropic

easure of strain was found to have a small effect on the overall 95th

ercentile peak values ( < 5% difference), but it had a much larger ef-

ect on the cumulative area fraction. The cumulative area fraction of the

rain that exceeded a strain threshold of 15% or a strain rate threshold

f 40 s −1 was on average around 25% smaller (and at a maximum 45%

maller) when an anisotropic measure of strain or strain rate was used,

uch as MAS or MASR, as compared to the case when MPS or MPSR was

pplied. This reduction in area fraction is due to the additional con-

traint that takes directionality into account. Therefore, the choice of

train measure can have a significant impact on the predicted cumu-

ative damage and locations of injury. The cumulative strain damage

easure (CSDM) is widely used as a measure of injury in finite element

ead modeling studies, which is based on the volume fraction of the

rain that exceeds a given maximum principal strain threshold [25] .

e would expect to see a reduction in the total volume fraction of the

rain exceeding the strain threshold if an anisotropic measure of strain

as applied instead of the maximum principal strain. Several recent

tudies have suggested that axonal strain or fiber-oriented strain may

e a better predictor of axonal injury [15,22,24,55] ; therefore, it will

e important to further investigate the relationship between anisotropic

train measures, cumulative damage, and injury severity. 

.5. Locations of Peak Strains and Strain Rates 

Identifying the locations of peak strains and strain rates in the brain

s important to determine which regions of the brain are more vulnerable

o injury. Our results show that the largest strains and strain rates tend

o be concentrated within the gyri and depths of the sulci of the outer

ortex of the brain, primarily within the cerebral gray matter. These

ocations correlate well with regions that have been shown to have in-

reased accumulation of hyperphosphorylated tau in cases of chronic

raumatic encephalopathy (CTE), which is a neurodegenerative disease

aused by repetitive traumatic brain injuries [56] . In addition to the

erebral cortex, elevated strains and strain rates were also found in the

erebellum and brainstem under sagittal rotations. As the inertial loads

ere increased, subcortical regions of the brain also began to experi-

nce large strains. These results are consistent with prior studies. In a

omputational study by Lu et al. of dynamic head rotation, strains were

hown to highest in the cerebral gray matter, followed by the white

atter, and then the deep gray matter substructures, such as the thala-

us [57] . Large strains have been shown to occur within the brainstem
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Fig. 12. Head impact kinematic data from pub- 

lished studies [21,34,42,65–68] are overlaid on 

the peak tissue strain and strain rate contour plots 

for axial rotation. The green circular markers rep- 

resent voluntary head motions, the light yellow cir- 

cular markers represent non-concussive sports im- 

pacts, and the red x’s represent impacts that re- 

sulted in diagnosed concussion. 
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54,58,59] and cerebellum [59] under sagittal rotations in both finite

lement modeling and tagged magnetic resonance studies. The corpus

allosum, which is another region of the brain that has been identified

s being susceptible to injury [34,60,61] , did not undergo large strains

t low inertial loads in our study; however, strains in the corpus cal-

osum exceeded a MPS threshold of 15% under coronal rotation as the

nertial loads were increased. 

Interestingly, although the magnitude of strains was dependent on

he applied inertial loads, the spatial distribution of the strains did not

hange significantly for different applied angular accelerations and ve-

ocities as long as the rotation direction remained the same. This sug-

ests that the path taken by the stress waves in the brain from an applied

nertial load is not dependent on the shape of the wave. The shape of

he wave, however, is a direct result of the applied loading condition

nd has an effect on the deformation magnitude. Given these results,

f the normalized spatial distribution of strain is known for a single

inematic condition, the strain distribution can be estimated for other

inematic conditions by scaling the magnitude of the strains as long as

he direction of rotation remains the same. An estimate of this scaling

actor for angular accelerations about the coronal, sagittal, and axial

lanes can be obtained from Equation S1 in the Supplementary Mate-

ials. This equation was empirically derived from Figures 4 and 7 and

rovides an estimate of the peak strains and peak strain rates. These

train distribution results have important implications, suggesting that

he brain deformation response for a large range of kinematic conditions

an be estimated from a subset of finite element modeling results. There

re currently efforts to estimate brain strains using such an approach

62–64] . 

