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Despite well established international helmet testing standards 
and the requirement of competitive athletes to wear protective 
head gear, an estimated 1.6-3.8 million sports related mTBI’s 
occur each year[1]. The primary purpose of a helmet is to 
reduce the severity of a head injury. To assess this impact 
severity most standards are based on human tolerance curves 
for head trauma[2]. By increasing the duration of contact and 
lowering the peak acceleration, the helmet reduces the risk 
associated with of blunt force trauma. The certification 
standards used to approve helmet performance (CSA, ASTM, 
ISO) rely on metrics of global acceleration and puncture 
prevention. However, there exist situations where high 
velocity, low mass projectiles (e.g. a hockey puck) can cause 
extremely high focal forces at the impact site while global 
acceleration remains relatively low[3]. Finite element modeling 
can be used to estimate these focal force values, although 
little work has been done to asses these measures directly. To 
capture this helmet-to-head force transfer, conventional force 
sensor ‘mats’ provide high spatial resolution; however, they 
typically lack the necessary sampling rates, conformity and 
durability for multiple impact measurement of a curved 
surface. Hence, the purpose of this study was to design a 
flexible, cost-effective and durable high speed force 
measurement system and conduct pilot testing to examine 
blunt and projectile impact scenarios.

System Design and Calibration 
A compact amplifier was designed and built to power an array 
of 16 Flexiforce® sensors (A201-100 Tekscan, Boston, MA). A 
USB data acquisition device (NI USB-6210, NI, Austin, TX) 
powered by a portable laptop recorded synchronized force 
readings providing higher speed (15KHz/Sensor) and signal 
resolution (16-bit) than many available systems. Power for the 
amplifier is obtained through the laptop USB port hence the 
unit is portable for field testing. Prior to use, each sensor is 
conditioned at 110% load and dynamically calibrated from 
0-1000N using a material testing machine at a load rate of 
1000N/sec. Five individual calibrations were performed for 
each of the 16 sensors and corresponding voltage signals 
correlated to force. 
Drop Testing (High mass, Low Velocity) 
A force plate was instrumented with a 10x10cm array of 13 
Flexiforce® sensors (Figure 1). Several types of 10x10cm 
foam samples were tested on top of the array and impacted 
with 10J of energy by a 5kg spherical impactor. Vertical 
acceleration was recorded at the CoM of the impactor.
Projectile Testing (Low Mass, High Velocity) 
To test the response of the system during high velocity 
impacts a NOCSAE full face headform was instrumented with 
13 Flexiforce® sensors at the front location (Figure 2). An 
medium sized EPP hockey helmet was placed on the 
headform and a pneumatic cannon was used to fire a hockey 
puck at 28m/s toward the central sensor.

Calibration and System Accuracy
Raw voltage signals from the Flexiforce® sensors recorded 
during the 5 individual calibrations were pooled and correlated 
to applied force using linear regression. The average (mean 
±standard deviation) linear correlation across all sensors was 
acceptable (R^2=0.995±0.003, RMSE=16.3±4.69N), however 
using 3rd order polynomials this improved to (R^2=0.9997
±0.0002, RMSE=4.58±1.18N).
Drop Testing Results
A sample 10J foam impact with metrics of acceleration and 
load distribution is shown in Figure 3. Average acceleration 
values were nearly identical between foam samples however 
measurement of load distribution showed a two-fold difference 
in peak focal force between two different foam types.
Projectile Testing Results 
Peak force distribution for a 28 m/s puck impact to the 
helmeted forehead is presented in Figure 3. Peak force values 
were upwards of 425N, which converts to ~6 MPa. Bishop and 
Arnold (1993) measured pressures in the range of 10-15MPa 
at the same impact velocity to an area with typically less 
padding (temple) using pressure sensitive film.

This system was shown to be repeatable and accurate for the 
selected measurement range. The Flexiforce® sensors allow 
conformity to the curved surfaces of the head and are capable 
of measuring impact dynamics. Sensor life was impressive; 
during 600 recorded impacts replacement of the central 
sensor was required only once. When sensor replacement 
was necessary the process was simple and cost effective. 
The measure of acceleration as the primary predictor for 
helmet performance does not capture differences in focal 
forces as demonstrated (Figure 3). These differences could be 
attributed to factors such as foam stiffness, overall contact 
area and shell geometry. This system provides empirical data 
for use in direct assessment of helmet performance. In turn, 
this could aid in design of protective equipment through 
analysis of the load distributions and could provide additional 
data to aid in computation of finite element models.
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Figure 2: Force sensor array on a NOCSAE full face headform (left) and 
laser alignment of the puck cannon to the central sensor (right)
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Figure 1: Testing apparatus for helmet foam samples. 13 Flexiforce® 
sensors are arranged in a 10x10cm array. Vertical acceleration is measured 

at the spherical impactor and global force is measured at the load cell.
Figure 3: A) Acceleration and peak load distribution of a 12.5mm EPP foam during a 10J impact. B) Acceleration and peak load distribution of a 12.5mm urethane 

foam during a 10J impact. C) Force vs time and peak load distribution for a 28 m/s impact of a hockey puck to forehead of an EPP type helmet.
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0 10.5 1.5
0

100

200

300

400

Fo
rc

e 
(N

)

-1.5

-1.0

-0.5

0

0.5

1.0

1.5

`

Fo
rc

e 
(N

)

0

400

300

200

100

-3 2 0 1 21 3
M-L Position (cm)

A
-P

 P
os

iti
on

 (c
m

)

 
0Time (ms)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


