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Inflicted Head Injury by Shaking Trauma in Infants
Part I: the potential effect of spatiotemporal variation of the rotation center 
on injury mechanisms 
L.A.H. Schiks, J. Dankelman, A.J. Loeve 
Department of BioMedical Engineering, Delft University of Technology, The Netherlands 

Abstract
Inflicted head injury by shaking trauma (IHI-ST) is often simulated to better understand the injury mechanisms and 
to analyze whether violent shaking can cause head injury in infants. Computational models are usually subjected 
to linear and rotational inputs to simulate shaking scenarios. In existing studies, the head’s rotation center is kept 
fixed over time during shaking. However, the infant’s head is unlikely to rotate around a fixed pivoting point in real 
life due to the flexibility of the infant’s neck and the external imposed shaking motion by the perpetrator. It is currently 
unknown how the location of the rotation center changes over time and how this manifests itself in the expression 
of the injury mechanisms associated with IHI-ST. 

In this study, the variation of the rotation center of an infant’s head during shaking and its potential effect on 
injury mechanisms were analyzed. First, dynamics of the infant’s head were obtained in shaking experiments with 
an infant surrogate. Next, the variation of the rotation center was calculated and relations between characteristics 
of the participants and shaking variables were analyzed. 

Key findings: during shaking the location of the head’s rotation center varied in both anterior-posterior and vertical 
direction with respect to the head, causing the head’s radius of curvature to vary six orders of magnitude. Therefore, 
head-dynamics and injury mechanisms underlying IHI-ST are possibly simulated incorrectly when using a fixed 
rotation center. It remains unclear how this affects the validity of IHI-ST injury risk assessments and the injury 
thresholds on which these assessments are based. Future research should therefore evaluate the performance of 
head-dynamic simulations regarding IHI-ST. 

 
Keywords 
Closed head injuries—child abuse—biomechanics—forensic pathology. 
 

Introduction 
Each year 14-41 per 100.000 infants up to 1 year of age are 
diagnosed with inflicted head injuries [1–3]. Retinal 
hemorrhage, subdural hemorrhage, diffuse axonal injury, 
and neck injury are symptoms often associated with violent 
shaking of an infant. The diagnosis of inflicted head injury 
by shaking trauma (IHI-ST) based on the presence of such 
symptoms is often debated because these symptoms can 
also be caused by events other than abusive shaking [4–7]. 
However, no consensus has been reached yet regarding the 
question if shaking alone can actually result in loading 
anatomy beyond its failure thresholds [8–11].  

Dynamic parameters such as angular acceleration or 
angular velocity, and biomechanical tissue properties such 
as ultimate strength, are examples of thresholds that are 
currently used to estimate injury risk [12,13]. Injury 
thresholds and head dynamics are hard to obtain directly 
from infants due to ethical considerations and hence are 
based on experiments with surrogates [14–16], 
mathematical models [15,17,18] or on extrapolated or 
scaled adult- or animal data [10,11,19]. Such studies 

investigate the effects of head dynamics during shaking on 
loading—and subsequent deformation—of anatomical 
structures, which is essential knowledge to determine 
whether or not violent shaking may cause damage to an 
infant’s anatomy. However, the literature study preceding 
this thesis (submitted) showed that many infant shaking 
trauma assessment studies use inappropriate injury 
thresholds which did not match shaking loading conditions 
[12] (Appendix I). Furthermore, the center of rotation of 
an infant’s head in IHI-ST computational models is usually 
defined as a fixed point somewhere at the cervical spine 
[20–25], although the infant’s head is unlikely to rotate 
around a fixed pivoting point in real life due to the 
flexibility of the human neck and the external imposed 
shaking motion by the perpetrator.  

Compressive and shear forces in the brain, strain rate, 
and relative displacement of the brain with respect to the 
skull, are all injury mechanisms that may result from linear 
and/or angular acceleration of the head [26–28]. However, 
whether rotation of the head will result in either 
predominantly compression forces in the brain, or shear 
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forces in- and rotation of the brain with respect to the skull, 
depends on the distance between the rotation center and the 
center of gravity of the head (COG); the radius of curvature 
(ROC) [20]. This can be illustrated best by two examples 
of the head in pure rotation; if the brain accelerates—with 
a certain magnitude X—around the center of gravity of the 
head, this will cause predominantly shear forces and 
rotation of the brain with respect to the skull 1. In another 
case, if the brain accelerates—with the same magnitude 
X—around a point far away—in the order of meters—from 
the head’s center of gravity, this results in a predominantly 
linear displacement of the brain within the skull. Although 
the angular acceleration magnitude is the same in both 
cases, they may result in distinctive tissue responses 
because the inertial acceleration experienced by each 
particle within the head is related to the ROC [20,29]. The 
former case is associated with ruptured bridging veins and 
diffuse injuries, while the latter is associated with 
contusions and focal injuries [26,30,31]. (See Appendix I 
for an extensive description of injuries and injury 
mechanisms in IHI-ST). Considering the above, model-
based injury thresholds for IHI-ST may be over- or 
underestimated when using a fixed center of rotation over 
time. 

It is currently unknown how the location of the 
instantaneous center of rotation (ICOR) changes over time 
and how this manifests itself in the expression of the injury 
mechanisms associated with IHI-ST. Therefore, it is also 
unknown to what extent IHI-ST computational studies 
accurately replicate the tissue-loading that results from 
violent shaking. 

The aim of the present study is to obtain the 
spatiotemporal variation of the instantaneous center of 
rotation of an infant’s head during shaking and to discuss 
its potential effect on injury mechanisms. Additionally, 
participant characteristics (gender, age, height, and 
weight) and shaking variables (e.g. accelerations of the 
head) were analyzed to identify which factors increase 
shaking intensity. 

Methods 
Experimental protocol and study population 
An infant surrogate shaking experiment was performed at 
the BioMechaMotion lab of the Delft University of 
Technology (Delft, The Netherlands). Participants were 
instructed to shake an infant surrogate back and forth in the 
sagittal plane as violently and as long as possible, in order 

to investigate the maximum accelerations occurring during 
violent shaking. Approval for this experiment was granted 
by the university’s Human Research Ethics Committee 
under study number 698 (Appendix II). A total of 33 
volunteers participated in the experiment, data of 29 
volunteers were included in the analysis. Mean age of the 
included 29 participants was 33 years (range 21 to 64, 8 
female and 21 male).  

Data acquisition 
Instrumented infant surrogate
Motion of the dummy’s head and bulk dynamics during 
shaking were measured simultaneously by means of 
sensors attached to the infant surrogate and a motion 
capture system; both calibrated prior to the experiments. 
An instrumented Q0 crash-test dummy (First Technology 
Safety Systems, Delft, The Netherlands) was used as an 
infant surrogate (mimicking a 6 week-old, 3.4 kg infant, 
based on [32]) to capture kinematic and dynamic data 
during the shaking experiments; i.e. angular velocity of the 
head, and linear accelerations in three directions at the 
torso, at the COG and at the vertex of the dummy’s head.  

A custom-made sensor bracket replaced the dummy’s 
original load cell and contained the necessary sensors for 
additional measuring at the head’s vertex (Figure 1). The 
bracket was designed to match the dimensions and inertial 
properties of the original load cell to not compromise the 
biofidelity of the dummy. (See Appendix III for a detailed 
description and technical drawings of the custom made 
sensor bracket and modified dummy). The sensor bracket 
was equipped with a uniaxial vibration rejecting 
gyroscope—ADXRS649, measurement range ±20,000 
°/sec, Analog Devices, Inc., Norwood Massachusetts, 
USA—and two tri-axial accelerometers—ADXL377, 
measurement range ±200 g, Analog Devices, Inc., 
Norwood Massachusetts, USA. An identical accelerometer 
was placed in the torso. 

A power spectral density analysis of the acceleration 
data of similar experiments [33] (under submission) with 
the Q0 dummy revealed that the accelerometer signal 
power beyond 250 Hz was less than -25 dB. Therefore it 
was decided to set the bandwidth of the accelerometers to 
500 Hz, providing a safe margin. Unfortunately, no such 
data were available on the angular velocity, hence it was 
decided to use the gyroscope’s maximum bandwidth of 2 
KHz.

 

                                                                 
1 Due to mass inertia of the brain and the surrounding 

cerebrospinal fluid layer. 
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Motion capture system
An Oqus 700 motion capture system (Qualysis, Göteborg, 
Sweden) was used to record the three-dimensional 
trajectory of the dummy’s head during shaking. This 
system consists of 12 motion-tracking infrared cameras, 
tracking passive 7 mm spherical reflective markers that 
were attached to the vertex and to the left side of the 
dummy’s head, coinciding with the z- and y-axis of the 
dummy’s head respectively. (See Appendix IV for the 
applied camera settings of the motion capture system). 

Data logging 
Data of the dummy sensors were recorded with a Data
Acquisition system (DAQ)—NI USB-6211, National 
Instruments, Austin, Texas, U.S.A. The trigger signal of 
the motion capture system was recorded to synchronize the 
sensor data with the motion capture data later in the data 
analysis. (See Appendix V for the connection diagram of 
the setup). Sensor data was sampled at a frequency of 5 
KHz in order to capture the steep peaks in the linear 
accelerations accurately. The maximum sampling 

frequency of the motion capture system was only 1 KHz, 
but this proved sufficient. Motion data were up-sampled 
by interpolation to match the sensor data. 

Data analysis 
Calculations 
The shaking motion occurred mainly in the sagittal plane
(x-z-plane), making accelerations in y-direction negligible 
with respect to accelerations in the x- and z-direction 
(Figure 2). Therefore, the analysis was reduced from three 
to two dimensions to simplify the calculations.  

The angle  (rad) between z-axis of the dummy’s head 
and the z-axis of the inertial reference frame was 
calculated using the positions of the reflective markers. 
The angular velocity (rad/s) was then calculated by 
differentiation of the angle . Likewise, the angular 
acceleration  (rad/s2) was calculated by differentiation of 
the angular velocity . The maximum angular velocity 

max and maximum angular acceleration max were 
obtained from these calculated values of  and .

Maximum values of the resultant vertex-, COG- and 
torso accelerations, ator-max (m/s2), acog-max (m/s2), aver-max

(m/s2) respectively, were extracted from the sensor data. 
The vertex motion x-direction data were differentiated to 
determine the maximum tangential velocity of the dummy 
head vertex vvx-max (m/s). 

The rotation center location was calculated for the entire 
shake cycle (Figure 3) with the highest vertex tangential 
acceleration peak. For each time step the following 
calculations were performed: 1) a line tangential to each of 
the trajectories of the vertex and COG was calculated, 2) 
for both the vertex and COG, a line perpendicular to the 
tangent line and coinciding the trajectory was calculated, 
3) finally the location of the instantaneous center of 
rotation (ICOR) was defined as the intersection point of the 
two lines perpendicular to the trajectories. The ROC was 

Figure 2. Typical vertex accelerations of the dummy’s head 
during violent shaking. 

 

Figure 1. Bracket for the two head-accelerometers and
gyroscope. (Top) Component overview. COG: Center 
of gravity. (Bottom) Sensing axes according to a right-
hand coordinate system with respect to human body 
axes: x-direction, longitudinal axis, anterior positive; 
y-direction, transverse axis, left positive; z-direction, 
vertical axis, superior positive. Flexion of the neck 
represents a positive rotation around the y-axis. 
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defined as the absolute distance between the ICOR and 
COG of the dummy’s head. Figure 4 provides a visual 
representation of the steps above.  MathWorks MATLAB 
was used to perform the calculations and to filter the data. 
(See Appendix VI for the full algorithm). 

Data filtering 
Initial visualization of the data indicated the presence of 
high-frequent noise in the unfiltered signals of the 
accelerometers, gyroscope and motion data. A power 
spectral density analysis of the accelerometer signals 
showed that low power noise peaks were present at 
frequencies above the frequency bandwidth—up to 500 
Hz—of the accelerometers (Figure 5).  

A Butterworth 12th-order low-pass zero-phase-lag 
digital IIR filter with a cutoff frequency of 500 Hz was 

applied to smooth the accelerometer signals and thereby 
enabling the algorithm to calculate the actual acceleration 
peaks instead of detecting the noise peaks.  

The recorded marker trajectories were smoothed to 
enable fitting tangential lines to these curves. Noise in the 
motion data would result in errors in the tangent lines and 
consequently in the calculated location of the rotation 
center. Therefore, the motion data was smoothed using the 
same Butterworth filter as for the accelerometer data, but 
with a cutoff frequency of 10 Hz. 