.6. Comparison with Real-world Head Impact Data 

While most kinematic measures of TBI focus on evaluating injury risk

1] , an advantage of connecting kinematics to injury through strain and

train rate is that the measure is still valid when new strain and strain

ate injury thresholds become available, which is still an ongoing area

f research. To illustrate how our results relate to real-world head im-

act data, we have plotted head impact kinematic data from published

tudies on the axial rotation peak tissue strain and strain rate contour

lots in Figure 12 . The impact data includes voluntary head motion data

rom Hernandez et al. [21] , and concussive and non-concussive sports

ead impact data from a number of studies [34,42,65–68] . It should

e noted that the head impact data is plotted based on resultant mea-

ures of peak angular velocity and peak angular acceleration since the

xial component of these kinematic measurements was not reported in

ll studies. From these plots, we can observe that non-injurious impacts

end to occur over longer durations of time as compared to injurious im-

acts. Furthermore, the peak strains and peak strain rates also tend to

e larger for injurious impacts. There isn’t, however, a clear distinction

etween non-concussive and concussive impacts in terms of defining a

train and strain rate threshold for injury. This could be due to a num-
12 
er of factors, including undetected concussive injuries, effects of repet-

tive loading, errors in kinematic measurements, directional effects, and

ntra-individual variability. It is also possible there may not be a simple

train and strain rate threshold for injury and a more complex relation-

hip may exist between strain, strain rate, and injury risk. Part of this

hallenge is that the diagnosis of concussion itself is neurosymptomatic

69] . That is, it relies on downstream effects of brain injury to manifest.

et, more recent work has shown that brain injury without concussive

igns, often referred to as subconcussive, can be an equally significant

ource of brain injury [70] . A further exploration of the role of each

f these factors is needed to have a clearer picture of the relationship

etween head kinematics and injury risk. 

.7. Limitations 

In this study, we assessed the tissue strains and strain rates that re-

ulted from an idealized angular acceleration loading profile. Fully un-

erstanding the effect of angular acceleration alone on the brain de-

ormation response is an important step towards elucidating the rela-

ionship between angular kinematics and injury risk; however, in future

ork, the effect of deceleration on the tissue strain and strain rate re-

ponse should also be characterized. Real-world head impacts are com-

lex and include both angular acceleration and deceleration. The time

uration of the deceleration response can influence the peak strains and

eak strain rates that develop within the brain. For example, prior stud-

es have shown that when angular accelerations and decelerations are

pplied over a short duration, strain magnitudes in the brain are re-

uced [53] . Given that it takes about 10 ms for a shear wave to traverse

o the center of the brain [41] , pulse durations shorter than this time

eriod will result in unloading of the tissue before the strains are fully

eveloped. In contrast, larger tissue strains will result if angular deceler-

tions are applied over a longer duration of time or if there is a long time

nterval separating the acceleration and deceleration pulse [49,53] . 

Another limitation of this study is that the FE analysis was performed

eparately for each rotation direction. In real-world head impacts, head

otions may involve multiple components of angular acceleration, and

t is important to consider the effect of directional coupling on the tissue

trains and strain rates. Several studies have investigated the effect of

otation direction, including off-axis rotational directions, on the tissue

trains and have found that the peak strain and cumulative strain are de-

endent on the components of rotation, suggesting a coupling behavior

52–54,71] . However, other studies have suggested that the coupling

ehavior has a minimal impact on the peak strains that develop within

he brain. In the development of the DAMAGE injury metric, Gabler

t al. found that the influence of off-axis motions was relatively small,

nd a coupled model only had a small improvement over the uncoupled

odel [32] . It will be important in future work to systematically study

he effect of directional coupling on the brain deformation response. 

