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Impact testing of pedestrian headforms is usually conducted at
one velocity and with one mass of headform, but real impacts
occur at a range of velocities and masses. A method is proposed
to predict the Head Injury Criterion (HIC) and similar quantities
at other velocities from their values observed under test condi-
tions. A specific assumption is made about acceleration during the
impact as related to displacement, its differential (instantaneous
velocity), mass of headform, and initial velocity: namely, that it is
the product of a power function of displacement (representing a
possibly nonlinear spring) and a term that includes a type of
damping. This equation is not solved, but some properties of the
solution are obtained: HIC, maximum acceleration, and maximum
displacement are found to be power functions of mass of headform
and initial velocity. Expressions for the exponents are obtained in
terms of the nonlinearity parameter of the spring. Simple formulae
are obtained for the dependence of HIC, maximum acceleration,
and maximum displacement on velocity and mass. These are rele-
vant to many types of impact. [DOI: 10.1115/1.4025331]
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Introduction

To provide the car buyer with safety information, or to satisfy
regulatory requirements, instrumented headforms are projected
at the fronts of cars in order to check that the vehicle is not
excessively injurious if a pedestrian is struck. See Refs. [1,2] for
introductions to the tests and Ref. [3] for examples of the proto-
cols. Many different locations on a car’s front are tested and
results are assembled into a score for the car as a whole. The
results in this paper were obtained in this context. These tests
measure acceleration of the surrogate head, and use the Head
Injury Criterion (HIC) to summarize the acceleration trace and to
indicate likely injury severity; HIC and also maximum accelera-
tion are used for this purpose in various other types of impact test,
too. Another quantity of interest is maximum displacement, as
“bottoming out” (i.e., contact between the underside of the hood
or other surface structure and the stiffer structures beneath) would
imply a great increase in HIC and maximum acceleration. The
conditions of the test, including the velocity and mass of the
headform, are specified in the test protocol. Starting from HIC,
maximum acceleration, and maximum displacement in the speci-
fied test conditions, the aim in the present paper is to say what
they would be in different conditions, that is, with different
masses or impact velocities. This will be done by assuming a

specific differential equation relating force to displacement and
velocity. The equation is not solved, but results about HIC and
other quantities can nevertheless be obtained.

These results about HIC and other quantities are of obvious
interest. Two specific applications are envisaged. Firstly, to pre-
dict what will happen if the headform mass or impact velocity
specified in a test protocol are changed, and to allow equivalences
to be established between protocols requiring different masses and
velocities. Secondly, information about (a) the relative frequen-
cies of different real-world conditions (notably, different veloc-
ities), and (b) the clinical meaning of different levels of HIC, will
permit average safety performance in real-world conditions to be
calculated, which would be a great improvement over HIC in test
conditions only [4].

Even assuming the specific equation for force in terms of dis-
placement and velocity is valid, there are likely to be two major
limitations with the application of the results. The first is that little
information is being collected and used: observing HIC in one test
is assumed to be sufficient to imply what HIC is over the whole
relevant range of v and m. The reason for only a single test is that
more tests would imply higher costs, of course. Consequently,
appreciable inaccuracy must be expected. The second major prob-
lem is that the results will not be valid if there is a qualitative
change in what happens—for example, if bottoming out is intro-
duced by increased v and m. Some forms of extra information
may be useful in warning about possible qualitative change.
Examples might include measuring underhood clearance in order
to predict bottoming out, or impact simulation using finite element
modeling. Similarly, a high testing velocity might be thought pref-
erable to a low one, as the acceleration trace would show what
was happening at velocities less than initial velocity and displace-
ments less than the maximum, and if there is no evidence of quali-
tative change in behavior, there can be some confidence in
predicting HIC at a lower velocity.

The definition of HIC is [av(a)]2.5(t2 – t1), where av(a) is the
average acceleration over a period from t1 to t2, with t1 and t2 cho-
sen so that the resulting HIC is maximized (average acceleration
is velocity change in the relevant period divided by (t2 – t1). In
some contexts, it is required that (t2 – t1) does not exceed a pre-
specified length of time, e.g., 15 ms).