Statistics 
IBM SPSS Statistics 25 was used for the statistical
analysis. Linear regression analysis was used to find 
correlations between shaking variables (i.e. torso 
acceleration, head COG acceleration, head vertex 

Figure 3. Subsequent stages in the full shake cycle of the dummy (a-g). The shake cycle starts (a) when the dummy neck is fully
extended, half way the cycle (d) the dummy neck is fully flexed and at the end of the cycle (g) the situation is equal to (a) again.

Figure 4. Visual representation of the 3-step calculation of the instantaneous center of rotation 
(ICOR). Each tangent line is tangential to the marker’s trajectory. The intersection point of 
the lines perpendicular to the tangent lines is the ICOR; corresponding to a single calculation-
step in a single typical shake cycle. The depicted trajectories show a full single typical shake 
cycle. The solid lines between the vertex and COG trajectories indicate corresponding 
datapoints from the same time-step.
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acceleration, head angular velocity, head angular 
acceleration, head vertex velocity and shake frequency) 
and anthropometric characteristics of the participants (i.e. 
age, height, weight). 

A multivariate analysis of variance (MANOVA) was 
conducted to test whether differences were present in the 
shaking variables (i.e. torso acceleration, head COG 
acceleration, head vertex acceleration, head angular 
velocity, head angular acceleration, head vertex velocity 
and shake frequency) between men and women. (See 
Appendix VII for the complete analysis).

Results 
Spatiotemporal variation of the rotation center 
The location of the ICOR of the dummy’s head varied over 
time within a shaking cycle, in both x- and z-direction with 
respect to the COG (Figures 6 and 7). The ROC—which is 
the absolute distance between the ICOR and the COG—
also varied greatly over time during a shaking cycle 
(Figure 8: top). 

The minimum and maximum ROC that were attained 
were 2.9∙10-3 m and 2.1∙103 m respectively; a difference of 
six orders of magnitude. The mean value of the median 
ROC during the shake cycle with the highest vertex 
acceleration was 97 mm, SD = 39 mm, across all 
participants.  

The ROC fluctuated largely in the proximity of angular 
acceleration peaks (Figure 8: bottom). The ROC at the 
instance of the absolute maximum  and  had a median 
over all participants of 26 mm (min. 2 mm, max. 244 mm) 
and 38 mm (min. 3 mm, max. 155 mm) respectively.  

                                                                 
2 i.e. shaking the infant in a more downward direction to 

make use of the gravity acceleration 

Shaking variable statistics 
No significant correlations were found between the 
anthropometric variables age, height and weight and any 
of the shaking variables (Table 1). However, large 
differences were found between the maximum values of 
shaking variables obtained by male and female participants 
(Figure 9). The mean values of all shaking variables were 
significantly higher for men than for women (Table 2). 

Descriptive statistics of the peak values of shaking 
variables during the shaking experiment and the average 
shaking frequency across all participants are provided in 
Table 3. Peak linear accelerations of the torso, the head’s 
COG, and the head’s vertex represent the highest 
acceleration peaks that were encountered in the entire trial 
of each participant. The same holds for the peak tangential 
vertex velocity vvx-max, peak angular velocity max and
angular acceleration max. The shaking frequency fshake was 
averaged over the entire trial of each participant. (See 
Appendix VIII for a full overview of the shaking variables 
for each participant). 

Shaking pattern 
Among the participants, considerable variations were 
present in the trajectories of the dummy’s head during 
shaking. Some notable differences in the trajectories were; 
small vs. large amplitude, weakly curved vs. strongly 
curved, circular vs. eight-shaped, little vs. much vertical 
displacement of the COG, and horizontal vs. gravity 
assisted 2 shaking  (Figure 10).  

Figure 5. The power spectral density analysis indicated
dominant noise peaks around 850 Hz. The unshaded area 
represents the signal of interest. Low power, high-frequent 
noise was filtered out, indicated by the shaded area. 

 

 
Figure 6. Typical example of the location of the 
instantaneous center of rotation (ICOR) over time with 
respect to the center of gravity (COG) of the dummy’s head.
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Figure 7. Graphical representation of spatiotemporal variation of the instantaneous center of 
rotation (ICOR) with respect to the center of gravity (COG) of the head, during a single typical 
shake cycle. 3D CT-scan of a 6-week old infant. 

 
Figure 8. (Top) radius of curvature (ROC) of the head’s center of gravity during a single typical shake cycle. (Bottom) angular 
velocity of the head and angular acceleration of  the head during a single typical shake cycle. The ROC was highly variable at some 
points in the shake cycle, also in the proximity of angular acceleration peaks.
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Discussion
Injury mechanisms 
The location of the instantaneous center of rotation (ICOR) 
of the dummy’s head varied over time during shaking, this 
could affect current understandings regarding the injury 
mechanisms of IHI-ST. Differences between linear 
accelerations of the head’s vertex and center of gravity 
(COG) were large; peak vertex accelerations were often 
over twice the corresponding COG accelerations.  

The difference in acceleration magnitude between the 
head’s vertex and the COG is determined by three factors: 
1) the magnitude of the angular acceleration; causing a 
difference in the tangential acceleration components of the 
vertex and the COG independent of the ICOR location, 2) 
the magnitude of the angular velocity; causing a difference 
in the normal acceleration components of the vertex and 
the COG independent of ICOR location and 3) the location 
of the ICOR; causing a difference in both the tangential 

and normal acceleration components. Hence, to some 
extent, the location of the ICOR may attribute to the nature 
of tissue deformations. Theoretically, when the skull and 
brain are considered as a rigid body, those differences in 
acceleration magnitude between the vertex and the COG 
create the optimal conditions for shear forces in the brain. 
In practice, however, the brain is surrounded by a layer of 
cerebrospinal fluid, which allows the brain to rotate with 
respect to the skull. This lessens the effect of head rotation 
on shear forces in the brain somewhat, although it is 
precisely that displacement of the brain with respect to the 
skull which causes stretching of bridging veins. 

Validity of injury thresholds 
At the moments of peak angular velocity and peak angular 
acceleration—the parameters on which several existing 
injury thresholds are based [10,11,34–38]—the median 
ROCs were found to be 26 mm and 38 mm, respectively. 

Table 3. Peak magnitudes of the shaking variables across all participants.

 
ator-max (m/s2) acog-max (m/s2) aver-max (m/s2) max (rad/s) max (rad/s2) vvx-max (m/s) fshake (Hz) 

Maximum 257 276 606 -66 6,010 7.0 6.2

 Mean 130 155 302 43 3,033 4.5 4.5 

SD 51 51 108 10 995 1.3 0.8

 

Table 2. Differences between men and woman in peak magnitudes of all shaking variables. All differences were significant (p≤0.05). 

 Mean [SD] men
Mean [SD]
women 

Difference in
mean F-value Sig.

ator-max (m/s2) 137 [49] 87 [23] 50 F(1,27) = 7.45 .011 

acog-max (m/s2) 163 [46] 113 [31] 50 F(1,27) = 8.02 .009 

aver-max (m/s2) 333 [110] 214 [73] 119 F(1,27) = 7.99 .009 

max (rad/s) 47 [10] 33 [6] 14 F(1,27) = 13.93 .001 

max (rad/s2) 3,362 [933] 2,058 [591] 1,304 F(1,27) = 13.40 .001 

vvx-max (m/s) 4.7 [1.2] 3.4 [1.0] 1.3 F(1,27) = 7.05 .013

fshake (Hz) 4.7 [0.8] 4.0 [0.5] 0.7 F(1,27) = 4.76 .038

 

Table 1. Correlation coefficient matrix of the study variables (Pearson’s r (sig.)). None of the correlations were significant (p>0.05). 

ator-max acog-max aver-max max max vvx-max fshake 

Age -.154 (.427) -.271 (.156) -.241 (.209) -.206 (.283) -.272 (.154) -.190 (.323) .068 (.726)

Height .205 (.285) .116 (.549) .149 (.439) .205 (.287) .200 (.297) .177 (.357) .293 (.123)

Weight .220 (.250) .046 (.812) .126 (.516) .265 (.165) .165 (.393) .173 (.369) .151 (.434)
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Computational models in the literature, however, usually 
define the base of the skull, the C5-C6 junction or the base 
of the neck as the ICOR [20–25]; corresponding with 
ROCs of around 25 mm, 65 mm and 80 mm, respectively. 

A small ROC might cause completely different 
deformations of anatomical structures and displacement of 
the brain with respect to the skull, compared to a larger 
ROC, because the acceleration experienced by each 
particle in the head is depending on its distance to the 
rotation center [20]. Evidently, tissue deformations are 
related to accelerations experienced by each particle, their 
connections with surrounding particles, and to interactions 
with other anatomical structures, which are all directly or 
indirectly related to the location of the ICOR. Hence 
stating all the above, it could be that injury thresholds 
based on peak magnitudes [10,11,34–38] are 
overestimated, and tissue deformations simulated by 
computational models with the ICOR at the base of the 
skull, the C5-C6 junction or the base of the neck [20–25], 
are underestimated.  

In the proximity of the maxima of the angular velocity 
and angular acceleration, the ICOR showed to be very near 
the COG of the dummy’s head while at the same moment 
angular accelerations close to the maximum were present. 
Since it is the combination of the angular velocity, angular 
acceleration and the location of the ICOR that determines 
how the anatomy in the head is loaded and deformed, it 
might be the case that tissue is loaded at its maximum on a 
moment that is not necessarily the point of maximum 

angular acceleration/velocity. Furthermore, the participant 
obtaining the highest angular acceleration/velocity (among 
all participants) did not obtain the highest linear head 
acceleration, and moreover, maximum values of the head’s 
angular acceleration and angular velocity did not occur at 
the same time. Therefore, it is questionable whether 
currently used injury thresholds based on kinematic 
parameters [10,11,34–38] (e.g. maximum angular 
acceleration, maximum angular velocity, maximum linear 
head accelerations) are valid. 

Shaking variables 
Results of the present study show that outliers can be 
around twice the mean value across all participants for 
peak accelerations and velocities. However, studies in the 
literature in which a physical model was used to obtain 
shaking dynamics [10,15,16,37,39–41], had a relatively 
small sample size (varying from 1-11 participants) 
compared to the present study. When examining the worst 
case shaking dynamics that a human is physically able to 
produce, it is important to take a sufficiently large sample 
size and include subjects that largely deviate from the 
average.  

Furthermore, the results indicate that maximum values 
of some shaking variables (torso-, head COG-, and vertex 
linear accelerations; head angular velocity and 
acceleration; shaking frequency) were outside the range of 
mean+2SD. This implies that during violent shaking, 95% 
of the people

 
Figure 9. Boxplot of the maximum values of shaking variables. Large differences were present between the values obtained by male 
and female participants and within these two groups. Multiple outliers were found for some of the variables.
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 will not reach those maximum values, it also demonstrates 
the importance of taking into account that there is a 
difference between ‘what an average human is physically 
capable of’ and ‘what the suspect is physically capable of’.  

The experimental results demonstrate that men cause 
more vigorous shakes than women, though the 
participant’s age, height, and weight did not correlate with 
shaking variables. Presumably, other factors such as 
shaking pattern, muscle force, condition, sports habits, or 
the ratio of body weight to muscle mass, are determinants 
for the intensity of shaking. 

Limitations 
Infant surrogate
Exposure of the dummy to the violent shaking during the 
present- and previous experiments, caused the 4 mm steel 
cable in the dummy’s neck to break. After 29 trials one end 
of the neck cable was broken, and several strands on the 
other end of the cable were damaged as well. Therefore, 
data from 4 volunteers were excluded from the analysis. 
(See Appendix IX for excluded experimental data). 

Instrumentation 
The frequency bandwidth of the gyroscope chip itself (2 
KHz) was more than sufficient, yet a (retrospectively 
noticed) low-pass filter in the third party sensor-
evaluation-board limited the frequency bandwidth to only 
10 Hz. Comparison of the gyroscope data with the 

analyzed motion data demonstrated insufficient frequency 
bandwidth of the gyroscope setup for analyzing violent 
shaking motions. For this reason, gyroscope data were not 
used in the analysis. 

Shaking scenario 
Participants were instructed only once, during the briefing, 
to shake an infant surrogate as violently and as long as 
possible. However, it is expected that the limits—
regarding the shaking variables—of what a human is 
physically capable of, are not reached yet. Feelings of 
anger and despair experienced by a perpetrator might result 
in more vigorous shaking. 

Recommendations for future research 
Computational studies
Future research should investigate the effect of the time-
varying nature of the ICOR on the temporal accuracy of 
external skull-dynamics in IHI-ST computational models 
(see Part II). In order to investigate the effect of the time-
varying nature of the center of rotation on internal skull-
dynamics (e.g. tissue deformation or intracranial pressure), 
the calculated values of the ICOR and its acceleration may 
be used as model-input in future IHI-ST simulation 
studies. The full dataset is available for download through 
the repository of the 4TU Centre for Research Data. 
doi:10.4121/uuid:29853e7a-4074-46cf-802b-6ba63a9a791b. 