The results of this study are based on the output of an FE head model,

nd therefore, the accuracy of the brain deformation prediction is de-



R.W. Carlsen, A.L. Fawzi, Y. Wan et al. Brain Multiphysics 2 (2021) 100024 

p  

p  

n  

a  

t  

n  

u  

i  

o  

c  

w  

d  

i  

f  

s  

a

 

t  

a  

g  

a  

i  

c  

t  

m  

o  

i  

r  

a  

w  

t  

s  

t  

t  

s  

s  

m  

d  

d

5

 

s  

m  

l  

w  

l  

b  

i  

o  

p  

i  

a  

s  

n  

h  

m  

o  

w  

t

D

A

 

v  

t  

t  

P  

P  

a  

d  

O  

a

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[  

[  

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

[  

 

 

[  

 

 

[  

[  

 

endent on the accuracy of the FE model. Our parametric study was

erformed using 2-D finite element head models along the axial, coro-

al, and sagittal planes. Although these FE models were well validated

gainst existing low and high rate head impact experimental datasets,

hese datasets do not cover the full range of possible head impact sce-

arios. We are also limited to validating the high strain rate behavior

sing cadaveric data, which may not be representative of the mechan-

cal response of living tissue [72] . These limitations are not unique to

ur study, and the validation of finite element head models remains a

hallenge. Another limitation of the FE model is that the brain geometry

as based on a single subject. Differences in brain geometry between in-

ividuals have been shown to affect the strain distribution that develops

n the brain [73] . Brain tissue properties may also change with age or

rom repeated head impact exposures [72,74,75] . In future work, a sen-

itivity analysis will be conducted to study the effect of brain geometry

nd tissue properties on the brain deformation results. 

We also chose to use 2-D FE head models instead of a 3-D model

o conduct this study. An advantage of 2-D simulations are that they

re less computationally expensive than 3-D simulations, which allows

reater anatomical detail to be incorporated into these models without

 significant increase in computational cost. The 2-D head models used

n our study had a higher spatial resolution and included more anatomi-

al detail (e.g., inclusion of gyri and sulci, anisotropy, etc.) compared to

he 3-D head models commonly used to develop kinematic-based injury

etrics. One limitation of 2-D models is that they cannot capture the

ut-of-plane tissue response. Despite this limitation, they provide useful

nformation about the in-plane deformations. Recent tagged magnetic

esonance imaging studies of rotational head motions about the axial

nd sagittal planes have shown that the largest strain components occur

ithin the plane of rotation [59] . Furthermore, the largest deforma-

ions were shown to occur in slices with the most brain tissue present,

uch as near the mid-sagittal plane and in axial planes passing through

he lateral ventricles. Since our models were based on brain slices near

he center of the brain and contain the ventricles, the maximum tissue

trains within these slices should be representative of the maximum tis-

ue strains in the brain. In future work, the results of the 2-D FE head

odels will be further verified by comparing the brain deformation pre-

ictions of the 2-D model with a 3-D model for a subset of impact con-

itions. 

. Conclusion 

In this study, we have conducted a large scale parametric FE analy-

is to provide further insight into the relationship between angular head

otion and brain deformation. The effect of angular acceleration, angu-

ar velocity, and angular jerk on the peak tissue strains and strain rates

as analyzed. The results of the parametric study show that both angu-

ar acceleration and angular velocity can have a significant effect on the

rain deformation response, with the relative contribution of each be-

ng dependent on the acceleration pulse duration. Angular jerk, on the

ther hand, had a minimal effect on the peak tissue strains when the

eak angular acceleration and angular velocity were held constant, but

t did have a larger effect on the peak strain rates. While the peak strains

nd strain rates were affected by the applied kinematic condition, this

tudy revealed that the spatial distribution of strain did not change sig-

ificantly as long as the rotation direction remained the same, which

as important implications when developing methods to rapidly esti-

ate the brain deformation response. With an improved understanding

f the relationship between angular kinematics and brain deformation,

e can begin to develop new strategies for mitigating and preventing

raumatic brain injury. 
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