Chou and Nyquist [5] obtained a number of algebraic conse-
quences of the definition of HIC, for example, that for some par-
ticular shapes of the acceleration pulse, HIC is proportional to
A2.5T, where A¼maximum acceleration and T¼ total contact
time. However, it seems possible that the shape may change if
headform mass m and velocity v change. An equation for force as
a function of displacement and speed should be a more useful
starting point than a pulse shape, but few results of this type are
known. For the linear spring with no damping, Searson et al. [6]
found HIC to be proportional to m–0.75v2.5. For force being a
piecewise linear function of displacement (three regimes, the
second being the least steep and the third being the steepest), see
Deb and Ali [7]. The equation to be used in this paper is one pro-
posed by Hunt and Crossley [8].

This paper is organized in the conventional way as: Methods,
Results, Discussion, and Conclusions. Critical comments on the
assumptions made will be included in the Discussion.

Methods

It is assumed here that force depends on displacement x and
velocity x0 via the following proportionality relationship:

force/ xc½1þ ðb=vÞx0� (1)

Without the damping term, this represents a nonlinear spring,
force / xc. The damping term is xc(b/v)x0. This is not an arbitrary
assumption. Firstly, it is zero for both x¼ 0 and x0 ¼ 0, as Hunt
and Crossley [8] have argued is realistic. Secondly, the multiplier
is b/v. If, instead, force / xc[1þ bx0], it can be shown that b is the

Manuscript received March 1, 2013; final manuscript received August 29, 2013;
accepted manuscript posted September 6, 2013; published online October 1, 2013.
Assoc. Editor: Brian D. Stemper.

Journal of Biomechanical Engineering NOVEMBER 2013, Vol. 135 / 114508-1Copyright VC 2013 by ASME

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



ratio of some function of the coefficient of restitution to v. Thus, if
it is thought that the coefficient of restitution itself does not
depend strongly on v, the multiplier should be written as b/v (see
pp. 212–213 of Ref. [9].)

The differential equation relating acceleration to displacement
is

mx00 � kxc½1þ ðb=vÞx0� ¼ 0 (2)

As k is not a variable being studied here, it can be taken as 1 for
simplicity (if k were a variable of interest, the results below are
still valid, but with m interpreted as the ratio m/k). Initial condi-
tions are x0 (0)¼ v and x (0)¼ 0.

Results

For the particular form of nonlinearity and the particular form
of damping being considered, a change of m or v only stretches
the time and the height of the acceleration pulse, and does not
otherwise change its shape (the “shape” of the pulse refers here to
something beyond its length and its height—that is, if it is merely
stretched linearly in time or height, its shape is said to remain the
same). This will first be proved, and will be used when consider-
ing how m and v affect HIC.

Start with m¼ 1 and v¼ 1, and suppose p(t) is a function satis-
fying the three requirements x00 – xc(1þ bx0)¼ 0, x0(0)¼ 1, and x
[0]¼ 0. Velocity is p0 and the acceleration pulse is p00. Now
consider

qðtÞ ¼ m1=ðcþ1Þv2=ðcþ1Þpðm�1=ðcþ1Þvðc�1Þ=ðcþ1ÞtÞ (3)

Velocity and acceleration are as follows

q0ðtÞ ¼ vp0ðm�1=ðcþ1Þvðc�1Þ=ðcþ1ÞtÞ (4)

q00ðtÞ ¼ m�1=ðcþ1Þv2c=ðcþ1Þp00ðm�1=ðcþ1Þvðc�1Þ=ðcþ1ÞtÞ (5)

The function q(t) satisfies

mx00 � xc½1þ ðb=vÞx0� ¼ 0 (6)

x0ð0Þ ¼ v (7)

xð0Þ ¼ 0 (8)

The proof is completed by checking q, q0, and q00 against the three
requirements, Eqs. (6)–(8). Equation (5) shows that the pulse
shape is still described by p00, though in most cases it is changed
in height and duration (the exception is that if c¼ 1, it is not
changed in duration by a change in v).