Figure 10. Typical examples of the various shaking pattern variations encountered during the study: (a,d) small vs. large amplitude;
(d,f) weakly curved vs. strongly curved; (c,f) circular vs. eight-shaped; (a,e) little vs. much vertical displacement of the COG; (a,b) 
horizontal vs. gravity assisted shaking. Coordinates are expressed in the inertial reference frame. 
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The present findings can have important implications 
for comparable scenarios of head injury. The approach 
presented in this study can therefore be useful in other 
scientific areas, such as forensic science and vehicle safety 
studies. 

Instrumentation for physical model studies 
Further tests with physical models using gyroscopes and 
accelerometers must take into account a minimum 
frequency bandwidth. This is vital to prevent 
underestimation of peak magnitudes of angular velocity 
and linear accelerations of the infant’s head in violent 
shaking scenarios. Based on the power spectral density 
analyses, minimum bandwidths of 100 Hz and 500 Hz are 
advised for gyroscopes and accelerometers respectively. 

Shaking scenario
Future studies should focus on the identification of 
shaking-intensity determinants to aid simulating worst-
case shaking scenarios. Also, induced anger feelings and 
encouragement of the participants during shaking may 
result in more intense shaking. When giving participants a 
free choice of shaking method, new, even more damaging 
shaking methods may be discovered. Recruiting 
specifically young participants may better reflect the group 
of common offenders, who are typically younger than 18 
years old [42]. 

Conclusion 
The results showed that the location of the instantaneous 

center of rotation (ICOR) of the dummy’s head varied 
greatly over time during violent shaking. Currently 
existing IHI-ST computational studies usually define the 
ICOR as a fixed point in the cervical spine, while the 
location of the ICOR with respect to the dummy’s head 
differed six orders of magnitude during shaking. 
Therefore, it is questionable whether simulation results of 
currently existing computational studies, including injury 
thresholds following from such studies, are valid. 
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Inflicted Head Injury by Shaking Trauma in Infants
Part II: the importance of spatiotemporal variation of the rotation center 
when modelling external head-dynamics 
L.A.H. Schiks, J. Dankelman, A.J. Loeve 
Department of BioMedical Engineering, Delft University of Technology, The Netherlands 

Abstract
Computational model simulations are extensively used to analyze inflicted head injury by shaking trauma in 

infants (IHI-ST). Infant head models are usually excited by dynamic inputs, which are applied to a specific point 
with respect to the head. In existing studies the load application point is assumed to be fixed over time; thereby 
neglecting spatiotemporal variation of the rotation center during shaking. Therefore, this assumption may be 
inappropriate, because the location of the heads’ rotation center is in fact not constant over time during shaking. It 
is unknown to what extent head dynamics are correctly simulated when using a fixed rotation center, hence 
simulation results regarding injury thresholds and shaking trauma assessment could be invalid. 

In this study, loading-methods used in IHI-ST simulations were evaluated for their temporal accuracy in 
replicating external head-dynamics. First, a mathematical model incorporating spatiotemporal variation of the 
head’s rotation center was proposed. Secondly, head dynamics were calculated using the proposed mathematical 
model and existing model-loading methods. Finally, the calculated head dynamics were compared to a reference 
dataset. 

Key findings: in all of the 29 cases from the reference dataset, implementation of a time-varying load application 
point resulted in an improved temporal replication of shaking dynamics compared to existing model-loading 
methods. Accelerations of the head in x- and z-direction had a two and four times smaller absolute error over a 
typical shake cycle than any previously existing finite element model (FEM) for IHI-ST. It remains unclear how 
implementation of a time-varying load application point affects the dynamics of fluids and tissues inside the skull. 
Future research should therefore focus on re-evaluating the results of IHI-ST assessment studies and injury 
threshold studies employing FEM head-models. 

 
Keywords 
Closed head injuries—child abuse—biomechanics—finite element models. 

 
Introduction

Each year 14-41 per 100.000 infants up to 1 year of age are 
diagnosed with inflicted head injuries [1–3]. Retinal 
hemorrhage, subdural hemorrhage, diffuse axonal injury, 
and neck injury are symptoms often associated with violent 
shaking of an infant. The diagnosis of inflicted head injury 
by shaking trauma (IHI-ST) based on the presence of such 
symptoms is often debated because these symptoms can 
also be caused by events other than abusive shaking [4–7]. 
However, no consensus has been reached yet regarding the 
question if shaking alone can actually result in loading 
anatomy beyond its failure thresholds [8–11].  

Dynamic parameters such as angular acceleration or 
angular velocity, and biomechanical tissue properties such 
as ultimate strength, are examples of thresholds that are 
currently used to estimate injury risk [12,13]. Injury 
thresholds and head dynamics are hard to obtain directly 
from infants due to ethical considerations and hence are 
based on experiments with surrogates [14–16], 

mathematical models [15,17,18] or on extrapolated or 
scaled adult- or animal data [10,11,19]. Such studies 
investigate the effects of head dynamics during shaking on 
loading—and subsequent deformation—of anatomical 
structures; which is essential knowledge to determine 
whether or not violent shaking may cause damage to an 
infant’s anatomy. However, the literature study preceding 
this thesis (submitted) showed that many infant shaking 
trauma assessment studies use inappropriate injury 
thresholds which did not match shaking loading conditions 
[12] (Appendix I). 

Computational models, such as finite element models 
(FEM) and rigid body models (RBM) of an infant’s 
anatomy, are commonly subjected to dynamics that have 
been measured in physical model studies [10,15,16,20–
26]. A good model accurately mimics anatomical 
geometry and tissue properties to provide insights in the 
biomechanical behavior of the brain and skull during 
shaking. Evidently, the outcome of a simulation not only 
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depends on the model itself, but also on accurate 
formulation of the model’s input.  

Where in RBMs the load applied to the chest is often a 
translation/linear acceleration [25–28], loads applied to 
FEMs are often more complex. The head may be subjected 
to a uniaxial sinusoidal displacement [29–31], or to—
whether or not a combination of—linear or angular 
accelerations or velocities [32–37]. The center of rotation 
of an infant’s head in IHI-ST FEM simulations is usually 
defined somewhere at the cervical spine; e.g. the base of 
the skull, the C5-C6 junction or the base of the neck [32–
37]. However, in Part I of this study it was found that the 
infant’s head does not rotate around a fixed pivoting point 
during shaking. Both the radius of curvature and the 
location of the rotation center are highly variable over 
time. It is currently unknown to what extent this would 
affect the outcome obtained from existing IHI-ST 
computational simulations in terms of accurately 
replicating the dynamics acting on the infant’s head and 
internal anatomical structures. 

Therefore, the aim of the present study is to analyze 
different loading methods for computational IHI-ST 
simulations and to evaluate their temporal accuracy in 
replicating external head-dynamics. A mathematical 
model is proposed to accurately head-dynamics and 
inertial effects in IHI-ST, using a spatiotemporal variation 
of the head’s rotation center. Next, the head-dynamics will 
be calculated using the proposed mathematical model and 
existing model-loading methods. Finally, results of these 
calculations will be compared to a reference dataset. 

Methods 
Moving ICOR model 
Every motion of a rigid body can be expressed as a 
translation combined with a rotation. Based on this, Loeve 
and Stray-Pedersen [38] proposed a model for the head 
dynamics related to shake-doll experiments. The moving 
instantaneous center of rotation (ICOR) in their model was 
assumed to be located at the z-axis of the head  (Figure 1), 
colinear with the center of gravity (COG). However, the 
ICOR varies both in x- and z-direction over time due to the 
flexible character of the human neck, and the external 
imposed shaking motion from the arms and wrists of the 
perpetrator, as was found in Part I (Figure 2).  

Therefore, a mathematical model was derived in which 
spatiotemporal variations of the ICOR were implemented 
in both x- and z-direction (Moving ICOR Model; Figure 
1), using the model of Loeve and Stray-Pedersen [38] as a 
starting point. The Equations of Motion (EOM), which 
analytically define the Moving ICOR Model, are presented 
in the results section. Accelerations in y-direction were 

negligible compared to other accelerations [39] (under 
submission) and hence were neglected.  

Existing models 
An overview of existing IHI-ST FEM studies [13] was 
used to identify studies incorporating head-dynamics. The 
model-loading methods reported in sagittal plane studies 
[29–37] were categorized according to loading direction 
(Table 1).   

 
Figure 1. Free body diagram of the infant’s head. Inertial 
reference frame N is defined by the xyz triad. Moving 
reference frame B rotates with the head and is defined by the 
x’y’z’ triad. The B-frame is tilted by angle θ with respect to 
the z-axis of the inertial reference frame N, and its origin o’  
corresponds with the ICOR. Torso reference frame F is
defined by the x”y”z” triad and is tilted with respect to the z-
axis by angle δ. Other variables are further explained in 
Equation 1. 

 

Table 1. Categories assigned to model-loading methods used 
in existing IHI-ST FEM studies. 

Loading direction Model-loading 
category

Rotation around y-axis CAT I 

Translation in x-direction CAT II

Combined rotation around y-axis and 
translation in x-direction 

CAT III 

 

 

Vertex

C.O.G.

o’

z’

x’

�
�

�

av

ro’v

ro’c

roo’

o

z

x

N-frame

B-frame

g
ac

o’’

z’’

x’’

�

F-frame

roo’’



Part II: the importance of spatiotemporal variation of the rotation center when modelling external head-dynamics 

21 
 

Load application points differed among the studies that 
incorporated combined rotation and translation (CAT III). 
Therefore, model-loading category III was subclassified 
according to the employed load application point; i.e. the 
base of the neck (CAT III-A) or the base of the skull (CAT 
III-B). 

The EOM for the vertex and COG were derived for each 
model-loading category. The EOM of existing models are 
in fact simplified versions of the EOM of the Moving 
ICOR Model; neglecting either translation or rotation of 
the head, and variations in the location of the ICOR of the 
head. Some of the variables thus were disregarded or 
simplified: e.g.  = 0 and  = 0 in case of translation only;   
roc = constant, oc = 0 and oc = 0 in case of a fixed 
rotation center. Therefore, the EOM for each model-
loading category were obtained easily by filling in the 
EOM of the Moving ICOR Model, using the 
simplifications for each category. 

Model-loading method evaluation 
The performance of each model-loading category, for 
replicating IHI-ST head-dynamics, was evaluated by 
comparing calculated accelerations1 of the head’s COG
and vertex to reference values measured in Part I. To 
justify the use of measured accelerations of the COG and 
vertex as a reference, the input for the EOMs were defined 
by values (e.g. angular velocity or torso acceleration) taken 
from the same dataset. 

The absolute root-mean-square error (RMSE) between 
the calculated and measured vertex acceleration was 
calculated as a quantitative measure to evaluate the overall 
performance—over a single shake cycle—of each model-
loading category. A plot of the residual accelerations over 
time (i.e. the difference between the reference value and 
the calculated value), was used to visually compare the 
temporal accuracy of each model-loading category within 
a shake cycle.

 

                                                                 
1 Using the Equations of Motion 

 
Figure 2. Spatiotemporal variation of the instantaneous center of rotation (ICOR) with respect 
to the center of gravity (COG) of the head, during a single typical shake cycle (Part I). 3D 
CT-scan of a 6-week old infant. 
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Results 
Equations of Motion for the Moving ICOR Model 
The Equations of Motion of the Moving ICOR model are 
defined by Equation 1. 

Categorization of existing model-loading methods 
An overview of the (sub)categories assigned to model-
loading methods reported in existing IHI-ST model studies 
is presented in Table 2. 

Equations of Motion for existing model-loading 
categories 
Category I – Rotation only 
Roth et al. [33] and Raul et al. [34] incorporated only 
rotation in their simulation, around the point o’ (Figure 1) 
which was kept fixed over time (Equation 2). The C5-C6 
junction of the cervical spine was defined as the rotation 
center of the head (Figure 3). In this special case, the origin 
o’ and z’ axis were aligned with the vertex and COG 
(Figure 1).  

Category II – Translation only 
Cheng et al. [29,31] and Batterbee et al. [30] incorporated 
only translation of the head in their simulations, and only 
in horizontal direction (Equation 3). The torso acceleration
magnitude from a physical model study [24] was used as 
inertial acceleration of the head. The load application point 
may be disregarded; per definition, every point on a purely 
translating rigid body has the same acceleration. 

