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FINAL REPORT FOR
"Diagnosis and Prognosis of Filament Wound
Components Subject to Combined Loads Using
Nonlinear Signal Processing of Standing and
Traveling Waves”

Frequency Domain Evaluation of Helmet Padding
Performance

Janette J. Meyer and Douglas E. Adams

ABSTRACT

The final report for "Diagnosis and Prognosis of Filament Wi@omponents Subject to Combined Loads
Using Nonlinear Signal Processing of Standing and Trageélifaves” is presented here in the form of a journal
article. This article summarizes the approach, test pna@sg analysis methods, results, and conclusions assdciat
with the study of frequency domain techniques for charatey helmet and helmet padding performance through
nondestructive evaluation. Upon approval, this articlk bé submitted to an appropriate journal for publication
consideration.

1 INTRODUCTION

Traditionally, the main design criteria for an Army combatrhet has been to protect against ballistic penetration [1]
Recently, the need to protect soldiers against other typhazards, including blunt and blast impacts, has becomg-a si
nificant concern [2—6]. The standard methods to evaluatdnagt’s effectiveness in protecting a person from injury tlue
impacts are based on estimates of the amplitude and ducdtjpeak acceleration experienced at the center of mass of the
head. These methods distill the performance of the helntbitapadding down to a single number, which is compared to an
established threshold to determine the pass/fail stattieedielmet. While these methods provide an indication of el
the helmet and its padding attenuate the forces that aremiited through the helmet-padding-head system, they tigive
any indication of how each component contributes to thecgffeness of the system, nor can they offer any indicatidroof
to change the design parameters of the system in order t@iaperformance. In this paper, two frequency-domain evalu
ation methods, transmissibility and impedance modeling paesented which allow individual components to be etallia
in situ, and provide information which could potentiallfonm helmet and helmet padding design.

The evaluation of the effectiveness of a helmet typicallgetels on the type of helmet and the environment in which
it will be worn. Standards such as FMVSS 218 [7] and ASTM F78]’/Have been used to evaluate helmets including
motorcycle, football, and hockey helmets to ensure a basiel lof protection. These standards define the procedure for
performing impacts to the helmet-padding-head systensaarquirements, headform type (DOT, ISO, NOCSAE, etc.),
and other test parameters. Data acquired from these sthneldtests are then evaluated based on one of several standa
time-domain-based indices such as the peak value of théeaatien measured at the center of mass of the headform, the
Gadd Severity Index (SI) [9], or the Head Injury Criterioni@) [7]. Both the SI and the HIC are based on the amplitude
and duration of the peak acceleration of the center of matbgedfeadform. The thresholds for these indices are basdgton t
seminal Wayne State study which established the Wayne Bigenace Curve, shown in Figure 1. According to the study,



400

©w

o

=
L

Above Tolerance Level

Acceleration (ft / sec?)
= 5
(= o

Below Tolerance Level

0 2 4 6 8 10 12
Impact Duration (milliseconds)

Fig. 1: Wayne State Tolerance Curve. [10]

smaller amplitude accelerations can endure for a longex tivan accelerations with higher peak amplitudes beforsicgu
injury. Helmets which prevent the amplitude of the peak Bedion of a headform from exceeding the corresponding
threshold are deemed effective. Many studies are curréeilyy conducted to better understand the correlation legtwe
acceleration levels of the head and resulting injury, idiclg concussion and traumatic brain injury. These topiesaiside
the scope of this research and will not be addressed in tpisrpa

The current standard indices provide an indication of hoW amergy is being attenuated by the entire head-helmet-
padding system. One strength of these indices is that theyide a simple pass/fail grade for each helmet. However,
they give no indication of how each component is contrityitimthe overall performance of the system. Frequency-based
methods, including transmissibility and dynamic stiffe@seasurements based on impedance modeling, offer thetipbten
to separate the contributions of each individual compangstmpact energy is transmitted from the impact locatiortran
outside of the helmet, through the helmet, through the paygdito the head and to the brain, each component filters out
energy in different frequency ranges such that the forcésgon the brain are different than the forces that wereiagpl
to the outside of the helmet. The ideal helmet-padding systeuld attenuate all the energy at all frequencies. Intgali
different helmets and paddings attenuate energy diffsréatsed on many factors including their geometry and meateri
properties. Transmissibility and impedance modeling aaphes identify the frequency ranges in which each comgonen
best attenuate energy, and therefore, could provide viddebdback that can be used to improve the design of helngdet an
padding components.