Equations (3)–(5) permit conclusions that maximum accelera-
tion, maximum displacement, and HIC are proportional to power
functions of m and v, as given in the next three paragraphs.

For maximum acceleration, the dependence on m and v follows
immediately: the expression for acceleration q00 includes a multi-
plier of m–1/(cþ1)v2c/(cþ1).

Similarly, for maximum displacement, the expression for q
includes a multiplier of m1/(cþ1)v2/(cþ1).

Turning now to HIC, the result is obtained in three steps. The
first is to note that provided pulse shape does not change except
for linear stretching in time and height, HIC is proportional to
A2.5T. To demonstrate this, consider the pulse a(t) for which A¼ 1
and T¼ 1, and the stretched pulse Aa(t/T). In the former
case, HIC is based on [

Ð
a(t)dt]2.5, and in the latter case, HIC is

based on T[
Ð

Aa(t/T)dt/T]2.5. On substituting s¼ t/T, the result

is T[
Ð

Aa(s)Tds/T]2.5¼A2.5T[
Ð

a(s)ds]2.5, which is A2.5.T times
the original result. Second, maximum acceleration includes a
multiplier of m–1/(cþ1)v2c/(cþ1), as already noted, and the time
for which the pulse lasts will be inversely proportional to the

multiplier of t in the argument of p(.). Finally, as HIC is propor-
tional to A2.5T, HIC will be proportional to [m–1/(cþ1).v2c/(cþ1)]2.5

[m–1/(cþ1)v(c–1)/(cþ1)]–1. That is

HIC/m�1:5=ðcþ1Þvð4cþ1Þ=ðcþ1Þ (9)

The limits of integration are not a source of complications: the
shape of the pulse is not changing, so the limits will be particular
fractions of T, and their dependence on T will be removed when
substituting s¼ t/T. However, if a definition of HIC is being used
that requires the time length of the integration to be less than (say)
15 ms, that will limit the validity of this result.

Special Cases. For HIC, some special cases are as follows. If
c¼ 0, HIC / m–1.5v; if c¼ 0.5, HIC / m–1v2; for the linear spring,
c¼ 1 and thus HIC / m–0.75v2.5; if c¼ 1.5 (sometimes termed
Hertzian impact), HIC / m–0.6v2.8; if c¼ 2, HIC / m–0.5v3; and if
c is very large, then (considering the behavior of the expression as
c!1) HIC is independent of m and proportional to v4.

Aggregation Impermissible. The above proportionality results
were obtained assuming that b and c are constant. These may
change from one impact location to another. Consequently, the
results refer to a specific impact location, not to a dataset in which
there are many impact locations.

Qualitative Effects. The effects of initial velocity v on maxi-
mum acceleration, HIC, and maximum displacement are all posi-
tive (the exception is that if the spring exponent c is 0, there is no
effect of velocity on maximum acceleration). The effects of head-
form mass m are negative on maximum acceleration and HIC, and
positive on maximum displacement.

Quantitative Effects. Some examples of the quantitative
effects are given in Table 1. For example, if c¼ 1, then a 15%
increase in impact speed will lead to a 15% increase in maximum
displacement, a 15% increase in maximum acceleration, and a
42% increase in HIC. A qualitative difference may arise from
quantitative differences, as shown in the following example. Max-
imum acceleration and HIC are both used for the same purpose, to
indicate likely injury severity, and qualitatively they are affected
in the same direction by a change in v and by a change in m. How-
ever, they are affected to different degrees, and when both v and
m change, maximum acceleration and HIC may be affected in op-
posite directions. Table 1 shows that if c¼ 1, multiplying v by
1.15 and m by 1.5 leads to maximum acceleration decreasing
(being multiplied by 0.94) and HIC increasing (being multiplied
by 1.05).

Discussion

Limitations. In the next three paragraphs, limitations are
acknowledged both of impact testing generally and of the present
results more specifically.

