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ABSTRACT
Full-scale vehicle crash tests offer one means for evaluation of motor vehicle safety
system performance as it relates to occupant injury potential. These individual tests,
however, tend to be expensive and only provide a limited amount of information related to
the primary factors of the test being conducted. Overall, numerous factors or variables,
each with a wide parameter range, influence the performance limits of a given safety
system. It would be desirable to be able to determine, in a cost effective and efficient
manner, the limits of safety system performance over a range of variables and parameter
limits. Experimental techniques such as the “two-level factorial” experimental design
method, in combination with a sled-buck test set-up that matches vehicle impact response
characteristics, provides a means for efficiently, and cost effectively, examining safety
system performance over a wide range of parameters and many variables. Experimental
surrogate data from the above test methods can be combined into a “polynomial response
function”, such as HIC, that can be expressed as a function of the many variables, and
allow for analytical “interpolation and extrapolation” at variable combinations not tested.
The resulting “polynomial response functions” for a given injury level can then be plotted
on a matrix of the variables of interest and compared with actual case data. In this study,
front seats and front to rear occupant interaction in rear impact is used to demonstrate the
method.

INTRODUCTION
During rear impacts an occupied front seat may collapse into the rear occupant area
where the U.S. government has recommended that children and infants be placed so as to
avoid airbag hazards in frontal impact1. In this situation it would be of interest to know
whether or not the occupied collapsing front seat system will cause injury to a rear-seated
child, and over what range of parameters would the safety system provide protection to
both the front and rear occupants. In this example there are several factors that effect
occupant injury potential. For instance, quasi-static seat strength tests run on a variety of
commercially available motor vehicle front seats, ranging from the weaker single recliner
types on up to the stronger “belt-integrated” types, demonstrate a wide latitude of occupant
load resistance (i.e. about 3 kN for single recliner types and as high as 20 kN for a “beltintegrated” type) during rear loading 2, 3. In addition, there are also several other factors or
variables that influence seat system performance and injury risk to both front and rear
seated occupants, and these include, among other things, the size and weight of the front
seat occupant, and the severity of the rear impact. Each of these factors also
encompasses a wide parameter range. For instance front occupant sizes can range from
as small as a 5th percentile female of about 50 kg on up to larger adult occupants weighing
more than double that amount. The size of the rear-seated child, and type of child restraint,
can also affect the out come of safety system performance. Thus, the large number of
variables and the large range of parameters within each variable, requires careful planning
in order to fully evaluate safety system performance in an efficient and global manner.
EXPERIMENTAL / ANALYTICAL DESIGN METHODS
Several experimental design and “multi-variable” screening methods can be used to
efficiently study safety system performance. An earlier study described the “factorial”
method, “Box-Behnken” method, and the “Plackett-Burman” multi-variable screening
method as applied to side impact and passive occupant protection material studies4. In
this study the “2-Level Factorial” experimental method is utilized, with instrumented
surrogates in a sled-buck test set-up, to develop “polynomial response functions” that
enable test efficient examination of “front and rear occupant biomechanical interactions”,
and injury measures, over a wide range of parameters and several variables during rear
impacts. As previously noted, the “polynomial response functions” also allow for
analytical “interpolation and extrapolation” at variable combinations and ranges not
tested.
A 3 year-old H-III surrogate, seated and restrained in a “built-in” booster seat located
behind the driver seat of a popular late model 1990’s minivan, was used as the rear seat
passenger of this study. Various sizes of fully restrained front seat adult surrogates were
examined in the two front seats. Front seats consisted of two types; the weaker,
collapsing type, OEM single recliner seats (i.e. 3.2 kN) and a much stronger commercially
available “belt-integrated” seat (BIS) design, capable of reaching rear load resistance
levels of about 14.7 kN. Figure 1 illustrates the driver side of the sled-buck test setup.
Except for a few tests where the stronger “belt-integrated” seat was used in the right
front position, the adult surrogate in the right front seat did not have a child surrogate
located behind it. Thus, when seated in the weaker OEM seat, the right front surrogate
was free to collapse rearward into the “empty” side of the rear mid-bench seat without
“occupant-to-occupant” interaction. Figure 2 illustrates this latter arrangement. This
arrangement allows for comparison with the driver side where “occupant-to-occupant”

interaction could possibly take place. It should be noted that the male driver surrogate had
a “standing” pelvis whereas the right front male surrogate had a standard “seated” pelvis.
In some cases the driver side front surrogate was also run without the rear child behind so
as to compare with the right front surrogate test results and also provide information on
“test repeatability”.