In the next section, the transmissibility and impedanceeting approaches will be developed. Then, the procedure for
experimentally measuring the quantities required for the analyses will be presented. Transmissibility and impeda
based results will be presented for data acquired from anyAraimet with standard issue padding. These results will be
compared to those from data acquired from the same helmenhwit-standard padding, including pads filled with sandsgla
beads, and polystyrene pellets. The trends observed ia tiata sets will be compared to corresponding time domaan dat
acquired from standard drop tower testing. Finally, cosicins will be drawn about the potential of these frequenmyain
analysis techniques to guide future helmet padding design.

2 APPROACH

The approach for both transmissibility and impedance mndelnalysis rely on measurements made at the interfaces
between each component of the helmet-padding-head sy§ligore 2a shows a schematic of the system and the notation
that will be used to indicate each measurement point. ThecsijgtsHMO andHMI will indicate measurements associated
with the outside and inside of the helmet. Measurements rattle surface of the head will have the subscripi® and
those made at the center of mass of the head will have thergpiis€aM.

Transmissibility calculations can be made for any pair ohsugement points. The transmissibility, as a function of
frequencyw, between measurement poidtsndB is defined as the ratio of the measured responses:

_ Response B(w)

Tas(w) = Response A(w)

)

Any type of response spectra (acceleration, force, etcr) beaused in Equation 2, but as will be described in a later
section, acceleration will be used in this work. A transibisiy greater than one indicates that the response att@oia
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Fig. 2: (a) Measurement points, (b) force diagram, and (dppey model used for the helmet-padding-head system.

being amplified as the signal travels to pditin the context of helmet evaluation, transmissibilityued much less than
one are desirable between measurements on the outside lo¢lthet and those on the inside of the heln&ivo Hmi ).

at the surface of the headH{vonp), and inside the headi§mocwm). By calculating transmissibility values across each
componenf{nmo Hmi, THMIHD, THD.cm), the attenuation/amplification characteristics of eammgonent is quantified as a
function of frequency. Using this approach, each compocamte evaluated in situ, such that the boundary conditiods a
force preloading (from the chin strap tension, for examate)realistic.

In order to further evaluate how the properties of each camapbcontribute to the overall performance of the system,
impedance modeling can be applied. Impedance modelingrea®psly been used in seat comfort studies to quantify the
mechanical properties of the foam padding of a car seat [id }lae impedance of a seated human in order to minimize the
use human subjects during testing [12]. A similar approashhe taken to quantify the properties of the padding inside a
helmet. In Figure 2b, the forces that act on the helmet-pagtead system are diagrammed. The padding on the inside of
the helmet couples the helmet to the head, as shown in Figurmy2writing input-output relationships between the farce
and responses shown in Figure 2b, the stiffness and dampipeipies of the padding can be estimated. First, the frecyue
response functiorH (w), between a forcd;, applied at poinA and a respons&, measured at poirR, is defined as

Xp(w)
H = ) 2
B.A(W) Fa(®) 2
Using Equation 2, the displacements for the helmet and thd ban be expressed as
Xami = Humiami Fumir + Humi imoFHmo
Xup = Hup,HDFHD-
3)
The force that the padding exerts on the inside of the helfgt,, and on the surface of the hedglp, is
Fip = —Fumi = K(Xami — Xup) + C((XHm1 — X1p)) (4)

whereK andC are the coefficients of stiffness and damping arahdx are the displacement and velocity at the indicated
measurement point. Rewritten in terms of frequency, Equatibecomes

Frp (W) = —Fumi (0) = fo(Xami — XuHp) )

where f, = K+iwC and is called the dynamic stiffness of the padding. By suligig Equation 5 into Equation 2, the



Fig. 3: Impact testing setup.

displacements, and forcesF can be eliminated leaving

XD Humi HmoHHD HD T (W) ©)
Fumo  (Hup,np + Humipwn ) f(w) +1°

The expression on the left hand side of Equation 6 is equitdtethe frequency response function calculated from the
response measured at the surface of the head due to a foledagighe outside of the helmet. Solving Equation 6 figr
gives the following expression for the dynamic stiffnesshaf padding:

B Hup HMo
Humi imoHHD, HD — Himi Hmo (Hup,HD + Humi pmn )

f(w) (7)

Equation 7 gives an expression for the dynamic stiffnesh@piadding, a quantity which reflects the material propedfe
the padding, in terms of frequency response functions thatoe measured experimentally. As will be further explained
in the next section, the driving point frequency responsetions,Hyp np andHpymi xwmi, and the cross point frequency
response functiotnmi Hmo are measured at the component level, where the head andinet laee not coupleddnp Hmo

is measured at the system level, where the head and helmaiwgsked through the force of the padding, inherently thfoug
the tension of the chinstrap. This system-level measurememportant because it implicitly captures the effectsrod
boundary conditions and force preloads that are presemiasatte estimate of the dynamic stiffness of the paddingatsfle
its in situ performance.