Table 1 Effects of changing v and m. The table gives the
factors by which maximum acceleration A, HIC, and maximum
displacement S are multiplied when v is multiplied by 1.15, or m
is multiplied by 1.50, or both of these changes occur. Results
for three values of the spring exponent c are given.

c¼ 0 c¼ 1 c¼ 2

A HIC S A HIC S A HIC S

Multiply v by 1.15 1.00 1.15 1.32 1.15 1.42 1.15 1.20 1.52 1.10
Multiply m by 1.50 0.67 0.54 1.50 0.82 0.74 1.22 0.87 0.82 1.14
Both the above 0.67 0.63 1.98 0.94 1.05 1.41 1.05 1.24 1.26
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Firstly, it is assumed that injury depends on (translational)
accelerations, not on forces or something else. The discussion in
Ommaya et al. [10] supports this, but makes clear that there is
uncertainty. Effects on force may be qualitatively different from
effects on acceleration, as is familiar from the example of the
undamped linear spring: kinetic energy is proportional to m; there-
fore maximum displacement is proportional to m0.5, therefore
maximum force is proportional to m0.5, therefore maximum accel-
eration is proportional to m–0.5, opposite directions of effect on
force and acceleration. Whether translational acceleration is more
or less important than rotational acceleration is also controversial.

Secondly, the use of a headform for impact testing is conven-
ient practically, but the absence of a neck and body is thought to
change the results somewhat. A linear equation may be used to
convert a headform result to an equivalent dummy result; the term
HIC(d) is sometimes used in this context. More broadly, a variety
of other experimental arrangements are also used for impact
testing, including a helmeted headform hitting a rigid anvil, a
projected impactor hitting a helmeted headform, and a dummy
representing the whole human. The results obtained here for a
headform projected against a car’s exterior will be relevant in
other circumstances, but may need some modification (e.g., if the
impact is between two free-to-move bodies, both masses will need
to be considered).

Thirdly, the results given in this paper are based on a particular
differential equation. References [8,9] were cited in support, and
the equation has been used by others (e.g., Refs. [11–14]). How-
ever, the criticism could be made that damping being zero for
x¼ 0 and for x0 ¼ 0 is true not only for the expression chosen but
also for many other functions: indeed, the model has been
described as an ad hoc one [15]. It should also be noted that
although xc does succeed in representing a spring that stiffens
with increasing displacement (if c> 1), it does not represent one
that stiffens so much that force tends to infinity for some finite dis-
placement, as with so-called tangent elasticity. This might be
thought more appropriate if bottoming out is a real possibility.

Strength of Damping. It is noteworthy that the strength of
damping affects HIC and the other quantities of interest, but not
how HIC depends on m and v. Confirmation is given by numerical
simulations based on Eq. (1) reported by Searson et al. [16]. That
paper confirms how the exponents of m and v depend on c, for
HIC and maximum displacement (those for maximum accelera-
tion were not reported). It also gives some illustrations of how
damping affects pulse shape and coefficient of restitution. In
the model used, the damping coefficient will imply what the coef-
ficient of restitution is. For example, if b¼ 0, the coefficient of
restitution is 1 (in pedestrian headform tests, the coefficient of res-
titution is typically about 0.25).

Six Covarying Exponents. Overall, there are six exponents (of
m and v, for maximum acceleration, maximum displacement, and
HIC) that are determined by c. Thus relationships between the
exponents would be expected if different locations of impact have
different values of c. Searson et al. [17] noted a negative relation-
ship between the exponents of v for maximum displacement and
HIC.

Empirical Results. For seven specific locations on a car,
Searson et al. [17] reported on how HIC varied with speed, and
found exponents between 1.6 and 3.0, which would imply that c is
between 0.25 and 2. For two locations on a car, Fig. 9 of Mizuno
et al. [18] implies exponents of about 2.3 and 3.5, which would
imply that c is, respectively, 0.8 and 5.

Conclusions

The conclusions of this paper may be stated succinctly. If
the dependence of force on displacement and velocity is as in

Eq. (1), HIC/m–1.5/(cþ1)v(4cþ1)/(cþ1), maximum acceleration
/m–1/(cþ1)v2c/(cþ1), and maximum displacement /m1/(cþ1)

v2/(cþ1).
Those relationships are useful in predicting what the result will

be if the headform mass or impact velocity change, and as input
(along with other information) to the calculation [4] of average
real-world safety performance.