Category III – Combined rotation and translation 
Morison [32], Hans et al. [35], Couper and Albermani [36] 
and Batterbee et al. [37] incorporated combined rotation 
and translation in their simulations (Equation 4). The load 
application point o’ (Figure 1) varied per study; Morison 
[32] and Hans et al. [35] used the base of the neck 
(subcategory III-A), whereas Couper and Albermani [36] 
and Batterbee et al. [37] applied the load to the base of the 
brainstem—approximately the base of the skull—
(subcategory III-B) (Figure 3). All studies used the torso 
acceleration vector as inertial linear acceleration of the 
head’s load application point o’ (Figure 1), and assumed 
that the torso did not rotate with respect to the inertial 
reference frame N; the angle δ between the torso and the 
z-axis, and its time derivatives, thus were disregarded 
(Figure 1). Therefore, torso accelerations that were 

= + × + × ( × ) + + 2 × +
= + × + × ( × ) + + 2 × +

  
(1) 

 
 inertial acceleration of the vertex (m/s2) 
 inertial acceleration of the COG (m/s2) 

 inertial acceleration of the origin o’ (m/s2) 

   position vector from the origin o’ to the vertex (m) 
 position vector from the origin o’ to the COG (m) 

 velocity of the vertex relative to the origin o’ (m/s) 
 velocity of the COG relative to the origin o’ (m/s) 
 acceleration of the vertex relative to the origin o’ (m/s2) 
 acceleration of the COG relative to the origin o’ (m/s2) 

 angular velocity of the head (rad/s) 
 angular acceleration of the head (rad/s2) 
 gravitational acceleration (m/s2) 

=   + × (   )
=   + × (   )   (2) 

 
 inertial acceleration of the vertex (m/s2) 
 inertial acceleration of the COG (m/s2) 

 distance from origin o’ to vertex (m) 
 distance from origin o’ to COG (m) 

 angular velocity of the head (rad/s) 
 angular acceleration of the head (rad/s2) 

 
Figure 3. Locations of fixed rotation centers used in existing 
models. 3D CT-scan of a 6-week old infant, the neck length 
of 55 mm corresponds with the Q0-dummy. 
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measured (in Part I) with respect to the torso reference 
frame F must be mapped to the skull reference frame B 
(Equation 5). The other variables in Equation 4 were 
already measured or calculated with respect to the B-frame 
in Part I. The vertex and COG were aligned with the origin 
o’ and the z’ axis (Figure 3). 

Model-loading method evaluation 
The Moving ICOR Model outperformed other model-
loading categories in terms of temporal replication shaking 
dynamics.  

Root-mean-square error 
The mean absolute root-mean-square error (RMSE)—
across results for each participant—over the full shake 
cycle varied a lot across all model-loading methods (Table 
3). The CAT-II methods, which incorporated horizontal 

Table 2. Existing studies were each assigned a model-loading category according to their loading type, loading direction and load 
application point. *Loading directions correspond to the skull-fixed reference frame (Figure 1).

Study Purpose 
Loading type (and 
reference if available) Loading direction*

Load application 
point 

Model-loading 
category 

Morison [32] Examine bridging vein strain in a 
shaking scenario 

Head rotation combined 
with torso acceleration 

Rotation around y-axis 
and translation in 
sagittal plane 

Rotation center at 
the base of the 
neck  

III-A

Roth et al. [33] Compare intracerebral mechanical 
response for impact and shaking 

Head rotation [22] Rotation around y-axis Rotation center at 
C5-C6 junction 

I 

Cheng et al. [29] Effect of anterior fontanelle in IHI-
ST 

Torso acceleration [24] Translation in x-
direction 

N/A II 

Raul et al. [34] Examine influence of the benign 
enlargement of the subarachnoid 
space on child head injury

Head rotation [22] Rotation around y-axis Rotation center at 
C5-C6 junction  

I 

Hans et al. [35] Compare retinal forces for impact 
and shaking 

Head rotation combined 
with torso acceleration 
[32] 

Rotation around y-axis 
and translation in 
sagittal plane x- and z-
direction 

Rotation center at 
the base of the 
neck 

III-A

Batterbee et al. 
[30]

Development of simplified FEM 
model and influence of anterior 
fontanelle 

Not clear. Based on 
magnitude; probably 
torso acceleration 

Translation in x-
direction

N/A II 

Cheng et al. [31] Examine influence of anterior 
fontanelle and brain-skull interface 
on intracranial brain movement

Torso acceleration [24] Translation in x-
direction 

N/A II 

Couper and 
Albermani [36]

Examine the loading–injury 
relationship of infant shaking and 
the related deterministic 
parameters 

Head rotation combined 
with torso acceleration 
[20,22,25,40] 

Rotation around y-axis 
and translation in 
sagittal plane 

At the base of the 
brainstem (approx. 
skull base) 

III-B

Batterbee et al. 
[37] 

Uncertainty analysis of a finite 
element model of an infant’s head 
subject to shaking 

Head rotation combined 
with torso acceleration 

Rotation around y-axis 
and translation in 
sagittal plane 

At the base of the 
brainstem (approx. 
skull base) 

III-B

 

= +  + × (  )
= +   + × (   )  (4) 

 
inertial acceleration of the vertex (m/s2)

 inertial acceleration of the COG (m/s2) 
inertial acceleration of the origin o’ (m/s2); i.e. torso 
acceleration  

 distance from origin o’ to COG (m) 
distance from origin o’ to vertex (m) 
angular velocity of the head (rad/s) 
angular acceleration of the head (rad/s2)

 =
cos 0 sin

0 1 0
sin 0 cos

 (5)

 
torso acceleration expressed in the skull reference 
frame B (m/s2) 

 torso acceleration expressed in the torso reference 
frame F (m/s2)

 angle between the skull reference frame B and the 
z-axis of the inertial reference frame N (rad)
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translation only, performed far worse than other model-
loading categories. The Moving ICOR Model had the 
smallest RMSE in both x- and z-direction, indicating a 
good temporal accuracy of the model. 

Acceleration residuals 
Replication of the inertial vertex acceleration in x- and z-
direction during a shake cycle varied a lot across all model-
loading methods (Figures 4 and 5). The acceleration 
residuals of the Moving ICOR Model were smaller and 
more constant over the entire shake cycle for x- and z-

direction compared to the other model-loading categories. 
Particularly the CAT-II methods had large residuals at 
acceleration peaks in x-direction (Figure 4). Except for the 
Moving ICOR Model, all other model-loading methods 
had large residuals for the acceleration in z-direction 
(Figure 5). Similar results—as to those described above for 
replication of the vertex acceleration—were found for 
replication of the inertial COG acceleration. 

Discussion
Model-loading method comparison 
The results demonstrated that using a spatiotemporal 
variation of the load application point resulted in a better 
temporal replication of head accelerations in both x- and z-
direction, as compared to currently existing model-loading 
methods. The head accelerations that are related to IHI-ST 
were analytically defined by the EOM (Equation 1), from 
which it becomes clear that multiple variables contribute 
to the dynamic behavior of the head during shaking. Each 
simplification regarding the EOM might result in deviation 
of the model with respect to the actual head dynamics. 
Rotation-only methods (CAT-I) disregard translational 
accelerations, translation-only methods (CAT-II) 
disregard centripetal accelerations, etc. At first sight, the 
implementation of combined rotation and acceleration in 
CAT-III methods seems to provide a reasonable 
replication of head dynamics, yet the absolute error is over 

Table 3. Mean absolute root-mean-square error (RMSE) 
between the models and the measured accelerations of the 
vertex and center of gravity (COG) for a single shake cycle. 
The RMSE-Z was not calculated for CAT-II because this 
model-type only involved horizontal accelerations.

 Vertex COG
RMSE-X

(m/s2)
RMSE-Z

(m/s2) 
RMSE-X

(m/s2) 
RMSE-Z

(m/s2) 
CAT I 49.8 40.3 46.8 38.9

CAT II 114.1 N/A 54.4 N/A

CAT III-A 48.3 40.6 44.0 39.2 

CAT III-B 36.7 44.4 33.0 44.4 

New model 13.7 6.4 0.0 0.0 

 

 

Figure 4. Replication of vertex acceleration of the head in x-direction for a typical shake
cycle. (Top) inertial vertex acceleration in x-direction. (Bottom) residual acceleration. 

9.85 9.9 9.95 10 10.05 10.1
Time (s)

-300

-200

-100

0

100

200

300

2 )

9.85 9.9 9.95 10 10.05 10.1
Time (s)

-300

-200

-100

0

100

200

300

Re
sid

ua
l (

m
/s

2 )

Cat I
Cat II
Cat III-A
Cat III-B
New model

Reference
Cat I 
Cat II
Cat III-A
Cat III-B
New model



Part II: the importance of spatiotemporal variation of the rotation center when modelling external head-dynamics 

25 
 

twice as large as for the Moving ICOR Model; caused by 
the simplification of taking the ICOR fixed over time. 
Moreover, because the acceleration of the ICOR itself was 
not taken into account, at some points CAT-II methods 
describe positive accelerations while the measured 
acceleration was negative instead (Figure 5).  

The acceleration of the origin o’ in Part I of this study 
was calculated using the measured COG acceleration. 
Therefore, the COG acceleration in the new model had an 
RMSE equal to zero. 

Implications for modeling IHI-ST 
Accurate temporal replication of shaking dynamics is of 

major importance when modeling biomechanics of 
viscoelastic tissues such as brain tissue because the tissue 
response is not only dependent on loading magnitude, but 
also on the loading rate and loading repetitions [12,41]. 
Therefore, the head’s accelerations, and consequently the 
simulation results, are calculated wrongly if temporal 
replication of shaking dynamics is inaccurate. Model 
output is also highly dependent on the excitation type [37]. 
This further underlines the importance of implementing a 
spatiotemporal load application. In the subsections 
following hereafter, the implications of parameter 
assumptions in existing IHI-ST models are discussed 
separately for each model category. 

Category I – Rotation only
Roth et al. [33] compared the intracerebral mechanical 

response for impact and shaking and found that both 
shaking and impact may result in a subdural hematoma due 
to rupture of bridging veins. Raul et al. [34] investigated 
the effect of the be benign enlargement of the subarachnoid 
space on bridging vein stretch during shaking. Both studies 
used the C5-C6 junction as rotation center and did not 
model linear accelerations. Consequently, rotation of the 
brain with respect to the skull may be highly over- or 
underestimated depending on the true ICOR.  

Category II – Translation only 
Cheng et al. [29,31] modeled IHI-ST using a horizontal-

translation-only model-loading method (CAT-II). Their 
experiments were aimed to examine intracranial brain 
movement of the infant’s head during violent shaking, and 
to evaluate the performance of several brain-skull 
interfaces; including fluid-structural interaction  (FSI) 
between anatomical structures. To do so, they subjected 
the head directly to the horizontal accelerations earlier 
measured to be experienced by the torso. However, the 
results demonstrated that such methods had extremely high 
acceleration residuals. This is a direct consequence of 
leaving out the phase difference and orientation between 
the torso and head accelerations during shaking caused by 
interaction with the neck. Furthermore, because CAT-II 
methods disregard rotational effects, the high magnitude 

 

Figure 5. Replication of vertex acceleration of the head in z-direction for a typical shake cycle. 
(Top) inertial vertex acceleration in z-direction. (Bottom) residual acceleration.
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accelerations in z-direction were not modeled at all. Yet, 
accelerations in z-direction are a considerable and essential 
factor in FSI, because it forces the brain against the skull2  
[32]; thereby displacing the cerebrospinal fluid (CSF). 
Other results of Cheng et al. [31]—regarding the 
comparison of CSF modeling methods—were based on 
motion of the brain within the skull and on the interaction 
effects between the brain and the anterior fontanelle. 
However, brain motion effects due to z-acceleration were 
disregarded, while those accelerations were found to be 
large (Part I) and possibly interact with the anterior 
fontanelle. The conclusions that were drawn thus could be 
incorrect. 

Likewise, Batterbee et al. [30] studied the influence of 
the anterior fontanelle on stresses in brain tissue and 
performed frequency response simulations of the brain 
during shaking using the horizontal-translation-only 
method (CAT-II). As mentioned above, CAT-II methods 
disregarded brain motion effects due to z-acceleration, 
whereas accelerations of the brain in z-direction might 
cause interactions between the brain and the anterior 
fontanelle. Similarly, the phase difference between motion 
of the head and the torso affects the frequency response 
analysis. Unfortunately, the phase timing of the 
oscillations was not mentioned. Also, it was not entirely 
clear what acceleration was used to excite the head model, 
but the magnitude of about 30 m/s2 corresponds to the torso 
acceleration as measured in Part I. Therefore, the 
conclusions regarding the effect of the anterior fontanelle 
on tissue stresses may be underestimated. Furthermore, the 
frequency response of the brain might be inaccurate, if the 
torso acceleration was used to excite the head model. 