3 EXPERIMENTAL SETUP AND PROCEDURE

Data for the transmissibility and impedance modeling asialgpproaches was acquired via impact testing on a helmet-
padding-head system consisting of an Army-issued combatdieseveral standard and non-standard sets of paddidg, an
a Denton Hybrid 11l 50th percentile head and neck systemeldiv a steel block. Figure 4 shows the setup. PCB 352C22
single axis accelerometers were mounted on the outsidacgudf the top of the helmet, as shown in Figure 3c, and the
corresponding point on the inside surface of the helmet. B B82A24 single axis accelerometer was mounted on the
surface of the head such that it was aligned with the helmetmses when the helmet was installed. Finally, a Silicon
Designs 2460-050 DC triaxial accelerometer was instaltettiea center of mass of the head. Impacts were made with a
PCB 086D05 modal impact hammer with a rubber tip. SeveraloNat Instruments 9234 four-channel data acquisition
cards were used with an NI cDAQ-9178 8-Slot USB chassis taieethe data. Data analysis was performed in MATLAB.

Six sets of paddings were used during testing. Three sedy, (glack, and memory) were issued by the Army as part
of a blind study. Therefore, the composition of the pads snamwn to the authors. Qualitatively, the pads referred to as
"black” and "gray” were of similar stiffness and the "membpads felt similar to memory foam. Three non-standard sets
of pads were assembled to provide further basis for comgrarisigure 4 shows the three different materials used td&ll t
non-standard pads. Three millimeter diameter glass bedd® play sand, and 5 millimeter polystyrene foam pelle¢sev
encased in muslin pouches and secured in the helmet witho/eltie shape and dimensions of the pouches were designed
to match those of the standard-issue pads. The pad conf@ucain be seen in Figure 4d.



(a) Glass beads. (b) Sand. (c) Polystyrene pellets. (d) Pad configuration. (Gray padding
shown.)

Fig. 4: Non-standard padding filling and padding configarati

(b)

Fig. 5: Drop tower setup.

Data for the transmissibility analysis was acquired from llelmet-padding-head system for each of the six padding
types. Each data set consisted of five impas®00-1100 N) made to the top of the helmet while the responsaweasured
at each of the sensor locations. Frequency response foeotiere calculated for each response measurement and the
transmissibility between different measurement points eaculated by taking the ratio of the respective frequeasgonse
functions.

The data for the impedance modeling analysis required battes level (i.e. the helmet-padding-head system) tests
and component-level tests. As described in Section 2, kaqu@trequires the driving-point frequency response flomd;j
Hup,Hp andHumi Hvi, and the cross point frequency response functityiy Hvo, be measured while the helmet and head
are not coupledHnp Hp, therefore, was calculated from the data acquired whileattipg the surface of the head directly
and measuring the response of the head at the impact poénttaé helmet had been removed. Due to the difficulty of
impacting the concave, inside surface of the helrHei Hvi was assumed to be equallpmoHmo, the driving point
frequency response function corresponding to the impatt@easurement point on the outside of the helmet. Data used to
calculateHymo HMo andHumi Hvo Was acquired while the helmet (with no padding) was sittingacsoft, foam block to
simulate free boundary conditiondymo Hmp iS @ system level measurement and was, therefore, acquinigelitive helmet
and padding were installed on the head. Chin strap tensiemeiameasured, but before each data set was acquired, the chi
strap was tightened as much as possible. Care was taken tosuakthe fit of the helmet was appropriate, especially when
the non-standard paddings were installed, and that cobé&iateen the sensor on the top of the head and the padding was
sufficient.

It should be noted that the experimental setup describedesdoad shown in Figure 3 is not the same as the setup that the
standard helmet evaluation tests call for. The standarctipesis use a drop tower in which the helmeted headform (with
the neck) is dropped with a pre-determined velocity ontanapeictor. The response at the center of mass of the headform is
measured and one or more of the standard indices descril@=ttion 1 is calculated from the measured acceleration data
For reference, two sets of drop tower data were acquiredjubmsame helmet and same six sets of pads that were used in
the impact hammer testing. Figure 5 shows the setup usetdalrop tower testing. Drop velocities of approximatelysl1.
and 16ft/swere used. Three drops were performed for each padding latoddice drop velocities for a total of six drops
per pad type. The peak acceleration and the Gadd Severix (&) [9] were calculated for each drop.
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Fig. 6: Transmissibilities calulated from impact testifglee helmet-padding-head-system. The black line in eaeplgr
indicates a transmissibility of one.

