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SUMMARY 

The purpose of this study was to examine the relationship 

between rotational head motion and brain shear strain in 

rotational head impacts using a physical model of the human 

head. This model was constructed from individual medical 

images. Hence, the model is an accurate representation of the 

human head, made by assembling detailed models of the skull, 

falx, and brain and filled with water to simulate cerebrospinal 

fluid (CSF). Rotational impacts were applied around the 

frontal axis of the model under the conditions in the case that 

peak angular acceleration and angular velocity were controlled. 

Experimental results showed that the shear strain in the region 

of the brain model under observation correlated strongly with 

the peak change in angular velocity but did so poorly with the 

peak angular acceleration. The reason for this was that the 

brain shear strain was relatively small at the time of peak 

angular acceleration because of the relative motion between 

the skull and the brain, which occurs because of the existence 

of CSF. Thus, we propose that the peak change in angular 

head velocity be considered an important parameter for 

defining a new head injury criterion to estimate brain injury 

due to rotational head motion. 

 

INTRODUCTION 
Traumatic Brain Injury (TBI) occurs because of several 

impact conditions during incidents such as traffic accidents, 

falling accidents, and sports accidents. Therefore, it is 

necessary to determine the mechanism by which TBIs occur 

and the preventive measures that can be adopted to avoid them. 

The head injury criterion (HIC) is used for designing head-

protection products. However, because HIC is calculated by 

linear acceleration responses of the center of gravity of the 

head, it is difficult to evaluate TBI due to rotational head 

impacts using HIC. Because rotational head impacts are a 

known cause of TBIs such as diffuse axial injury, it is 

necessary to define a new injury criterion for rotational head 

motion in order to minimize TBIs due to rotational head 

impacts.  

So far, a few head injury criteria based on peak angular 

acceleration and peak change of angular velocity have been 

proposed; however, these parameters have not been adopted as 

safety standards because the relationship between rigid head 

motion, which can be easily measured using dummies, and 

brain deformation is unclear. 

Many studies have attempted to determine this relationship 

using simplified physical head models. However, in these 

simplified models, the shear strain distribution within the brain 

and the boundary conditions between the skull and brain 

differed from those in an actual human head. In contrast, the 

authors constructed a physical model of the human head 

consisting of detailed models of the human brain and skull [1]. 

Hence, the purpose of this study is to determine the 

relationship between rotational head motion and brain shear 

strain using an accurately reconstructed physical model of the 

human head. 

 

METHODS 

Fig.1 shows the physical head model used in this study. The 

model is an accurate representation of the human head in 

terms of shape and structure, made by assembling detailed 

models of the skull, falx, and brain and filled with water to 

simulate CSF. The skull part was made of polycarbonate and 

was fabricated by machining based on CAD data of the inner 

surface of the human skull reconstructed from CT images. The 

falx part was made of polyurethane with almost the same 

thickness and Young’s modulus as that of the falx of a cadaver 

and was attached to the skull model. A mold of the brain was 

fabricated using a stereo lithography system based on the 

CAD data of the brain reconstructed from MR images. 

Subsequently, black silicone gel was poured into the mold and 

cured. Finally, the gap between the skull and brain models was 

filled with water to simulate cerebrospinal fluid. The material 

property of each part of this model was confirmed as being 

almost equal to that of its corresponding human original.  

Rotational impacts were applied around the frontal axis of 

the model. The experimental conditions in this study which 

total of nine patterns of rotational impacts were combined the 

maximum angular accelerations of three patterns and the peak 

change angular velocities. The time history of rotational 

impacts applied to the physical head model was calculated 

from the acceleration time history recorded by a uni-axial 

accelerometer attached to the rotational table.  

The behavior of the brain during rotational impact was 

filmed with a high-speed camera at 1000 fps. The 

displacements of the white points on the brain model shown in 

Fig.1 were measured. Finally, the Green-Lagrange strain 

E1 

E2 E4 

E3 

Falx 

(a) Skull part (b) Brain part 
Figure 1: Physical head model 
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around each white point was calculated from its relative 

displacement.  

 

RESULTS AND DISCUSSION 

Fig.2 shows the angular acceleration response of the head 

and the maximum shear strain in the E4 region of the brain 

model. The figure shows that the peak angular acceleration 

applied to the head was approximately 7000 rad/s2 with 6 ms 

duration during the first impact, and the peak deceleration was 

approximately 1000 rad/s2 with 30 ms duration. The time 

history of the shear strain showed that the strain during the 

deceleration phase was higher. In addition, it is clear that there 

was a time delay between the peak angular acceleration and 

the peak shear strain. 

Fig.3 shows the relationship between the initial peak of shear 

strain and the peak angular acceleration. The figure shows that 

the peak shear strain in the brain correlates poorly with the 

peak angular acceleration of the head. Fig.4 shows the 

relationship between the initial peak shear strain and the peak 

change in angular velocity of the head. The figure shows that 

the peak shear strain in the brain correlates strongly with the 

peak change in angular velocity. Moreover, the same tendency 

was observed in other measurement points of the brain. 

From the results of the experiments, we found that the peak 

change in angular velocity correlated highly with the peak 

shear strain in the brain, but the peak angular acceleration, 

which has been proposed as the indicator for categorizing the 

severity of brain injuries or injury criterion, did not correlate 

with the brain shear strain. These results agree with those of 

the cadaver experiment conducted by Hardy et al. [2] and the 

computer simulation conducted by Yoganandan et al. [3]. Our 

results indicate that there was significant time delay between 

the peak angular acceleration and the peak shear strain. This 

was because, during an impact, there is significant relative 

motion between the skull and the brain. Shear deformation of 

the brain occurs when the brain comes in contact with the 

inner skull surface because of the relative motion between the 

skull and the brain; after the contact, the brain deformation 

gradually increases. Therefore, the brain deformation was 

quite small at the time of peak angular acceleration of the head. 

Thus, brain shear deformation did not correlate with the peak 

angular acceleration of the head.  

Therefore, it is necessary to define a new head injury 

criterion based on the peak change in angular velocity of the 

head rather than the peak angular acceleration. Furthermore, it 

is important to reduce peak change in angular velocity of the 

head in order to prevent brain injuries due to rotational head 

motion. 

 

CONCLUSION 

Brain shear strain during rotational impact was measured 

using an accurately reconstructed physical model of the 

human head to investigate the effect of rotational head motion 

on brain shear strain. Different patterns of rotational impact 

were applied to the model, and a high correlation was 

observed between the peak change in angular velocity and the 

peak shear strain of the brain. On the other hand, there was no 

correlation between the peak angular acceleration and brain 

shear deformation because the brain deformation was small at 

the time of peak angular acceleration as there was significant 

relative motion between the skull and the brain. Therefore, we 

propose that the peak change in angular velocity of the head 

should be considered an important parameter for defining a 

new head injury criterion that enables the estimation of brain 

injury due to rotational head motion. 
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Figure 2: Angular acceleration response of the head 

and maximum shear strain in E4 

Figure 3: Relationship between maximum angular 

acceleration of the head and peak shear strain in E4 

Figure 4: Relationship between peak change in angular 

velocity of the head and peak shear strain in E4 
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