Figure 1: Child in “Built-in” Booster Seat Located Behind Driver

Figure 2: Right Front Surrogate without Occupant Located Behind

During the tests the sled-buck setup was towed rearward into a crushable barrier that
matched the crash pulse of the actual vehicle from a previously run “vehicle-to-vehicle”
test. Three levels of rear impact severity (i.e. “speed change”) were examined in this
study: 22.5 kph (low value); 32.5 kph (average value); and 42.5 kph (high value). Figure 3
illustrates a comparison of the higher speed “vehicle-to-vehicle” minivan rear crash pulse
(i.e. 48 kph) and the higher speed sled-buck test pulse.

Figure 3: Comparison of Sled-buck Test and Actual Vehicle-to-Vehicle Crash Pulses
Three Variable Factorial Method: Study of Adult HIC without Rear Child Interaction
The first example presented deals with the situation of seat performance related to front
adults seated in OEM seats “without children” seated behind, or seated in stronger BIS
types that do not allow collapse into the rear child. This situation allows for a study of “front
occupant” response “without engagement” or contact of rear seated children. As noted,
the “factorial” method is used in this study. This method is a two level technique that uses
“Hi” and “Lo” values for each variable of interest. A total of 3 variables were considered in
this example. Both an “OEM” collapsing single-sided recliner seat (i.e. 3.2 kN), and a
much stronger 14.7 kN “BIS” (i.e. “belt-integrated”) seat, were examined to consider the
effect of seat strength. Variation in front occupant weights were also considered, and the
weights ranged from a small 50 kg female (i.e. 5th percentile H-III female) on up to a 110
kg male (i.e. 50 percentile male H-III ballasted to 110 kg). Impact severity in the form of
speed changes ranging from 22.5 up to 42.5 kph were used as another variable. Eight
tests were required for the three variables (i.e. X1 = “impact severity” or “speed change”,
X2 = “front occupant weight”, and X3 = “seat strength level”) in the factorial study. Table 1
lists the 8 test combinations used to examine adult occupant biomechanical response as a
function of the 3 variables. In all cases the front seat was located at a nominal position of 2

inches (i.e. 5 cm) forward of full rear, and at a seatback angle of 22 degrees. In some
cases repeat tests were run to compare driver (dr) and right front (rf) responses. The use
of random repeat tests provides a means for determining confidence levels and whether or
not other factors are influencing the outcome of the variables being examined 4.
Table 1: 3-Variable “Factorial” Test Combinations for Study of Front Adult HIC
without Interaction Effects of a 3 year-old H-III Surrogate Located Behind

TEST

SPEED

WEIGHT

SEAT TYPE

# TESTS RUN

CONFIG.

Variable X1 (kph)

Variable X2 (kg)

Variable X3
(kN)

(Seat Positions)

1

22.5

50

3.2 OEM

2 (dr & rf)

2

42.5

50

3.2 OEM

1 (rf)

3

22.5

110

3.2 OEM

2 (dr & rf)

4

42.5

110

3.2 OEM

2 (dr & rf)

5

22.5

50

14.7 BIS

1 (rf)

6

42.5

50

14.7 BIS

1 (rf)

7

22.5

110

14.7 BIS

1 (rf)

8

42.5

110

14.7 BIS

1 (rf)

NUMBER

Table 2: Resultant HIC Values for Test Configurations of “Adult Surrogates
without Rear Children located Behind”
TEST
CONFIG. No.

Driver Side

Rt. Front Side

Average of HIC Values

RESULTANT HIC

RESULTANT HIC

& +/- Variation
(if Applicable)

1

23.3

27.3

25.3 +/- 2.0

2

NA

124.1

124.1

3

138.9

122.1

130.5 +/- 8.4

4

2,674.1

2,351.3

2,512.7 +/- 167.4

5

NA

51.1*

51.1

6

NA

95.7*

95.7

7

NA

51.7*

51.7

8

NA

100.5

100.5

Table 2 shows the experimentally derived 36 ms HIC values, and variations,
determined from the “resultant head accelerations” for each test configuration of Table 1.
The test-to-test variations from the average values were within 10 percent of the average
for the 3 repeat configurations. The asterisk in the third column of Table 2, for test
configurations 5, 6, and 7, denotes that a 3 year-old H-III child surrogate was in place
behind the right-front surrogate in the stronger “belt-integrated” seats (BIS) of these tests
but since no rear contact was made by the front adult surrogate with the rear child
surrogate in these tests they are considered appropriate for the case being studied (i.e.
evaluation of HIC for adult without effects of rear child engagement).
Table 3 provides the “computation matrix” used to develop polynomial coefficients that
relate the three independent variables (i.e. X1, X2 and X3) to the biomechanical injury
measures (i.e. front adult HIC in this example) for the front-seated adults without effects of
children seated behind.
Table 3: Polynomial Coefficient Calculation Matrix for Front Adult HIC Response
without Effects of Rear Child Located Behind
#