If c¼ 1 is thought to have special plausibility, then exponents
of �0.75 and 2.5 (in the case of HIC), �0.5 and 1 (in the case of
maximum acceleration), and 0.5 and 1 (in the case of maximum
displacement) will also be thought to be especially plausible.
However, if c¼ 1 has no special status, then other values will
become plausible. It will remain true that all six exponents remain
connected by their common dependence on c, and thus evidence
about any one of them will carry implications about the others as
well.
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Nomenclature

A ¼ maximum acceleration during the impact of headform
T ¼ total contact time of the headform with the vehicle
S ¼ maximum displacement
b ¼ damping constant
c ¼ spring exponent
k ¼ spring stiffness

m ¼ mass of headform
p(t) ¼ a possible solution of the differential equation
q(t) ¼ another possible solution of the differential equation

t ¼ time since the start of impact
v ¼ initial velocity at impact of headform

x(t) ¼ displacement of the headform into the vehicle’s hood
x0(t) ¼ first differential, velocity
x00(t) ¼ second differential, acceleration

References
[1] Hutchinson, T. P., Searson, D. J., Anderson, R. W. G., Dutschke, J. K., Ponte,

G., and van den Berg, A. L., 2011, “Protection of the Unhelmeted Head Against
Blunt Impact: The Pedestrian and the Car Bonnet,” Proceedings of the Australa-
sian Road Safety Research, Policing and Education Conference.

[2] Euro NCAP, 2013, “Pedestrian Protection,” Available at: http://www.euroncap.
com/Content-Web-Page/ed4ad09d-1d63-4b20-a2e3-39192518cf50/pedestrian-prote
ction.aspx

[3] Euro NCAP, 2013, “Protocols—Pedestrian Protection,” Available at:
http://www.euroncap.com/Content-Web-Page/fb5e236e-b11b-4598-8e20-3eced
15e74e/protocols.aspx

[4] Hutchinson, T. P., Anderson, R. W. G., and Searson, D. J., 2012, “Pedestrian
Headform Testing: Inferring Performance at Impact Speeds and for Headform
Masses not Tested, and Estimating Average Performance in a Range of Real-
World Conditions,” Traffic Inj. Prev., 13(4), pp. 402–411.

[5] Chou, C. C., and Nyquist, G. W., 1974, “Analytical Studies of the Head Injury
Criterion (HIC),” SAE Technical Paper No. 740082.

[6] Searson, D. J., Anderson, R. W. G., Ponte, G., and van den Berg, A. L., 2009,
“Headform Impact Test Performance of Vehicles Under the GTR on Pedestrian
Safety,” Report No. 072, Centre for Automotive Safety Research, University of
Adelaide, Adelaide, Australia.

[7] Deb, A., and Ali, T., 2004, “A Lumped Parameter-Based Approach for Simula-
tion of Automotive Headform Impact With Countermeasures,” Int. J. Impact
Eng., 30(5), pp. 521–539.

[8] Hunt, K. H., and Crossley, F. R. E., 1975, “Coefficient of Restitution Inter-
preted as Damping in Vibroimpact,” ASME J. Appl. Mech., 42(2), pp.
440–445.

Journal of Biomechanical Engineering NOVEMBER 2013, Vol. 135 / 114508-3

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use

http://www.euroncap.com/Content-Web-Page/ed4ad09d-1d63-4b20-a2e3-39192518cf50/pedestrian-protection.aspx
http://www.euroncap.com/Content-Web-Page/ed4ad09d-1d63-4b20-a2e3-39192518cf50/pedestrian-protection.aspx
http://www.euroncap.com/Content-Web-Page/ed4ad09d-1d63-4b20-a2e3-39192518cf50/pedestrian-protection.aspx
http://www.euroncap.com/Content-Web-Page/fb5e236e-b11b-4598-8e20-3eced15e74e/protocols.aspx
http://www.euroncap.com/Content-Web-Page/fb5e236e-b11b-4598-8e20-3eced15e74e/protocols.aspx
http://dx.doi.org/10.1080/15389588.2012.660252
http://dx.doi.org/10.1016/S0734-743X(03)00094-0
http://dx.doi.org/10.1016/S0734-743X(03)00094-0
http://dx.doi.org/10.1115/1.3423596