Couper and Albermani [42,43] stated, without further 
substantiation, that using only anterior/posterior 
accelerations suffices for modeling the qualitative 
mechanics of the head in oscillatory motion. A transverse 
plane 2D model of the brain was used for this purpose. 
However, this qualitative description might be inaccurate 
because of multiple factors:  

1) the inertial acceleration experienced by each particle 
within the head is related to the ROC [32], which is 
highly variable during a shaking cycle (Part I), and 
causes each particle in the 2D slice to have a unique 
acceleration instead of the same acceleration for each 
particle (Equation 1). 

2) displacement of the brain with respect to the skull is 
mainly rotational rather than translational [32]. 

                                                                 
2 Because brain tissue is more dense than cerebrospinal 

fluid [44,45] 

3) accelerations in z-direction are quite large and should 
not be disregarded, whereas these are not considered 
at all in translation-only model-loading methods.  

Therefore, transverse plane 2D brain models are deemed 
inappropriate for modeling brain injuries in IHI-ST. 

Category III – Combined rotation and translation 
The load application point o’ was fixed over time for 

CAT-III methods but varied per study, resulting in 
different simulation outputs. The CAT-III method output 
for accelerations in x-direction showed reasonable 
agreement with the measured accelerations in Part I. Yet 
in general, CAT-III methods underestimated accelerations 
in z-direction and at some points in the shake cycle even 
indicating positive- instead of negative accelerations. This 
has severe consequences for simulations regarding 
intracranial pressure build-up due to blood accumulation 
and CSF displacements. Morison [32], Hans et al. [35], 
Couper and Albermani [36] and Batterbee et al. [37] all 
used a fixed ICOR. Therefore, similar to the rotation-only 
methods (CAT-I), rotation of the brain with respect to the 
skull might be over- or underestimated depending on the 
actual ICOR.  

Limitations 
The scope of the present study was limited to external 

head dynamics. Hence, the effect of spatiotemporal 
variation of the ICOR on dynamics inside the skull could 
not be quantified.  

Recommendations for future research 
Future research should be focused on quantifying the 

effect of spatiotemporal variation of the load application 
point in finite element and rigid body models on the 
dynamics of fluids and tissues inside the skull; e.g. 
bridging vein strain, intracranial brain movement, fluid-
structural interaction, bridging vein strain or brain 
frequency response. Shaking variables based on extensive 
measurements (Part I) such as those used in this study can 
be used as model input for future studies. 

Conclusion 
The Moving ICOR Model presented in this study 

provided an improved temporal replication of shaking 
dynamics compared to existing model-loading methods. 
Accelerations in x- and z-direction had a two and four 
times smaller absolute error over a typical shake cycle than 
any previously existing FEM for IHI-ST.  
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The results showed the importance of modeling 
spatiotemporal variation of the load application point in 
simulations for replicating infant skull dynamics during 
violent shaking. In particular accelerations in z-direction 
were largely underestimated in existing studies that used a 
fixed rotation center. Therefore, it is strongly suggested 
that future IHI-ST simulation studies incorporate a 
spatiotemporal variation of the rotation center to improve 
the temporal accuracy of simulated head dynamics during 
shaking. Shaking variables that were measured and 
calculated in Part I of this study can serve as a solid basis 
for future modeling of IHI-ST. 
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Appendix I 
Li tera ture s tudy 

(s ubmi tted to the Forens i c  Sc i enc e I nterna ti ona l  j ourna l) 



Thresholds for the assessment of inflicted head injury 
by shaking trauma in infants: a systematic review 

Abstract 

In order to investigate potential causal relations between the shaking of infants and injuries, biomechanical 
studies compare brain and skull  dynamic behavior during shaking to injury thresholds. However, performing 
shaking tolerance research on infants, either in vivo or ex vivo, is extremely difficult, if not impossible. 
Therefore, infant injury thresholds are usually estimated by scaling or extrapolating adult or animal data 
obtained from crash tests or whiplash experiments. However, it is doubtful whether such data accurately 
matches the biomechanics of shaking in an infant. Hence some thresholds may be inappropriate to be used for 
the assessment of infl icted head injury by shaking trauma in infants. 

A systematic literature review was conducted to 1) provide an overview of existing thresholds for head- and 
neck injuries related to violent shaking, and 2) to identify and discuss which thresholds have been used or coul d 
be used for the assessment of infl icted head injury by shaking trauma in infants. 

Key findings: the majority of studies establishing or proposing injury thresholds were found to be based on 
loading cycle durations and loading cycle repetitions that did not resemble those occurring during shaking, or 
had experimental conditions that were insufficiently documented in order to evaluate the applicabil ity of such 
thresholds. Injury thresholds that were applied in studies aimed at assessing whether an injury could occur 
under certain shaking conditions were all based on experiments that did not properly repl icate the loading 
characteristics of shaking. Somewhat validated threshold scaling methods only exist for scaling concussive injury 
thresholds from adult primate to adult human. Scaling methods that have been used for scaling other injuries, 
or for scaling adult injury thresholds to infants were not validated. There is a clear and urgent need for new 
injury thresholds established by accurately replicating the loading characteristics of shaking. 
 
Keywords: forensic science; child abuse; head injury; shaking trauma; injury tolerance

1. Introduction 

Retinal hemorrhage, subdural hemorrhage, 
diffuse axonal injury, and neck injury are symptoms 
often associated with violent shaking of an infant. 
However, the diagnosis of infl icted head injury based 
on the presence of such symptoms is often debated, 
because these symptoms can also be caused by 
events other than abusive shaking [1–4]. No 
consensus has been reached yet regarding the 
question if shaking alone can actually cause these 
symptoms [5–8]. 

Direct evidence or witnesses are often lacking in 
lawsuits regarding inflicted head injury by shaking  

trauma in infants (IHI-ST) [9,10]. Instead, expert 
witnesses and scientific studies are currently being 
used as corroborative evidence [11–13]. Scientific 
evidence for IHI-ST may include studies that 
investigate brain and skull  dynamic behavior dur i ng 
violent shaking. The obtained data are compared to 
injury thresholds for bulk dynamical aspects, such as  
rotational acceleration of the skull , in order to assess 
the probabil ity of injury [7,8,14]. Such injury 
thresholds and head dynamics are hard to obtain 
directly from infants due to ethical considerations 
and hence are based on experiments with surrogates 
[15–17], mathematical models [8,18,19] or on 
extrapolated or scaled adult- or animal data [7,8,20].  



The thresholds that are used for the assessment 
of IHI-ST thus originate from various experiments, 
not all  of which resembling the specific 
characteristics—e.g. loading conditions and test 
subject properties—for the assessment of IHI-ST. To 
the best of the authors’ knowledge, no overview is 
available of which injury thresholds have been used 
in studies on the assessment of IHI-ST, or which 
thresholds could be considered appropriate for the 
assessment of IHI-ST. 

Therefore, the purpose of this study was to 
identify and assess thresholds that have up to now 
been used for the assessment of IHI-ST. A systematic 
l iterature review was conducted to address the 
following research questions: are the thresholds that 
have been used in IHI-ST assessment studies 
appropriate? Which thresholds—available in 
l iterature—resemble the specific characteristics of 
IHI-ST? A framework was proposed and applied to 
score the applicabil ity of injury thresholds for the 
assessment of IHI-ST. 

2. Methods 

A systematic search for l iterature was conducted 
in the databases of Scopus, PubMed and Web of 
Science to retrieve relevant l iterature published until 
March 4th, 2018.  

2.1. Search strategy 

Studies regarding accidental falls, car crashes, and 
sports accidents may have constructed thresholds 
that are suitable for the assessment of IHI-ST. 
However, the loading conditions—e.g. impact of the 
head against an object—used in such studies often 
differ from the trauma mechanisms involved in IHI-
ST. Another source for suitable injury thresholds are 
studies on material  properties of tissues involved in 
IHI-ST. It was decided to construct a search query 
focused on the injuries often associated with IHI-
ST—i.e. retinal hemorrhage, subdural hemorrhage, 
diffuse axonal injury and neck injury—and loading 
type—i.e. shaking or rotational loading without 
impact—rather than on the type of study they were 
established or used in. The search query is presented 
in Table 1. 

Table 1 
Database search query in general syntax. 

Category Syntax 

Threshold 
related terms

(criteria OR criterion OR limit* OR boundar* OR 
threshold* OR tolerance OR ((maxim* OR peak) 
AND (stress OR strain OR acceleration OR 
velocity))) 

 
AND 

Experimental 
conditions 

((shake* OR shaking OR rotational OR whiplas h 
AND NOT “head impact”) AND (infant OR bab y 
OR primate OR animal OR pig OR piglet OR 
goat)) 

 
AND 

Types of injury 
 

(("neck injury" OR "neck trauma" OR "subdural  
h*ematoma" OR "diffuse axonal" OR "subdural  
h*emorrhage" OR "cerebral concussion" OR 
"retinal h*emorrhage" OR "bridging vein*") OR 
((craniocerebral OR retinal OR "diffuse axonal") 
AND (bleeding OR trauma OR injury))) 

  

Only l iterature in English or Dutch language was 
searched for. Duplicate records were removed after 
the database searches. 

The reference l ists of full-text articles were 
screened for relevant titles, and relevant citations 
were evaluated as well  (backward snowball ing). 
After three iterations of backward snowball ing no 
more relevant articles were found. The articles 
identified in the database searches and the 
additional articles were put through the selection 
process described in section 2.2. 

2.2. Selection criteria 

Articles were selected using the PRISMA 
methodology [21]; subsequently, the title, abstract 
and full-text were screened according to predefined 
selection criteria (Table 2). When there was any 
doubt about whether the article should be excluded, 
the article was put to the next step of the selection 
process.  
  



Table 2 
Selection criteria. 

 
 Criteria 

Title Inclusion Title contains terms related to research on- or evaluation of biomechanics, injury mechanisms, injury criteria, 
pathology or pathophysiology of head- and neck injuries concerning IHI-ST. 
Or title contains terms concerning phenomena related to IHI-ST in an infant, animal, surrogate,  or 
mathematical model. 
Or title indicates potential relevance in any other way. 

 
Exclusion Title is exclusively related to epidemiological research, penetrating trauma, blunt trauma /mechanical impact 

to the head/direct head impact , lateral/side impact, rear-end impact, drug or biochemical research, or injury 
diagnosis with- or evaluation of imaging techniques. 

Abstract Inclusion Abstract shows that research was done regarding quantitative injury criteria, tissue properties, mechanical 
injury characteristics (e.g. forces, loads, stresses, strains) or kinematic injury characteristics (e.g. velocities, 
accelerations) related to head- and neck injuries concerning IHI-ST. 
Or abstract shows that a quantitative analysis or an experiment—on (the assessment or probability of) head- 
and neck injuries related to IHI-ST—was conducted or reviewed.  
Or “abstract shows that research was done using a child, animal, physical model or mathematical model to 
understand or explain (aspects of) IHI-ST” [22]. 

 
Exclusion Abstract shows that the paper is exclusively related to qualitative criteria, diagnosis, treatment or to the after 

effects of head- and neck injuries. 

Full-text Inclusion Injury thresholds were found regarding head- and neck injuries concerning IHI-ST. 
Or injury thresholds were used for the assessment of IHI-ST related injuries. 

 Exclusion Axial or coronal  plane angular accelerations, direct impact of or to the head and rear-impact studies—since 
the brain might have been injured from the blunt force impact (i.e. headrest or piston or similar objects) prior 
to the rotational acceleration. 

   

2.3. Data structuring 

In order to structure this systematic review, a 
distinction was made between 1) studies in which 
existing thresholds have been applied in order to 
assess IHI-ST; hereafter called assessment studies 
and 2) research on or development of thresholds for 
injuries seen in IHI-ST; hereafter called threshold 
studies.  

Five categories, each with sub-categories, were 
used to classify the identified thresholds according 
to the type of injury: 

Axonal injuries 
Diffuse axonal injury 
Axotomy 
Moderate and severe traumatic 
brain injury 

Concussive injuries 
Cerebral concussion 
Mild traumatic brain injury

Intracranial bleedings 
Ruptured bridging veins 
Subdural hemorrhage 
Subdural hematoma 

Retinal injuries 
Retinal hemorrhage 

Neck injuries 
Structural fai lure 
Functional fai lure 



2.4. Data extraction 

A pre-defined data extraction table was used to 
extract al l  relevant data from the included l iterature. 
The following data were extracted from threshold 
studies; subject type, subject’s actual age, subject’s 
representative age, subject state, test type, loading 
type, loading cycle repetitions, loading cycle 
duration, injury type, threshold type, threshold 
property, scaling type, scaling reference, non-infant 
threshold value and infant threshold value. The 
following data were extracted from the assessment 
studies; threshold source, references used, injury 
type, threshold type, threshold property, non-infant 
threshold value, infant threshold value and assessed 
infant age. In the present study, the age range for an 
‘infant’ is defined to be from newborn up to the age 
of 1 year. 