A0

A1

A2

A3

A12

A13

A23

A123

HIC

1

+

-

-

-

+

+

+

-

25.3

2

+

+

-

-

-

-

+

+

124.1

3

+

-

+

-

-

+

-

+

130.5

4

+

+

+

-

+

-

-

-

2,512.7

5

+

-

-

+

+

-

-

+

51.1

6

+

+

-

+

-

+

-

-

95.7

7

+

-

+

+

-

-

+

-

51.7

8

+

+

+

+

+

+

+

+

100.5

Σ/8

386.5

321.8

312.4

-311.7

286.0

-298.6

-311.1

-284.9

To calculate a specific polynomial coefficient simply multiply the resultant column “HIC”
value by the corresponding plus or minus sign of each row in a given column, and then
“sum” the values in that column. Divide the “sum” by 8 and the result yields the polynomial
coefficient for that column. As an example, the A1 coefficient would have a value of 321.8
and A13 would be –298.6, etc. Thus, the resulting “polynomial response function” for
“Front Adult” HIC “without a rear child”, based on the 3-variable (3V) factorial
configuration, is:
ADULT HIC (3V) (no child) = 386.5 + 321.8 X1 + 312.4 X2 – 311.7 X3 + 286.0 X1X2
– 298.6 X1X3 – 311.1 X2X3 – 284.9 X1X2X3

(1)

The X1, X2, and X3 parameters represent dimensionless values for the “Impact
Severity (i.e. speed change) “, “Front Occupant Weight”, and “Seat Strength”,
respectively. For instance, the low weight of the 50 kg female would be represented as
a “–1” value of X2. Likewise, average and high occupant weights (i.e. 80 and 110 kg)
would be represented as “0” and “+1” values. Values between or beyond the test
values are extrapolated proportionately. For instance, a weight of 65 kg would be
represented by a value of “-1/2”, etc. Likewise, an “OEM” seat would represent a value
of “-1” for the 3.2 kN strength level, and the much stronger BIS seat would represent a
value of “+1” for the higher strength level (i.e. 14.7 kN).
In order to develop the “adult HIC” curve for a threshold level of 1000, as an
example, all that is required is to select a “seat strength level”, such as “-1” for the
OEM seat, and then, holding the “seat strength level” constant (i.e. “-1” for the OEM
seat), pick a given weight of front occupant (in X2 dimensionless form) and solve for
the corresponding speed variable X1 (in dimensionless form) from the HIC equation
set equal to a value of 1000. Repeating this process for a range of weights results in a
polynomial curve at the 1000 HIC level for front occupants in the OEM seat. Figure 4
illustrates the plot for the above condition and marks the test points (i.e. “T’s”), with
labels of the actual results for the measured HIC’s of the adult surrogate in the “OEM”
seat, as a function of the “impact severity” and “front occupant weight” variables.

Figure 4: Front Adult 1000 HIC Curve (w/o Rear Child) when Seated in a SingleSided Recliner OEM Seat

Also shown superimposed on the above “Injury Threshold Curve” is a point “Y” that
indicates the “front occupant weight” and “impact severity” conditions for an actual
accident case involving the minivan model of the vehicle used in the “sled-buck” test
configurations of this study. A vehicle-to-vehicle crash test was run to study the injury
mechanics related to the right-front occupant seated in the OEM seat in the accident case.
Figure 3 illustrates the minivan crash pulse from this test and contains an inset photo of
the test vehicle after impact.
During this vehicle-to-vehicle test the driver seat was replaced by the “belt-integrated
design” used in the sled-buck test series so as to allow for side by side comparison of
occupant responses, and any injury effects, for both the OEM and BIS seats when tested
under identical conditions. During the actual accident, the 1998 minivan (approximately
1955 kg) was struck in the rear by a 6,400 kg mid-size truck, with a slight parallel offset of
about 30 cm (12 inches) to the left of the minivan longitudinal axis. The impacting speed of
the truck in the test was 54.3 kph. The posttest-measured damage to the minivan matched
the accident vehicle damage and thus established the actual impact severity that resulted
in a speed change of 48 kph on the minivan. There were 4 restrained occupants in the
van. The tallest and heaviest occupant was in the right front seat. This occupant, a 54
year-old male who weighed 82 kg and was 173 cm tall, was seated in an OEM front seat
that collapsed rearward and resulted in a severe “closed head injury” with subarachnoid
hemorrhage, as well as a partial paraplegia from a neck injury.
The point “Y” shown on figure 4 represents the intersection of the accident right-front
“occupant weight” (i.e. 82 kg) and the experimentally derived “impact severity” (i.e. 48 kph)
for the accident, based on the vehicle-to-vehicle test. This actual case “point Y” plots well
above the predicted 1000 HIC level curve generated for the OEM seat in the sled-buck
minivan tests. This indicates that the factorial method can be useful in establishing head
injury threshold information. Figure 5 shows a film clip from the test 4 configuration.