[9] Gonthier, Y., McPhee, J., Lange, C., and Piedbœuf, J.-C., 2004, “A Regularized
Contact Model With Asymmetric Damping and Dwell-Time Dependent
Friction,” Multibody Syst. Dyn., 11(3), pp. 209–233.

[10] Ommaya, A. K., Thibault, L., and Bandak, F. A., 1994, “Mechanisms of Impact
Head Injury,” Int. J. Impact Eng., 15(4), pp. 535–560.

[11] Anderson, R. W., Long, A. D., and Serre, T., 2009, “Phenomenological Continuous
Contact-Impact Modelling for Multibody Simulations of Pedestrian-Vehicle Contact
Interactions Based on Experimental Data,” Nonlinear Dyn., 58(1–2), pp. 199–208.

[12] Marhefka, D. W., and Orin, D. E., 1999, “A Compliant Contact Model With
Nonlinear Damping for Simulation of Robotic Systems,” IEEE Trans. Syst.,
Man, Cybernet. Part A. Syst. Humans, 29(6), pp. 566–572.

[13] Machado, M., Moreira, P., Flores, P., and Lankarani, H. M., 2012, “Compliant
Contact Force Models in Multibody Dynamics: Evolution of the Hertz Contact
Theory,” Mech. Mach. Theory, 53(1), pp. 99–121.

[14] Hanley, K., Collins, F., Cronin, K., Byrne, E., Moran, K., and Brabazon,
D., 2012, “Simulation of the Impact Response of a Sliotar Core With

Linear and Non-Linear Contact Models,” Int. J. Impact Eng., 50(1), pp.
113–122.

[15] Yigit, A. S., Christoforou, A. P., and Majeed, M. A., 2011, “A Nonlinear Visco-
Elastoplastic Impact Model and the Coefficient of Restitution,” Nonlinear Dyn.,
66(4), pp. 509–521.

[16] Searson, D. J., Anderson, R. W. G., and Hutchinson, T. P., 2012, “Use of a
Damped Hertz Contact Model to Represent Head Impact Safety Tests,” Pro-
ceedings of the 7th Australasian Congress on Applied Mechanics, A. Kolousov
et al., eds., Engineers Australia (National Committee on Applied Mechanics),
Barton, ACT, pp. 230–239.

[17] Searson, D. J., Anderson, R. W. G., and Hutchinson, T. P., 2012, “The Effect of
Impact Speed on the HIC Obtained in Pedestrian Headform Tests,” Int. J.
Crashworthiness, 17(5), pp. 562–570.

[18] Mizuno, K., Yonezawa, H., and Kajzer, J., 2001, “Pedestrian Headform Impact
Tests for Various Vehicle Locations,” Proceedings of the 17th Enhanced Safety
of Vehicles Conference.

114508-4 / Vol. 135, NOVEMBER 2013 Transactions of the ASME

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use

http://dx.doi.org/10.1023/B:MUBO.0000029392.21648.bc
http://dx.doi.org/10.1016/0734-743X(94)80033-6
http://dx.doi.org/10.1007/s11071-009-9471-6
http://dx.doi.org/10.1109/3468.798060
http://dx.doi.org/10.1109/3468.798060
http://dx.doi.org/10.1016/j.mechmachtheory.2012.02.010
http://dx.doi.org/10.1016/j.ijimpeng.2012.06.006
http://dx.doi.org/10.1007/s11071-010-9929-6
http://dx.doi.org/10.1080/13588265.2012.699271
http://dx.doi.org/10.1080/13588265.2012.699271

	E1
	l
	E2
	E3
	E4
	E5
	E6
	E7
	E8
	E9
	T1
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18