2.5. Threshold applicability framework 

Threshold scaling methods and experimental 
variables are major determinants for the 
applicabil ity of a threshold for IHI-ST assessment, 
e.g. because injury tolerance is not equal among 

species and depends on the loading conditions used 
in experiments. Hence the experimental variables 
found in the identified threshold studies were 
evaluated for their role in the assessment of IHI-ST 
by reviewing relevant l iterature. Furthermore, the 
original papers of any scaling methods were 
evaluated for applicabi l ity in IHI-ST assessment. A 
threshold applicability framework was proposed and 
applied in order to indicate to what extent the 
variables of threshold experiments match the 
conditions seen in IHI-ST and to compare the 
agreement to IHI-ST conditions between the 
thresholds for each IHI-ST injury category. 

3. Results 

A total of 2269 unique records were identified, of 
which 47 articles were included in this systematic 
review. Figure 1 shows the PRISMA flowchart of the 
study selection process and the reasons for 
exclusion of the excluded full-text articles.  
  

Figure 1. PRISMA flowchart of the l iterature selection process.



3.1. Threshold experimental variables 

Test subject properties 
Interspecies variations in both anatomy and 

mechanical properties of tissues result in specific 
injury tolerance [20,23,24]. Non-human primates are 
the closest relatives to humans. Therefore, this 
group of test subjects is considered preferable over 
non-primate species, although sti l l  sub-optimal 
compared to human test subjects. 

Mechanical properties of tissues affect injury 
tolerance because the loading response of the tissue 
depends directly on these mechanical properties. 
Stiffness and ultimate strength of the cervical spine 
are age-dependent [25–27], and the elastic 
properties of brain tissue are age-dependent as well  
[28–30], in both animals and humans. However, it is 
unclear to what extent the mechanical properties of 
bridging veins vary with age [20,31].  

Cadaveric specimens show a different mechanical 
response to loading than l iving or fresh specimens, 
e.g. due to preservation methods, rigor mortis 
effects, preconditioning and preloading [32–34].  

Loading conditions 
Dynamics of the head during shaking are different 

than during impact, because the loading conditions 
differ. Impact is characterized by a single (often high) 
load with a short loading-cycle duration, whereas 
shaking is characterized by successive (lower) load 
cycles of longer cycle durations. These different 
loading conditions affect the response—and thus the 
tolerance—of the infants head to the load. 

Some of the tissues inside the skull , such as bra in 
tissue, exhibi t viscoelastic behavior [35,36]. The 
strain and stiffness of such viscoelastic materials a re 
loading-rate-dependent. After loading, these tissues 
need a certain period of time to return to the 
undeformed state. However, when a subsequent 
load is applied before the tissue could return to its 
initial  state, this subsequent load may cause a 
cumulative effect on the deformation of the tissue.  

Characteristic for shaking is that the consecutive 
rotational-loading cycles are causing a persistent 
high magnitude centripetal acceleration of the head 
[37]. This may cause an increase of both the 
intracranial- and arterial pressure [38], which may i n 

turn lead to additional stresses and strains in ves s el  
walls and surrounding tissue. 

Hence stating all  the above, the mechanical 
response of a test subject wil l  be different in cyclic 
loading than in single loads, which is reflected i n the 
injury tolerance to such motions [20,39–41]. 
Therefore, studies using cyclic loading (n > 1) in 
threshold experiments have a better resemblance of 
shaking than single load experiments and are 
therefore more appropriate to use for IHI-ST 
assessment. 

Studies also have shown that the tolerance of the 
head to angular acceleration varies with the duration 
of the acceleration pulse [42,43]. The duration of a 
single loading-cycle for shaking was derived from 
shaking frequencies reported in biomechanical 
research and was estimated to be half the period 
time. The reported shaking frequencies—exerted by 
participants—are in the range of 2–5 Hz 
[14,16,17,44–46]; i .e. one loading cycle for shaking 
has a duration of 100-250 ms for the reported 
frequency range. 

 

3.2. Threshold scaling methods applied in IHI-ST 
assessment studies 

The threshold scaling methods from the following 
studies were found to be used in IHI-ST assessment 
studies: Ommaya et al. [47], Margulies et al. [48], 
Klinich et al. [49] and Thibault [28].  

Ommaya et al. [47] proposed an angular 
acceleration scaling relation for concussion in brains  
with similar properties and shapes (Equation 1), 
based on an unpublished letter of Holbourn [50]. 
The scaling relation was developed for predicting the 
angular acceleration required to produce a 
concussion in the human, based on experiments 
with primate test subjects. However, they 
emphasized that the proposed scaling relation was 
only a “working theory, and not a factual 
demonstration”. Experiments were announced to 
validate the scaling relation on squirrel monkeys and 
chimpanzees.  

 

 



The scaling relation of Ommaya et al. [47] 
(Equation 1) was eventually checked in primate 
experiments performed by Ommaya and Hirsch [24]. 
In that same study, a level of angular acceleration 
causing a concussion in the human was predicted 
using the scaling relation. This prediction was 
compared to a single case-history—in Ommaya and 
Yarnell  [51]; human subject—in which cerebral 
concussion was not described, but “the production 
of a large subdural hematoma suggests a level of 
injury reasonably close to the threshold for cerebra l  
concussion” [24]. Ommaya and Hirsch [24] found 
reasonable agreement between their prediction, and 
the level of angular acceleration in the—assumed 
concussion—case of Ommaya and Yarnell  [51]. 
 

Margulies et al. [48] used Holbourn’s scaling 
relation [47, 50] for scaling diffuse axonal injury 
tolerance data from primates to humans, for coronal 
plane rotations, using Equations 2 and 3. In these 
equations primate and human are denoted by the 
subscripts “model M” and “prototype P” 
respectively, and angular acceleration and angular 
velocity are denoted by  and respectively. 
Equation 2 is the same as in Ommaya et al. [47]. The 
origin and validity of Equation 3 could not be traced.

 

 

 

 

 
Kl inich et al. [49] proposed a method for scaling 

adult protection reference values (PRVs) to the child. 
However, PRVs apply specifically to crash test 
dummies and are usually different from injury 
criteria, which apply to humans [49]. 

An angular acceleration ratio was derived from 
the ratio of the brain modulus of elasticity and the 
ratio of brain mass between adult and child. Klinich 
et al. [49] emphasized that PRVs are not equal to 
injury criteria for humans. The scaling relation of 
Klinich et al. [49] was rearranged to the form of 
Equation 4 in order to enable comparison with other  
scaling methods. Variables Achild and Aadult represent 

the angular accelerations, Echild and Eadult represent 
the brain elasticities and Mchild and Madult represent 
the brain masses of the child and the adult 
respectively. 

 

 

 
Thibault [28] proposed a method for scaling 

angular acceleration of the adult  to the infant 
. The difference in brain mass M and 

viscoelastic properties of brain tissue G’ were 
included in the scaling method (Equation 5). This 
scaling law could not be found to be validated. 
 

 

 
 

3.3. Threshold applicability for IHI-ST assessment 

Test subject type, subject state, loading cycle 
repetitions, loading cycle duration and scaling 
methods were found to be major determinants for 
the appl icabil ity (sections 3.1 and 3.2). Also the 
subject’s age may affect tolerance to certain injuries. 
However, because the effect of age on the injury 
tolerance is not yet known for every injury category 
covered in the present study, it was decided for now 
to exclude subject age from the threshold 
applicability framework presented hereafter. 

Using the results from sections 3.1 and 3.2 a 
threshold appl icabil ity framework was proposed 
(Table 3) in order to score thresholds for agreement 
with the conditions of IHI-ST in sections 3.4 and 3.5. 
The following applicabil ity determinants were 
implemented in the framework; test subject type, 
subject state, loading cycle repetitions, loading cycle 
duration and scaling method. Each condition 
superior to another was rewarded one point per 
level  of superiority in order to indicate to what 
extent the experimental conditions match the 
conditions seen in IHI-ST.  



Table 3 
Threshold appl icability framework. 
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Subject type Human Non-human primate (model) Non-primate (model) 

Subject state - Living or fresh Non-living 

Loading cycles [n] - Multiple Single

Loading duration (if n=1) or 
frequency (if n>1) 

- IHI-ST related
(100-250 ms or 2-5 Hz)

Other 

Scaling method Not scaled Thibault [28] or  
Ommaya et al. [47]

Other method 

  

3.4. Identified threshold studies  

A total of 73 threshold values related to IHI-ST 
were found in a total of 37 studies 
[7,8,31,34,42,43,47,52–56,14,57–66,18,67–
73,19,20,23,24,26,27]. Most thresholds were found 
for neck injuries and intracranial bleedings, while 
thresholds for retinal injuries were scarce. An 
overview of the thresholds found for each injury 
category is presented in Figure 2. The complete data 
extraction table from the included thresholds is 
provided as supplementary material.  

An overview of the characteristics of experiments 
in which IHI-ST related thresholds were found is 
presented in Figure 3. Some results of particular 
interest were: 

 
- The majority of retinal injury and axonal 

injury thresholds is based on non-primate 
test subjects. 

- The majority of al l thresholds is based on a 
single loading cycle. 

- Multiple loading cycles were only used for 
intracranial bleeding thresholds. 

- Loading cycle duration was not reported for 
the majority of the thresholds and could 
often not be deduced from the reported 
data either. 

- An IHI-ST related loading cycle duration was 
only used for intracranial bleeding 
thresholds. 

- Most thresholds were not scaled to infant 
values, but were thresholds for non-infant 
humans or animals. 

 
In order to visualize to what extent the 

experimental conditions in threshold experiments 
agree with the conditions in IHI-ST, al l thresholds 
were assigned an appl icability score according to the 
threshold applicabil ity framework (Table 3). A 
normalized overview of the applicabil ity scores that 
were assigned to the 73 IHI-ST related thresholds is 
presented in Figure 4. 

Figure 2. Number of thresholds (n) available in 
l iterature for each injury category. 



Figure 3. Overview of the characteristics of experimental conditions in threshold studies for IHI-ST related 
head- and neck injuries.

Figure 4. Average appl icability scores assigned to the 73 thresholds for IHI-ST related head- and neck 
injuries, per applicability determinant. The average score of each applicability determinant was divided 
by the maximum score possible for that determinant to obtain a normalized maximum score of 1.



3.5. Identified assessment studies 

Some of the found assessment studies used 
multiple thresholds for the assessment of a single 
injury; this was counted as a single assessment of 
the injury. An overview of the assessments of IHI-ST 
injuries is presented in Figure 5. Intracranial bleeding 
was assessed most, while neck injury and retinal 
injury were least frequently assessed in IHI-ST 
studies. 

 

 
A total of 14 IHI-ST assessment studies [7,8,77–

80,14–16,23,46,74–76] were found. In these studies 
25 unique injury thresholds were used for the 35 
times that an IHI-ST injury was assessed.  

In 13 out of the 35 injury assessments a threshold 
was used that was deemed unsuitable for IHI-ST 
according to the considerations stated above, 
because the thresholds were based on experiments 
in which impact to the head was part of the motion 
or in which rotations were not mainly in the sagittal 
plane. In Appendix I, an overview is provided of: the 
identified IHI-ST assessment studies, the thresholds 
that were used in these studies and their threshold 
applicability scores—or the reason for exclusion. The 
complete data extraction table from the included 
assessment studies is provided as supplementary 
material. 

4. Discussion 

4.1. Threshold scaling methods 

Four injury threshold scaling methods were 
identified in the IHI-ST assessment studies. These 
scaling methods were originally developed only for 
scaling tolerance data of a specific injury, under 
specific loading conditions, in specific species. 
However, these scaling methods have been used by 
several studies far beyond their originally intended 
purpose. 

The scaling relation of Ommaya et al. [47] was 
proposed for scaling concussion thresholds between 
brains with similar properties and shapes but was 
merely a “working theory, and not a factual 
demonstration” [47]. Later Ommaya and Hirsch [24] 
found a good agreement between experimental 
concussion data from three primate species—rhesus 
monkey, squirrel monkey and chimpanzee—and the 
predictions from the scaling method of Ommaya et 
al. [47]. Furthermore, a reasonable agreement was 
found between their prediction of a concussion 
threshold for the human and a single case-history i n  
Ommaya and Yarnell [51]. However, the viscoelastic 
properties of human brain tissue were found to be 
age-dependent [30]. Thibault [28] and Thibault and 
Margulies [29] found that adult and infant porcine 
brain properties are not similar and that the age-
dependent material  properties of brain tissue “affect 
the mechanical response of the brain to inertial  
loading” [29]. Thus if the same relation between 
material  properties and the mechanical response of 
the brain holds for human brain tissue, then the 
threshold scaling method proposed by Ommaya et 
al. [47] cannot be used directly for scaling human 
adult thresholds to the infant. 