Figure 5: Right Front Surrogate in OEM Seat During Impact in Test 4 Configuration

It is also of interest to note that in the vehicle-to-vehicle test, the driver surrogate was
placed in the stronger BIS seat design so as to enable occupant response comparison
with the right front surrogate who was seated in the weaker OEM seat. In this crash test,
the BIS seated surrogate received much lower head and neck loads than did the right front
surrogate in the OEM collapsing seat. These vehicle-to-vehicle crash test results are
consistent with the sled-buck results of this study (i.e. BIS test configurations 5, 6, 7 and 8
versus OEM test configurations 1, 2, 3, and 4), and earlier reported prior “side-by-side”
comparisons reported by the authors 5. Figure 6 shows the “high impact severity”
comparison of head response for the “heavy surrogate” when seated in the weaker OEM
seat (Test Config. 4) and the stronger BIS seat (Test Config. 8).

Figure 6: Head X-Accelerations of Heavy Surrogate in the OEM and BIS Seats at
42.5 kph Rear Impact
Since the equation 1 polynomial function incorporates a variable for the “seat strength”
(i.e. X3) it is also possible to calculate, and plot, the shift of the HIC curve for hypothetical
increases of the seat strength, such as doubling the strength of the “single recliner” OEM
seat, to simulate the effect of stronger seat designs like a “Dual recliner” seat (i.e.
2xOEM). Table 4 shows a comparison of the calculated “Adult 1000 HIC Threshold
Velocities” versus “Occupant Weight” for the OEM “single recliner” seat (i.e. 3.2 kN) and a
hypothetical stronger “dual recliner” seat (i.e. 6.4 kN) of twice the OEM strength. Note that
doubling the seat strength provided only modest increases in the 1000 HIC “threshold
levels” (i.e. X1 variable).

Table 4: 1000 HIC “Threshold Velocities (X1)” versus “Occupant Weight (X2)”
for “OEM (single recliner) & 2xOEM (hypothetical dual recliner) seats (X3)”*
X3 = OEM Seat

X3 = 2xOEM Seat

(Single Recliner)

(Dual Recliner)*

Velocity Threshold

Velocity Threshold

64.8

50.8 kph

64.3 kph

80.0

37.3 kph

45.0 kph

110.0

29.8 kph

33.8 kph

137.0

27.3 kph

30.2 kph

X2 = Occupant Weight
(kg)

*NOTE: The Dual Recliner is a Hypothetical Seat Assuming Twice the OEM Seat
Strength in the Equation 1 Calculations
Example of 2 Variable Factorial Method: Rear Child HIC with Front Adult Interaction
In this next example, five tests were used to examine front occupant and rear child
interactions based on measured HIC levels, as they relate to 2 variables (i.e. X1 = “speed
change” or rear impact severity and X2 = front occupant weight) when the front occupant
is seated in a typical minivan OEM collapsing seat (i.e. single side recliner type) and the 3
year-old rear child surrogate is seated in a “built-in” booster seat behind the driver. Front
seat positions are as in the prior example.
Table 5 lists the range of variables for each test configuration of the current example, as
well as the resultant measured child HIC values. Table 6 shows the “polynomial coefficient
calculation matrix” for this example.

Table 5: 2-Variable (2V) Factorial Test Configurations and Child Resultant 36 ms HIC
Measures
TEST

Front Seat Type

Variable:

Variable:

Resultant

CONFIG.

& Position

Speed Change

Front Weight

Measured

X1 (kph)

X2 (kg)

Child HIC

NUMBER
1A

OEM-driver

32.5

80

1,903.6

2A

OEM-driver

22.5

50

47.4

3A

OEM-driver

42.5

50

178.3

4A

OEM-driver

22.5

110

2,335.2

5A

OEM-driver

42.5

110

8,515.9

Table 6: Polynomial Coefficient Calculation Matrix for Development of 2-Variable
Child HIC Polynomial Function
TEST

A0

A1

A2

A12

CONFIG.

Resultant
Child HIC

2A

+

-

-

+

47.4

3A

+

+

-

-

178.3

4A

+

-

+

-

2,335.2

5A

+

+

+

+

8,515.9

Aij =Σ/4

2,769.1

1,577.9

2,656.4

1,512.6

Using the same calculation method as in the previous example, the 2-variable (2V)
“Child HIC” polynomial relating possible front occupant engagement, and “child head injury
potential”, as a function of “impact severity” and “front occupant weight” in the OEM front
seat is given as:
REAR CHILD HIC (2V) = 2,769.1 + 1,577.9 X1 + 2,656.4 X2 + 1,512.6 X1X2

Figure 7: Polynomial Curve for Child 900 HIC Level When Seated in “Built-in
Booster” behind Occupied OEM Seat