4 RESULTS
4.1 Transmissibility

Transmissibilities between the following measuremenhfsowere calculated: outside of the helmet to inside of the
helmet, inside of the helmet to surface of the head, surfatkeeohead to center of mass of the head, and outside of the
helmet to center of mass of the head. This last transmiggifilantifies how well the force applied by the impact hammer
to the outside of the helmet is attenuated by the total hepadtding-head system. The other transmissibilities dfyant
force attenuation through each of the components of thesysFigure 6a shows the transmissibility through the helmet
A black reference line is shown @t= 1. Transmissibilities greater than one indicate that theefas being amplified as
it travels from measurement poiAtto measurement poifd. For frequencies between 50 and 225 Hz, the transmisgibilit
of the helmet is relatively constant, is independent of theéding installed in the helmet, and shows that the forcekig t
frequency get amplified by the helmet. The transmissibditielow 50 Hz show considerable variation with the change in
pad type. Itis likely that the different boundary conditsqurovided by the different pad types caused this variation.

Figure 6b shows the transmissibility from the inside of tledntet to the surface of the head. This metric quantifies the
effectiveness of the padding in attenuating the forceswleaé not dissipated by the helmet. For all pads except thesgla
and foam-filled pads, the forces were attenuated throughedtequency range. Both of these pads amplified forcesein th
12-20 Hz range. Overall, these transmissibility resuliggest that the glass- and sand-filled pads were least efdati



attenuating forces, and the black pads were most effedive foam-filled pads were very effective at high frequendies
not as effective at frequencies below 17 Hz. The memory aag gads had very similar transmissibilities.

Figure 6¢ shows the transmissibilities from the surfacéheftiead to the center of mass of the head. It was expected
that these transmissibilities would be very similar beeahg system between the surface of the head and the centasef m
of the head did not change from test to test. However, as veasabe with the transmissibility from the outside to thedasi
of the helmet, it appears that the response of the head igisagrily affected by the boundary conditions provided bg th
padding. For all the padding types, most forces below 75 ldatenuated, with the most notable exception being the peak
at 24 Hz. Above 75 Hz, the transmissibility between the sigfaf the head and the center of mass of the head appears to be
a function of the padding type.

Finally, Figure 6d shows the overall transmissibility oé tsystem, from the outside of the helmet to the center of mass
of the head. Mathematically, this transmissibility is threguct of the previous three transmissibilities that wasewssed
above. Qualitatively, this transmissibility is a measurbaw effective the total helmet-padding-head system istahaating
the impact force applied to the outside of the helmet. Thedisen this transmissibility are similar to those in the padd
transmissibility data shown in Figure 6b. The foam-filledipand the black pads distinguish themselves as being most
effective. Except at very low frequencies, the glass-filahd-filled, and memory pads have similar transmiss#slitThe
gray pads appear slightly more effective than those thrdeygees.

It is important to note that the frequency bands in which treerbis most susceptible to injury is not well understood.
As stated earlier, many researcher are currently studyiegaorrelation between different types of impacts and tkéérct
on the human brain, but this topic is outside the scope ofibik.

4.2 Impedance Modeling

The component- and system-level measurements that wesglksin Section 3 were used to calculédgusing Equa-
tion 7. Recall that in the derivation fdt,, displacement frequency response functions (FRFs) wer lEsxperimentally, it
is more common to measure acceleration-based FRFs. Thiemslap between displacement FRF (i.e. receptance) and th
acceleration FRF (i.e. inertance) in the frequency donsaamultiple of—w?, wherew s the frequency variable. Therefore,
it is assumed here that the trends seefijrcalculated with acceleration FRFs will be similar to thentte in f, calculated
from displacement FRFs.

Figure 7 shows the magnitude, the magnitude of the real gadtthe magnitude of the imaginary partfgfcalculated
from data acquired with each of the six padding types irexdh the helmet. By analyzing Equation 6, it can be deterthine
that small values of, are most desirable. A, tends toward zero in Equation 6, the right hand side tendsrtm Physically,
this means that the smaller the magnituddgfthe less coupled the response at the surface of the heathss fiarce being
applied to the helmet. Based on this reasoning, it can benadxdéhat the trends in the amplitude fgf match well with what
was observed in the transmissibility data. The sand-fillediding exhibits the overall highest magnitude fgr while the
black and the foam-filled pads have the lowest overall anngidis. In the low-frequency range below 50 Hz, the magnitudes
of f, calculated for the different pad types are similar. The nobstous differences in th&, values occur at frequencies
above 100 Hz.