Margulies et al. [48] used the method of Ommaya 
et al. [47] and Holbourn [50] for scaling diffuse 
axonal injury angular acceleration and angular 
velocity thresholds for coronal plane head rotations , 
in order to predict injury thresholds for humans 
based on primate experiments. Although Margulies 
et al. [48] reported that the results were in 
agreement with other physical model studies, the 
experiments only included head rotations in the 
coronal plane, while injury tolerance is specific to 

Figure  5. Number of times (n) that each IHI-ST injury 
was assessed in l iterature. The category ‘other’ was 
appointed when a study used more general 
definitions such as ‘head injury’ or ‘neck injury’.



the plane of rotation, and tolerance for axonal injury 
is significantly higher for angular accelerations of the 
head in the coronal plane than in the sagittal plane 
[81,82]. Rotations of the head in IHI-ST are mainly in 
the sagittal plane and it is not known whether the 
scaling relation holds for both coronal and sagittal 
plane head rotations. 

The scaling relation of Klinich et al. [49] was 
developed for scaling adult PRVs for dummies to the 
infant, it was not developed for scaling injury 
thresholds for humans. PRVs apply specifically to 
crash test dummies and are usually different from 
injury criteria that apply to humans [49]. It is not 
known if the scaling relation for dummies also hol ds  
for scaling human concussion tolerance data 
between adult and infant. 

Thibault [28] used the scaling relation of Ommaya  
et al. [47]—originally intended for scaling concussion 
thresholds between primate species and human—
and incorporated the different material properties of 
adult and infant brain in order to scale concussion 
tolerance data from the adult to the infant. Thibault 
[28] assumed that the scaling method of Ommaya et 
al. [47] was also valid for scaling between a dul t a nd 
infant if it would be accounted for that the material  
properties of the adult and infant brain are not 
equal—because Ommaya et al. [47] assumed equal 
brain properties. The improved scaling relation of 
Thibault [28] is the most comprehensive one 
compared to the other scaling methods discussed in 
this section. 

4.2. Validation of threshold scaling methods 

The scaling relation of Ommaya et al. [47] for 
concussion thresholds was validated in primate 
experiments and reasonable agreement was found 
for scaling primate concussion tolerance data to the 
human adult. Therefore, this scaling relation can be 
used only for scaling concussion thresholds between 
primate species, or for scaling between primate and 
human—not for scaling thresholds from adult to 
infant.  

Validation of scaling methods between animals 
does not justify the use of these scaling methods for 
scaling animal injury thresholds to the human adult 
or to the infant, which would require further 
validation.  However, experimental data from fresh 

or cadaveric pediatric specimens are hard to obta i n. 
In addition to ethical considerations, there is only 
l imited availability of pediatric cadaveric specimens . 
Adult to infant scaling methods can currently hardly 
be validated with the use of finite element models 
for the same reasons. Hence it remains unclear if 
existing methods for scaling between adults and 
infants are appropriate.  

Because adult and infant brain material  
properties are not the same—adult brain is found to 
be 3-4 times stiffer than the brain of a 5 months old 
infant [30]—it must be emphasized that the 
difference in mechanical properties between adult 
and infant brain tissue must not be neglected when 
scaling injury thresholds. After al l , the loading 
response of the brain directly depends on its 
material  properties. Validated scaling methods that 
incorporate the different material properties of 
adult and infant brains thus would be most useful 
for IHI-ST assessment. 

4.3. Threshold studies 

The identified thresholds for the head- and neck 
injuries related to IHI-ST were evaluated for their 
agreement with the rather specific conditions of IHI-
ST. The identified injury threshold experiments were 
only occasionally focused specifically on IHI-ST, more 
often the thresholds were developed in studies with 
a focus on whiplash experiments or on tissue 
strength properties. This may also be a valid reason 
for the over-represented neck injury- and bridging 
vein rupture thresholds, compared to the only few 
retinal injury thresholds.  

The experimental variables that were used in 
these studies differ a lot from the conditions that are 
required for a good agreement with IHI-ST 
conditions. Furthermore, experimental variables that 
are important for evaluating the agreement with IHI-
ST conditions were often not reported in the 
threshold studies, most l ikely because they were 
simply not relevant for the kind of application those 
studies were intended for. This is reflected by the 
fact that the majority of the identified thresholds is 
based on a single loading cycle and the loading cyc l e 
duration was shorter than in IHI-ST—or was not 
reported at al l .  



Furthermore, the majority of thresholds for neck 
injuries and retinal injuries—and a fewer number for  
axonal injuries—proposed an ultimate or structural 
fai lure value, whi le functional fai lure might occur 
already on lower levels. Such thresholds might sti l l  
be useful for the assessment of IHI-ST, although it 
must be taken into account that these thresholds 
represent a rather l iberal threshold, which in turn 
may cause an overestimated tolerance to shaking. 

Most of the identified thresholds were appl icable 
only for adult injury assessment. The few thresholds 
that were found for infants were almost always 
scaled from animal tolerance data while it remains 
unclear if these scaling methods are valid.  

4.4. Assessment studies 

Retinal hemorrhage, subdural hemorrhage, diffuse 
axonal injury and neck injury all  are symptoms that 
are often associated with violent shaking of an 
infant. However, the distribution of the assessment 
of each injury category was found to be far from 
balanced. The majority of the IHI-ST assessment 
studies assessed concussive injury and intracranial 
bleeding, while only a few studies assessed axonal 
injury, neck injury or retinal bleeding. This may be 
explained by the fact that the thresholds for axonal- 
and retinal injury were all  based on animal data, and 
no scaling methods exist for scaling thresholds for 
these injuries. The thresholds that were identified 
for neck injury and retinal injury all  describe an 
ultimate failure threshold; e.g. neck distraction force 
or retinal detachment force. This could explain the 
lack of assessment of such injuries because the 
injuries following from shaking trauma are less 
extreme.  

In several studies thresholds were used for the 
assessment of IHI-ST that were excluded from the 
present study. In these threshold experiments 
impact of the head or to the head was part of the 
motion or motions were not mainly in the sagittal 
plane, while injury tolerance under these conditions 
is not the same as in IHI-ST. Although l inear 
acceleration of the brain due to direct impact of the 
head or to the head has the potential of causing 
similar injuries—e.g. concussion—as angular 
acceleration, the tolerance to l inear acceleration is 

higher than to angular acceleration [24,83]. 
Adoption of such thresholds in IHI-ST assessment 
studies may result in an overestimated tolerance to 
shaking. 

Thresholds that were used in IHI-ST assessment 
studies were often based on a single loading cycle 
with a loading duration that was not related to IHI-
ST—or was not reported at al l. It was already 
emphasized that injury tolerance and the mechanical 
response of the brain are dependent on the loading 
duration and loading cycle repetitions.  

The majority of the infant injury thresholds that 
were used in IHI-ST assessment studies was scaled 
from adult or animal data. In some cases, it was not 
reported which scaling methods were applied, or 
scaling methods were used outside the originally 
intended purpose. Although for most studies scaling 
methods were used—either directly or indirectly—
that were in good agreement with the intended 
purpose of the scaling method, the validity of these 
scaling methods is sti l l not known. 

4.5. Limitations 

The applicabil ity scores that were assigned in 
section 3.3 merely indicate a level of superiority 
within that specific applicabil ity determinant. By no 
means, is the presented qualitative applicabil ity 
score meant to be used as a definitive grade. 
Additional weighting for experimental conditions 
within each applicabil ity determinant and amongst 
the other applicabil ity determinants would first be 
required.  

Whenever certain information on experimental 
variables was not reported in a threshold- or 
assessment study, the assigned applicabil ity score 
was 0 because the applicability of such a threshold 
for the assessment of IHI-ST could not be appraised. 
This does not refer to the quality of the study 
concerned. 

The purpose of the present study was to identify 
and discuss which thresholds have been used for the 
assessment of IHI-ST; not to identify al l  injury 
threshold scaling methods that exist in general . 
Therefore, methods for scaling injury thresholds 
were identified only if they have ever been used 
within the included threshold- or assessment 



studies. Hence, it could be that some scaling 
methods that would be suitable for scaling injury 
thresholds were not identified in the current study.  

4.6. Future research 

It is suggested that future research investigates 
the effect of each individual appl icabil ity 
determinant on the appl icabil ity of the threshold for 
IHI-ST assessment, in order to quantify the 
consequences of the disagreement that was found 
between the conditions in currently available injury 
thresholds and the rather specific conditions of IHI-
ST. Furthermore, future research should be directed 
towards the selection or development of injury 
thresholds specifically for the conditions as seen in 
IHI-ST and on validation of the methods for scaling 
animal or human adult injury tolerance data to 
infants. 

5. Conclusion 

An applicabi l ity framework was proposed and 
applied in order to examine to what extent the 
variables of head- and neck injury threshold 
experiments match the conditions seen in IHI-ST. As 
hardly any existing thresholds l inking bulk dyna mi c s 
to injury are based on actual infant data or on tests 
with dynamics similar to shaking, the identified 
thresholds for the head- and neck injuries related to 
IHI-ST, as well  as the thresholds applied in IHI-ST 
assessment studies, generally do not match the 
conditions of IHI-ST.  

Validated scaling methods were only found for 
scaling concussive injury thresholds from prima te to 
human. Scaling methods that were used for scaling 
other injuries, or for scaling adult injury thresholds 
to the infant could not be found to be validated. 
Therefore it is suggested to not use these thresholds 
for IHI-ST assessment. 
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Appendix III 
Cus tom ma de s ens or  bra c ket a nd modi fi ed Q0-dummy

Sensor bracket design
The custom made accelerometer bracket (Figure A2.1) was designed to match the dimensions and inertial properties of 
the original load cell as close as possible to not compromise the biofidelity of the dummy. However, due to the use of 
extra sensors and associated mountings the weight of the new bracket was inevitably higher than the original load cell 
(273 g and 194 g respectively). Corresponding to an increase of 6.7% of the total head weight (1176 g). Technical drawings 
of the new sensor bracket are provided in the end of this appendix. 

 

Figure A2.1 - Parts of the new sensor bracket 

The location of the center of gravity of the new bracket in x- and y- direction was equal to the original load cell. However, 
the center of gravity of the new bracket was shifted 4 mm towards the vertex compared to the original load cell  (Figure 
A3.2). 
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Figure A2.2 - Center of gravity of the new and original sensor brackets 

Modified Q0-dummy
A Q0 crash-test dummy (First Technology Safety Systems, Delft, The Netherlands) was used as an infant surrogate in the 
shake experiment. A vertex accelerometer, center of gravity accelerometer and gyroscope were mounted to the 
dummy’s head as part of the previously described sensor bracket (Figure A2.1). Reflective markers for the motion 
capture system were mounted to the dummy’s head (Figure A2.3). An additional accelerometer was placed in the 
dummy’s torso (Figure A2.4). See Figure A2.5 for an overview of the dummy’s head components. 

 

Figure A2.3 - Full assembly of the modified Q0-dummy. COG: Center of gravity 
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Figure A2.4 - Position of the torso accelerometer 

 

Figure A2.5 – Components of the dummy’s head 
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Appendix IV 
Ca mera  s etti ngs  – Moti on c a pture s ys tem

Camera settings used for the Oqus 700 motion capture system (Qualysis, Göteborg, Sweden) are provided in Table 
A4.1. 

Table A4.1 – Camera settings for the motion capture system 

Camera no. Exposure time (µs) Marker threshold (-) Focus distance (m) Aperture (mm) 
1 100 20 4 2.2
2 100 20 5 2.8
3 100 39 3.5 2.8
4 100 19 4 2
5 100 10 5 4
7 100 15 2 2.8
8 100 20 3 2.8
10 100 18 3 2.8
11 100 23 2 2.8
12 100 31 4.5 2.8
13 100 29 5 4
14 100 10 3 2.2
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Appendix V 
Connec on di a gra m – Da ta a c qui s i on s etup
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Appendix VI 
Da ta  proc es s i ng a l gor i thm – Ma thworks  Ma tl a b
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Appendix VII 
Sta ti s ti c s

A multivariate analysis of variance (MANOVA) was conducted to test whether differences were present in the dependent 
variables (torso acceleration, head center-of-gravity (COG) acceleration, head vertex acceleration, head angular velocity, 
head angular acceleration, head vertex velocity and shake frequency) between the groups (men and women).  