(2)

Fig. 8: Comparison of Rear Child Actual Injury Cases with the Polynomial Curve for
Rear Child 900 HIC Level

Figure 9: Impact of Child in “Built-in Booster” Located Behind Collapsing OEM seat
During Test 1A Configuration

Figure 7 illustrates a plot of the child 900 level HIC curve, calculated from equation 2,
with the test data point results. Several case studies were cited in reference 2 and those
dealing with serious to fatal head injury of rear seated children between the ages of 2.5 to
4 years old, and who were seated behind collapsing type OEM seats, have been
superimposed on the curve of figure 7 and are shown in figure 8. Figure 9 illustrates the
driver and rear child (i.e. 3 year-old H-III) interaction at maximum rear displacement for the
child in a “built-in booster” seat located behind the collapsing, or yielding, OEM driver seat
in test configuration number 1A of this second example.
As in the previous example dealing with the front adult occupant response, the
“polynomial” HIC Curve for the rear-seated child seems to correlate well with actual rear
child injury cases involving front seat collapse.
Example of 2 Variable Factorial: Front Adult HIC with Rear Child Interaction Effects
In this next example, the same five tests of the previous example were used to
examine front adult occupant 36 ms HIC measures resulting from either rear child contact
or front seat back interactions. The range of variables for each test configuration of this
example are obviously the same as those of table 5, and are shown again below in table
7, but this time with the corresponding HIC values measured for the front seat adult rather
than the rear child. Likewise, the computation matrix would be essentially the same as that
of table 6, with the exception that the resultant HIC is for the front-seated adult surrogates,
as shown in table 8.
Table 7: 2-Variable (2V) Factorial Test Configurations and Front Adult Resultant HIC
Measures with Rear Child

TEST

Front Seat Type

Variable:

Variable:

Resultant

CONFIG.

& Position

Speed Change

Front Weight

Measured

X1 (kph)

X2 (kg)

Adult HIC

NUMBER
1A

OEM-driver

32.5

80

753.3

2A

OEM-driver

22.5

50

22.4

3A

OEM-driver

42.5

50

108.2

4A

OEM-driver

22.5

110

396.4

5A

OEM-driver

42.5

110

3,574.1

As with the child HIC of the previous example, the adult HIC polynomial is developed as a
function of the same two variables (i.e. X1 = “speed change” or “impact severity”, and X2 =
front occupant weight). Also, the front seats are located as noted in the prior examples.

Table 8: Polynomial Coefficient Matrix for Development of the Adult (in Front of
Child) HIC Polynomial
TEST

A0

A1

A2

A12

CONFIG.

Resultant
Adult HIC

2A

+

-

-

+

22.4

3A

+

+

-

-

108.2

4A

+

-

+

-

396.4

5A

+

+

+

+

3,574.1

Aij =Σ/4

1,025.3

815.9

960.0

761.8

The resultant 2-variable (2V) “Adult HIC” polynomial function relating front occupant
injury potential and possible engagement with the rear 3 year-old H-III surrogate, is given
by equation 3 as:
ADULT HIC (2V) (with child) = 1,025.3 + 815.9 X1 + 960.0 X2 + 761.8 X1X2

Figure 10: Adult 1000 HIC, Curve With Child Behind, When Seated in OEM
Collapsing Front Seat

(3)

Figure 10 illustrates the resulting “Adult HIC Polynomial” curve for a level of 1000 for
the adult surrogate seated in the OEM driver seat located in front of the rear child
surrogate in the “built-in booster” seat. Figure 11 shows the above figure 10 curve with the
same overlay of the case studies shown in figure 8. In four of the seven cases, however,
the plotted intersection points of “front occupant weight” versus “impact severity” (i.e.
speed change) are located above the 1000 “adult HIC level” of this example (i.e. dealing
with front adults who collapse rearward into the rear child). This suggests that the adults in
these cases (who had collapsed rearward and caused serious head injuries to the rear
seated children in the case studies) should have also received serious head injuries.
However, only the front adult of “case 2B” received any type of noticeable head injury (i.e.
was temporarily unconscious) and the others noticed only minor complaint of head pain if
any complaint at all.