Also shown in Figure 7 are the magnitudes of the real and inaagiparts off,. Whenf,, is calculated using displace-
ment data, the real part estimates the stiffné&gsof the padding and the imaginary part estimates the dangiatpd by
the frequencyCw). The values shown here are scaled-by? because the calculation fdg, was done using acceleration
data. In general the trends observed in plot for the magaitdid,, are also observed in the magnitude of the real paft,of
There are several frequency bands in which the magnitudégeafaginary part of,, exhibit unique trends for each type
of padding. Without knowing the correlation between fregmeband and risk of injury, it is difficult to draw conclusi®n
about which trends may be desirable. If those correlatisaseatablished, this method provides a means for evaluating
which paddings perform the best in certain frequency baBgdsorrelating the properties of the well-performing padgw
the frequency bands in which they are most effective, designpaddings that protect across broader frequency baags m
become evident.

4.3 Drop Tower Testing

Three metrics were calculated from the data acquired fradtbp tower tests. First, the peak acceleration was iden-
tified for each type of padding. Those results are shown,galeith the raw time histories, in Figure 8. For the higher
drop velocity (L6 ft/s), the peak accelerations (red circles) were highest whegldss- and sand-filled pads were installed.
The gray and memory foam pads performed the best. For the lslecity drops 11.5 ft/s, black x’s), the sand- and
glass-filled pads again performed poorly, but the perfoiceart the other pad types were less distinguishable. Thendeco
metric calculated for the drop tower data was the SeveritgX(SI) and is shown in Figure 8d. The trends in the Sl were
very similar to those in the peak acceleration data.

The third metric calculated was the autopower spectrumeftiteleration measured at the center of mass of the head.
The purpose of this analysis was to correlate the trendsreddén the frequency domain with the time-domain metrics
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described above. Figure 9 shows the spectra calculatedtfremcceleration measurements acquired with the differaaht
types installed and at each of the two drop velocities. Tégifency range shown was chosen because it contains at3éast 9
of the signal energy. The autopower spectra exhibit theskirdifferences at frequencies above 50 Hz, although diifes
below 50 Hz are also apparent. The glass- and sand- filled padsthe highest amplitude across most of the frequency
range. As the other metrics indicated, the differences éetvthe other pads diminish for the lower drop velocity.

5 CONCLUSIONS
The current standards for evaluating a helmet’s effecégsiin protecting a person from injury due to impacts arease
on estimates of the amplitude and duration of peak accearaxperienced at the center of mass of the head. These dsetho
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Fig. 8: Results from drop tower testing of combat helmet wifferent padding types using drop velocitiessol 1.5 ft /s (o)
and~ 16 ft/s(x).

reduce the performance of the helmet and its padding dowsitmée number, which is compared to an established thrdshol
to grade the performance of the helmet. While these methadsde an indication of how well the helmet and its padding
attenuate the forces that are transmitted through the hgdadeling-head system, they do not give any indication @f ho
each component contributes to the effectiveness of themystn this paper, two frequency-domain analysis techrsque
were presented. Transmissibility analysis was appliedrieioto characterize the contribution of each componentef t
helmet-padding-head system to the overall performancaéehtlmet. Impedance modeling was presented as a means
to identify the material properties of a padding which leadgbod performance. These two methods were applied to
data acquired during impact testing on an Army combat heimitst sStandard and non-standard paddings installed. Both
methods were able to identify the sand-filled pads as thegsbperformers and foam-filled and black standard-issus pad
as the best performers. Furthermore, the frequency rangeedid Hz was identified as the range in which the biggest
differences in performance were observed. Data from drepitéesting was also analyzed in order to correlate the srend
observed in the frequency domain with the standard meti@sod correlation was observed between the amplitude of
the autopower spectra calculated using the accelerati@asumed at the center of mass of the headform and the peak
accelerations and severity indices calculated from the-immain data. The data acquired from the higher drop ugloci
more clearly distinguished the differences in the perfaroeeof the different pads. Based on this observation, it sside
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Fig. 9: Frequency-domain results from drop tower testingashbat helmet with different padding types.

that the results from the frequency domain analyses woulgtghow the differences in padding performances if higher
force levels were used. Finally, in order for frequency domamalyses to be more meaningful, correlation betweereforc
levels in different frequency bands and injury must be disadd. When the frequency bands in which forces can theecaus
the most harm are known, frequency domain techniques suthresnissibility and impedance modeling will allow more
effective padding and, therefore, safer helmets to be dedig
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