The following assumptions must be met for the MANOVA to be valid: 

- Level of the variables: independent variable must be categorical, dependent variables must be continuous or 
interval (assumption was met; gender was categorical, shaking variables were continuous) 

- Data approximately normally distributed (Checked with Shapiro-Wilk test and Q-Q Plots) 
- Homogeneity of variances and covariances (Checked with Box’s test and Levene’s test) 

Testing MANOVA assumptions
Normal distribution 
According to the Shapiro-Wilk test (Table A7.1), often used for small samples, all  shaking variables for women were 
normally distributed (p>0.05). For men; head COG acceleration, head angular velocity, head angular acceleration, head 
vertex velocity were normally distributed as well (p>0.05). However, torso acceleration, head vertex acceleration and 
shake frequency were not normally distributed for men (p 0.05).  

The Q-Q plots for torso acceleration, head vertex acceleration and shake frequency for men (Figure A7.1-A7.3 
respectively) indicated that the data reasonably agreed with a normal distribution (straight l ine). Therefore, it is assumed 
that despite the fail ing Shapiro-Wilk test results, data were approximately normally distributed. 

Table A7.1 - Tests of normality 

Gender
Kolmogorov-Smirnova Shapiro-Wilk

Statistic df Sig. Statistic df Sig.
a_tor Male .158 21 .182 .861 21 .007 

Female .293 8 .041 .905 8 .318 
a_cog Male .172 21 .104 .914 21 .065

Female .195 8 .200* .933 8 .546 
a_ver Male .176 21 .088 .876 21 .012 

Female .178 8 .200* .962 8 .829 
Angular velocity Male .106 21 .200* .967 21 .668

Female .227 8 .200* .870 8 .151 
Angular acceleration Male .124 21 .200* .939 21 .206 

Female .177 8 .200* .962 8 .831
v_ver Male .097 21 .200* .991 21 .998 

Female .169 8 .200* .967 8 .876 
Shake frequency Male .208 21 .018 .898 21 .031

Female .176 8 .200* .949 8 .703 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
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Figure A7.1 - Normal Q-Q plot of torso acceleration for men 

 
Figure A7.2 - Normal Q-Q plot of head vertex acceleration for men 

 
 

Figure A7.3 - Normal Q-Q plot of shaking frequency for men
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Homogeneity of variances and covariances 
The assumption of homogeneity of variance and covariance was not violated. The observed covariance matrices of the 
dependent variables were equal across the groups (p>0.05) (Table A7.2). The error variance of the dependent variables 
were equal across the groups (p>0.05) (Table A7.3). 

Table A7.2 - Box's test of equality of covariance matrices 

Box's M 58.493 
F 1.197 
df1 28 
df2 637.016
Sig. .224 
Tests the null hypothesis that the observed covariance 

matrices of the dependent variables are equal across 
groups.

Table A7.3 - Levene's test of equality of error variances
Levene Statistic df1 df2 Sig. 

a_tor Based on Mean 3.342 1 27 .079 
Based on Median 2.631 1 27 .116 
Based on Median and with 
adjusted df

2.631 1 23.087 .118 

Based on trimmed mean 3.118 1 27 .089 
a_cog Based on Mean .361 1 27 .553

Based on Median .373 1 27 .547 
Based on Median and with 
adjusted df

.373 1 24.042 .547 

Based on trimmed mean .374 1 27 .546
a_ver Based on Mean .217 1 27 .645 

Based on Median .153 1 27 .699 
Based on Median and with 
adjusted df

.153 1 22.295 .699 

Based on trimmed mean .188 1 27 .668
Angular velocity Based on Mean 1.856 1 27 .184 

Based on Median 2.098 1 27 .159 
Based on Median and with 
adjusted df

2.098 1 25.808 .159

Based on trimmed mean 1.943 1 27 .175 
Angular acceleration Based on Mean 1.398 1 27 .247 

Based on Median 1.225 1 27 .278 
Based on Median and with 
adjusted df

1.225 1 24.496 .279 

Based on trimmed mean 1.275 1 27 .269 
v_ver Based on Mean .454 1 27 .506 

Based on Median .441 1 27 .512
Based on Median and with 
adjusted df

.441 1 26.792 .512 

Based on trimmed mean .454 1 27 .506 
Shake frequency Based on Mean .289 1 27 .595

Based on Median .320 1 27 .576 
Based on Median and with 
adjusted df

.320 1 24.299 .577 

Based on trimmed mean .286 1 27 .597 
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
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MANOVA results
Multivariate test results
The multivariate test (Table A7.4) indicated a significant (p 0.05) difference between the groups on the total combination  
of the dependent variables (Wilk’s Lambda = 0.28, F(7,21)=7.66, p=0.00). 

Univariate effects
The results of the multivariate test were significant, therefore the results of the univariate test can be interpreted to see 
for which of the dependent variables there is a difference between the groups. Post-hoc analysis was not required 
because only two groups were compared. Therefore, results of the between-subjects effects test may be interpreted 
directly. A significant difference was present between the groups for all  shaking variables (p 0.05) (Table A7.5). See Table 
A7.6 for descriptive statistics. 

Table A7.4 - Multivariate tests

Effect Value F Hypothesis df Error df Sig. 
Intercept Pillai's Trace .996 715.346a 7.000 21.000 .000 

Wilks' Lambda .004 715.346a 7.000 21.000 .000
Hotelling's Trace 238.449 715.346a 7.000 21.000 .000 
Roy's Largest Root 238.449 715.346a 7.000 21.000 .000 

Gender Pillai's Trace .718 7.657a 7.000 21.000 .000 
Wilks' Lambda .282 7.657a 7.000 21.000 .000 
Hotelling's Trace 2.552 7.657a 7.000 21.000 .000 
Roy's Largest Root 2.552 7.657a 7.000 21.000 .000 

a. Exact statistic

Table A7.5 - Tests of between-subjects effects 

Source Dependent Variable 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model a_tor 14244.341a 1 14244.341 7.450 .011 

a_cog 14701.597b 1 14701.597 8.015 .009 
a_ver 82347.099c 1 82347.099 7.990 .009 
Angular velocity 1121.222d 1 1121.222 13.932 .001 
Angular acceleration 9858891.365e 1 9858891.365 13.398 .001 
v_ver 9.005f 1 9.005 7.052 .013
Shake frequency 2.548g 1 2.548 4.758 .038 

Intercept a_tor 290651.570 1 290651.570 152.025 .000 
a_cog 441501.881 1 441501.881 240.686 .000
a_ver 1734277.768 1 1734277.768 168.269 .000 
Angular velocity 36785.082 1 36785.082 457.087 .000 
Angular acceleration 170153529.000 1 170153529.000 231.227 .000
v_ver 378.621 1 378.621 296.488 .000 
Shake frequency 433.928 1 433.928 810.325 .000 

Gender a_tor 14244.341 1 14244.341 7.450 .011 
a_cog 14701.597 1 14701.597 8.015 .009
a_ver 82347.099 1 82347.099 7.990 .009 
Angular velocity 1121.222 1 1121.222 13.932 .001 
Angular acceleration 9858891.365 1 9858891.365 13.398 .001
v_ver 9.005 1 9.005 7.052 .013 
Shake frequency 2.548 1 2.548 4.758 .038 

Error a_tor 51620.419 27 1911.867
a_cog 49527.304 27 1834.345  
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a_ver 278277.003 27 10306.556  
Angular velocity 2172.886 27 80.477  
Angular acceleration 19868565.640 27 735872.801
v_ver 34.480 27 1.277  
Shake frequency 14.458 27 .535  

Total a_tor 505389.432 29
a_cog 710856.818 29   
a_ver 2975780.630 29   
Angular velocity 56817.999 29   
Angular acceleration 291107371.295 29
v_ver 585.108 29   
Shake frequency 598.011 29   

Corrected Total a_tor 65864.760 28
a_cog 64228.902 28   
a_ver 360624.103 28   
Angular velocity 3294.108 28
Angular acceleration 29727457.005 28   
v_ver 43.485 28   
Shake frequency 17.006 28   

a. R Squared = .216 (Adjusted R Squared = .187)
b. R Squared = .229 (Adjusted R Squared = .200)
c. R Squared = .228 (Adjusted R Squared = .200)
d. R Squared = .340 (Adjusted R Squared = .316)
e. R Squared = .332 (Adjusted R Squared = .307)
f. R Squared = .207 (Adjusted R Squared = .178)
g. R Squared = .150 (Adjusted R Squared = .118)

Table A7.6 - Descriptive statistics 
Gender Mean Std. Deviation N

a_tor Male 136.79 48.933 21 
Female 87.20 23.087 8 
Total 123.11 48.501 29

a_cog Male 163.22 46.143 21 
Female 112.84 31.496 8 
Total 149.32 47.895 29

a_ver Male 333.19 109.828 21 
Female 213.96 72.736 8 
Total 300.30 113.488 29

Angular velocity Male 46.80 9.760 21 
Female 32.89 6.183 8 
Total 42.96 10.847 29 

Angular acceleration Male 3362.06 933.444 21
Female 2057.51 590.666 8 
Total 3002.18 1030.386 29 

v_ver Male 4.666 1.1718 21
Female 3.419 1.0011 8 
Total 4.322 1.2462 29 

Table A7.6 (continued) - Tests of between-subjects effects 
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Shake frequency Male 4.659 .7865 21 
Female 3.996 .5459 8 
Total 4.476 .7793 29

SPSS syntax 
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Appendix VIII 
Ful l  overvi ew of the exper i menta l  res ul ts

Full  overview of shaking variables for each participant (Table A8.1). Minus sign indicates direction. Mean and SD were 
calculated with absolute values of the shaking variables. 

Table A8.1 - Shaking variables for each participant 

Subject a_tor_max 
(m/s^2) 

a_cog_max 
(m/s^2) 

a_ver_max 
(m/s^2) 

Omega_max 
(rad/s) 

Alpha_max 
(rad/s^2) 

v_ver_max 
(m/s) 

f_shake 
(Hz) 

SUBJ01 109 119 241 -36 2370 -3.4 5.2 

SUBJ02 98 140 256 -47 2680 6.3 2.8 

SUBJ03 106 141 296 -33 2378 3.9 3.3 

SUBJ04 257 268 606 -66 6010 5.7 4.5 

SUBJ05 156 132 293 -46 3226 4.1 4.4 

SUBJ06 150 149 359 -51 3555 5.1 4.7 

SUBJ07 246 276 604 -53 4679 5.6 5.1 

SUBJ08 132 144 316 -42 3104 4.1 4.4 

SUBJ09 85 111 230 -32 1925 -3.6 3.4 

SUBJ10 140 180 397 -47 3884 4.5 4.9 

SUBJ11 122 131 283 -36 2698 -3.6 4.6 

SUBJ12 85 92 148 -32 1913 2.4 6.2 

SUBJ13 57 68 107 -26 1271 1.6 5.0 

SUBJ14 68 94 153 26 1441 2.9 4.1 

SUBJ15 143 169 352 -40 3161 -4.6 4.4 

SUBJ16 100 146 266 36 2607 -3.8 4.4 

SUBJ17 87 102 194 -31 2268 -2.9 5.4 

SUBJ18 200 174 416 -57 4183 5.2 4.5 

SUBJ19 109 115 293 -39 2997 3.4 5.0 

SUBJ20 179 203 323 44 3149 -4.3 4.8 

SUBJ21 133 167 296 45 3147 -4.9 4.6 

SUBJ22 83 158 255 42 2491 -5.0 4.0 

SUBJ23 84 97 173 -31 1870 3.1 3.7 

SUBJ24 83 91 180 -31 1980 3.1 4.1 

SUBJ25 108 185 371 60 4078 -6.3 4.2 

SUBJ26 149 158 332 -60 3809 4.5 5.7 

SUBJ27 116 179 339 50 3239 -5.3 4.7 

SUBJ28 91 167 318 -49 2574 7.0 2.8 

SUBJ29 94 173 310 54 3641 -5.0 4.6 

Maximum 257 276 606 -66 6010 7.0 6.2 

Mean 130 155 302 43 3033 4.5 4.5 

SD 51 51 108 10 995 1.3 0.8 
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Appendix IX 
Exc l uded exper i menta l  da ta

Overview of shaking variables for excluded participants (Table A9.1). Minus sign indicates direction. Mean and SD were 
calculated with absolute values of the shaking variables. 

Table A9.1 - Shaking variables for each participant 

Subject a_tor_max 
(m/s^2) 

a_cog_max 
(m/s^2) 

a_ver_max 
(m/s^2) 

Omega_max 
(rad/s) 

Alpha_max 
(rad/s^2) 

v_ver_max 
(m/s) 

f_shake 
(Hz) 

SUBJ30 237 276 336 -50 -4144 6.3 3.7 

SUBJ31 186 202 366 49 -3627 5.2 5.7 

SUBJ32 142 120 218 -40 -2271 -4.5 4.6 

SUBJ33 170 171 334 49 -2271 6.3 5.7 

Maximum 237 276 366 50 -4144 6.3 5.7 

Mean 184 192 314 47 3439 5.5 4.5 
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