Fig.11: Comparison of Actual Cases with the Polynomial Curve for 1000 HIC of
Front Adult with Rear Child Behind
Thus, in contrast to the correlations of the first two examples, the anomaly of the three
cases in this example that plotted above the 1000 HIC line, but without experiencing
serious front occupant head injury, suggests that some biofidelic issues may exist with
regard to the stiffness of the surrogate headforms. Clearly, the headform of the hybrid-III
three year-old child surrogate is not as frangible, or deformable, as the head structure of a
human 3 year-old child. This difference in biofidelic structural response, if improved, would

result in a “softer impact” to the head of a front-seated human adult when collapsing rear
and impacting, or interacting with, the human child head. The result of the softer adult
head impact response would be to lower the adult head acceleration levels, and resulting
HIC data, which would in turn raise the “1000 HIC adult polynomial curve” and tend toward
encompassing the “actual case studies” plotted in figure 11. In spite of these biofidelic
differences however, as was previously noted, the child “head injury threshold” levels
derived from the test surrogate interactions did correlate well with the child injuries of the
actual case studies. Similarly, correlation was demonstrated in the case of the adult
collapsing rearward without the effects of a rear-seated child.
SUMMARY
An “experimental / analytical” technique has been presented for demonstrating a
means of efficient and cost effective evaluation of motor vehicle safety system
performance as related to functions of several variables with wide parameter ranges. The
“two-level factorial” experimental method, in conjunction with a “sled-buck” test set-up,
was used to develop “multi-variable polynomial response functions” of injury measures,
such as HIC, and demonstrate the technique. The technique allows for interpolation and
extrapolation at parameter levels not tested. Two and three variable examples, relating to
front adult and rear child occupant interactions, and evaluation of seat system
performance in rear impacts, were presented and the results were compared with actual
case studies.
Correlation of actual cases with the test predicted HIC levels, for the OEM single
recliner type front seat design, were achieved for the situations of the rear child HIC and
the front adult HIC without rear children interactions. Mixed correlation was noted for the
predicted HIC of the front adult interacting with the rear child. Biofidelity of the adult-tochild test surrogate interactions, as they relate to head-to-head contact responses, likely
played a role in the latter case “mixed correlation” with the case studies and should be
further investigated. In spite of the anomaly noted above, the child polynomial HIC function
derived from the surrogate response measures seems to provide a reasonable first
approximation to indicate serious or fatal head injury levels for a rear seated child, under
various impact conditions. As such, the methodology presented could be extended to the
current NHTSA head injury criteria8.
It should also be noted that adverse effects of rear seatback “intrusion” and vehicle
pitch, due to over-ride and under-ride collisions, were not considered in these examples.
These conditions would tend to increase impact loads on the rear-seated children.
Additional case studies would also be helpful for further correlations of the predicted injury
threshold levels with actual injuries for both the rear seated child and the front adult. Also,
side-by-side comparisons of safety system performance, such as the test results shown in
figure 6 comparing the occupant response in the weaker “single-sided” recliner OEM seat
with the stronger belt-integrated seat design (BIS), provides a means for qualitative
evaluations in spite of biofidelity concerns.
More variables than those of the 3 examples presented could also be easily
studied if so desired. Obviously more variables will require a greater number of tests. For
instance, the “Hi-Lo Factorial” method requires a minimum of 2P tests, where “P” indicates
the number of variables to be studied. Thus a 3-variable “Hi-Lo Factorial” series would
require a minimum of 8 tests (see Table 1 of the first example). More importantly,
however, repeat tests are required to enable statistical evaluation and establishment of
confidence measures for the results. Repeat runs made in the first example showed good
repeatability and indicated that the “Factorial” representation of the “injury” measures in

the linear polynomial form were adequate to describe the responses over the “ranges” of
values tested. Details of the “factorial design strategy” for more than three variables, and
the statistical evaluation methods of the test data, are presented in references 4 and 6,
along with other experimental design methods. For instance, identifying and sorting out
which variables are most significant in optimizing the performance of a safety system is
not easily accomplished with the traditional “trial and error” or “one-at-a-time” test
approach. Fortunately, there are organized experimental approaches that can be utilized
to “initially” screen the several variables and identify those that have the strongest
influence in optimizing safety system performance. The Plackett-Burman screening
method is one such method that is based on the “factorial” method used in this study7.
This method, along with the others described in this study, has application to the efficient
multi-variable evaluation of other safety systems.
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APPENDIX – CHILD HEAD INJURY CASE STUDIES
CASE 1A: The Case 1A subject vehicle was a 1996 Dodge Caravan minivan that was
occupied by one adult driver and a 4-year-old child seated directly behind the driver. The
subject vehicle was struck in the rear by 1999 Plymouth Voyager minivan with a primary
direction of force of approximately 6:00 and a change in velocity of about 20 to 24 kph.
Post impact evidence indicated that the driver seat had collapsed toward the rear seat
area. The driver was a 35-year-old female who was using the available 3-point restraints
and did not sustain any significant injury. She was approximately 168 cm tall and weighed
approximately 125 kg. Seated behind the driver, in the left outboard captains chair (i.e.
position 4) was a 4-year-old female child weighing approximately 21 kg, with a seated
height of 61 cm (standing height of approximately 112 cm), and restrained with the
available 3-point restraints for her seat position. During the impact the driver seat and
driver rotate rearward, and the driver's head extended over the seat back and headrest,
impacted into the child's head. As a result of this impact the child received a permanently
disabling head injury.
CASE 4A: The Case 4A involved a 1993 Nissan Sentra 4 door sedan occupied by two
adults and two children. The subject vehicle was struck in the rear by a 1977 Chevrolet
pickup truck, with a primary direction of force of approximately 7:00, which resulted in a
change in velocity of approximately 33 kph for the Nissan. Both the driver and right front
passenger seat backs collapsed rearward during the accident and were found on top of
the two rear seat occupants. The restrained driver of the vehicle was a 35-year-old male
who was approximately 183 cm tall and weighed about 73 kg. His injuries included a
complaint of pain on the left side of the head, left arm and shoulder. He sustained no
permanent debilitating injuries. Occupying the right front position was a restrained 33year-old female who was approximately 165 cm tall and weighed about 73 kg. Her injuries
included complaints of neck and shoulder pain, and pain in the left groin area. The
occupant seated in the left rear position behind the driver was a three-year-old female,
restrained by a lap and shoulder belt; she weighed approximately 20.5 kg and had a
seated height of just under 69 cm. Her injuries included a contusion to the left side of the
forehead, a 4 cm laceration to the left frontal and parietal scalp area, a non displaced skull
fracture extending horizontally from the frontal area posteriorly, fractures of the lateral wall
of the left orbit, bi-frontal skull fractures, bi-frontal lobe hematoma, subarachnoid
hemorrhage, and was unconscious and comatose. Seated in the right rear position was a
10-year-old male who was approximately 145 cm tall and weighed 36.8 kg. This
youngster had a seated height of 79.4 cm and was restrained with a lap and shoulder belt.
He received no significant injuries other than glass puncture wounds in the posterior part
of the head in the occipital and vertex region, but later had some complaints of headaches
and dizziness.
CASE 5A: Case 5A involved in 1991 Plymouth Voyager minivan occupied by one adult
and three children. The subject vehicle was struck in the rear by 1995 Mitsubishi Mirage
with a primary direction of force of approximate 6:00 and a change in velocity of
approximately 30 kilometers per hour. The driver seat back collapsed rearward during the
accident and impacted the occupant seated behind her. The restrained driver of the
vehicle was a 30-year-old female who was approximately 170 cm tall and weighed about
102 kg. She sustained minor bruises as a result of the accident. Seated in position No. 4,
directly behind the driver, was a 4-year-old female who was approximately 91 cm tall and
weighed about 18.2 kg. The 4-year-old was using the available 3-point restraint. She
sustained severe head injury as a result of impact from the front seat occupant. Her
injuries included swelling of the left parieto-occipital temporal scalp, diffuse cerebral

edema, hemorrhagic contusion of the midbrain and left parietal -- frontal occipital regions,
multiple linear skull fractures of the right and left frontal bone and superior bilateral parietal
bones, left frontal subdural hematoma and right frontal epidural hematoma. Adjacent to
the 4-year-old female, occupying the outboard position No. 6, was an 8 year-old female
who was about 129.5 cm tall and weighed 34 kg. She was uninjured as a result of the
accident. It is unknown if she was restrained or not. Finally, seated in the right rear most
outboard position (i.e. position 9) was a two-year-old male who was 91.4 cm tall, weighed
13.6 kg, and was restrained in a forward facing child safety seat. This child was uninjured
even though it was located adjacent to the region of impact and intrusion. The seat in front
of this child did not collapse rearward, in part due to the low weight of the 8-year-old (34
kg) seated in position 6.
CASE 6A: The Case 6A involved a 2000 Dodge Grand Caravan minivan that was struck in
the rear by a large tractor-trailer, causing a change in speed of approximately 33
kilometers per hour to the minivan. Two adults in the front captains chairs, and three
children in the remaining two rows of seats, occupied the minivan. The restrained 42year-old male driver of the vehicle weighed approximately 97.5 kg and was about 183 cm
tall. The right front passenger was a 37-year-old female, who was also restrained and
weighed approximately 61 kg. Seated directly behind the driver, on a “OEM” built-in
booster seat, was a fully restrained three-year-old female weighing approximately 12.7 kg.
The remaining two children were seated in the third row bench seat located directly in front
of the region of impact and intrusion. The child in the left side position of the rear bench
seat (i.e. position 7) was a restrained 13-year-old female. The child in the right side
position of the rear bench seat (i.e. position 9) was a restrained 12-year-old male. The
only occupant seriously injured in this accident was the three-year-old female who
received a serious head injury when the driver seat collapsed onto her and she was struck
by the head of the driver who rotated rearward into her occupant space. All the other
occupants, including the children seated directly adjacent to the area of impact and
intrusion, received only minor injuries such as stiff necks and minor bruises. As in the
previous case, the rear most seated children did not experience any effects of front seat
collapse since the seats in front of them were either empty or only occupied by the
lightweight 3 year-old child.
CASE 1B: The Case 1B, involved a 1995 Jeep Grand Cherokee occupied by two adults
and two children. The vehicle was stopped for a traffic light when it was struck in the rear
by 1994 Isuzu pickup truck. The impact by the pickup truck caused a change in velocity of
approximately 43 kph on the subject vehicle. The principal direction of force was
approximately 6:00 o'clock. The 34 year-old restrained male driver (approximately 93 kg
and 180 cm tall) and the 32 year-old restrained right front seat female occupant
(approximately 61 kg and 173 cm tall) were uninjured as result of the incident. Both front
seatbacks collapsed rearward into the rear seat area where the two children were seated.
In the center rear position was a 6-year-old male (approximately 23 kg) who was utilizing
the available lap belt and was uninjured as result of the incident. Seated in the right rear
outboard seat position (i.e. position 6), directly behind the right front seat occupant, was a
2 1/2-year-old male (approximately 16 kg) who was also restrained and stood
approximately 109 cm tall, with a seated height of about 56 cm. As a result of the rearward
collapse of the right front seat adult directly into the area of the 2 1/2-year-old male, this
child sustained a large laceration to the forehead (approximately 1.5 cm) and was fatally
injured. He received a linear fracture through the right fronto-parietal occipital regions with
a free segment in the right frontal region that was depressed 1 to 2 mm. There was also

associated soft tissue swelling in this area. In addition, there was evidence of
subarachnoid blood in the supracellar cisterns and a one cm shift of the brain from right to
left. The autopsy revealed the skull fracture to be a complex fracture extending for
approximately 21 cm, from the right frontal bone, through the right temporal bone, to the
right occipital bone. There were also areas of contused brain in the right fronto-parietal
area.
CASE 2B: This involved a 1993 Saturn SL2 4 door vehicle that was struck in the rear by
1986 Mitsubishi Montaro. The rear impact by the Montaro was colinear but offset slightly
to the right side of the Saturn and caused a speed change of approximately 42 kph to the
subject Saturn vehicle. The Saturn was occupied by four adults (all in their early 20s) and
a three-year-old male child. All occupants in the subject vehicle were restrained. The
three-year-old child was seated in a forward facing child restraint seat that was securely
mounted in the right rear (i.e. position 6) location. The child weighed 12.7 kg and was
101.6 cm tall. The male driver and male right front passenger weighed approximately 75
kg. Both front seats collapsed rearward as result of the impact. Intrusion on the right rear
area caused the child seat to be moved forward approximately 20 to 25 cm toward the
rearward collapsing occupied front seat. The three-year-old male child received fatal head
injuries. The autopsy reports indicated that the blunt impact to the head caused subdural
hemorrhage, as well as cerebral cortical contusions, and diffuse cerebral edema. The
driver received only minor whiplash injuries. The right front occupant was rendered
unconscious as result of head contact with the child seated behind. The injuries to the
right front passenger were not permanent and included a sprained ankle. Seated in the
other rear seat positions (i.e. position 4 and position 5) were two adult females. Both of
the rear seated females sitting adjacent to the fatally injured three-year-old child received
only minor head and back pain type of injuries. The center rear female had evidence of
minor head injury and confusion shortly after the accident. She also had contusions on
her left arm, left calf, and a bump on the back of her head. She also swallowed some
glass, which resulted in a scratched throat, and some cuts in her mouth. The left rear
female experience scratches and a whiplash type injury.
Case 5B: This case involved a 1988 Ford Aerostar minivan that was rear impacted by a
1971 Lincoln Continental vehicle. The subject vehicle experienced a speed change of
approximately 37 kph as result of the impact. The restrained male driver of the vehicle
weighed approximately 95 kg and was about 186 cm tall. In the right front seat was a
restrained young male child weighing approximately 34 kg. Seated behind the driver in
the left rear, mid row position, was a three-year-old male weighing approximately 18 kg
and utilizing the available 3-point restraint system. Seated next to this child in the right
rear, mid row position, was a 37-year-old female occupant weighing approximately 61 kg.
As result of the impact, the driver seat occupied by the heavy male occupant collapsed
rearward allowing the head of the driver to strike the head of the child seated behind. As
result of this impact from the rearward collapsing driver, the left rear child sustained a
severe head injury which included right occipital and temporal comminuted skull fractures,
intracranial hemorrhage, left occipital bleeding, basilar skull fracture, and right frontal skull
fractures that emanated rearward toward the comminuted occipital fractures. The right
front seat occupied by the lightweight child did not collapse rearward. Except for the left
rear position three-year-old passenger, all other occupants received virtually no injury.

