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ABSTRACT

The External Peripheral Instrument for Deformation Measurement (EPIDM) or “chestband” is
currently the only viable instrument capable of measuring chest deflection in dynamic tests with
cadaver subjects. The chestband, a belt-like instrument that encircles the chest, uses a series of strain
gages along its length to measure curvature. The curvature data is used to create a closed curve that
describes the shape of the chest. Previous testing conducted at our lab, and at others, indicated that
the chestband’s accuracy was variable. In order to explore chestband performance, a series of static
tests were conducted in which the independently measured chestband contour was compared to that
calculated using chestband strain gage data. The chestbands were installed on a male Hybrid 111
50" percentile dummy and four cadavers whose chests were loaded by either a rigid indentor or a
simulated roped shoulder belt. Another test series involved fitting the chestband to various shapes
that approximated a chest cross-section deformed by a restraint system. The test results suggested
that inaccuracies in calculated chestband contours were due to the inability of the chestband to
resolve subject ribcage surface discontinuities. In several of the tests, surface features created radii
of curvature too small to be properly characterized by the present spacing of chestband strain gages.
Insufficient gage density was also suggested by the sensitivity of contour error to the placement of
individual chestband strain gages relative to the point of load application. Faulty gages were found
to affect the contours in a manner similar to that of a lack of resolution. The results of this
investigation suggest the need for improvements in chestband resolution and durability and the need
to fully understand the chestband’s capabilities and failure modes.

BACKGROUND

he External Peripheral Instrument for Deformation Measurement (EPIDM), commonly known as
the chestband, is a device that records the surface contours of a body cross-section as it deforms
in time. It was developed for the automotive crash environment to evaluate the response of the human
cadaveric thorax in a noninvasive manner (FIG. 1) (Eppinger, 1989). In its current form, the
chestband consists of a steel strip that is 140 cm x 1.25 ¢cm x 0.025 c¢m with forty sets of four strain
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gages bonded every 2.5 cm along its length. Each strain page set. configured as a Wheatstone bridge.
15 wired to a small flexible circuit board that provides the termmal for a nibbon cable. The entire
assembly is potted in a medium-hard urethane rubber sheath approximately 3.5 mm thick. Each set of
gages, commonly referred 1o as a single “gage”, forms one data channel, Each “gage” provides
curvature information for 115 location on the chestband. Software has been developed to use the

curvamre from the mdividual gages to create a closed curve that describes the shape of the thorax
during crash loading.

In most of the tests conducted at the University of Virginin Automobile Safety Laboratory
{UVA), installation of chesthand involved tightly wrapping two chestbands around the test subject
and securing the band with tape. In the Hybnd 111 5th percentile male dummy tests, the bands
encircled the ribeage at the level of the second and fifth ribs (FIG. 2). In tests with cadavernic subjects,
the bands are installed at the level of the fourth and eighth ribs as defined by their location in the mid-
coronal plane,
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FIG. 1. Chesthand consiruction cross-section,

Chesthand Performance

Prior research suggests that the acewrmey of the chestband is dependent on the loading
environment, Eppinger (1989) reported that prototype chestbands mapped the actual contours of
chest-forms to within 0.6 cm, but cautioned that chestband accurney was a “function of both the
complexity of the geometrical shape being measured and the number of sensing elementis placed on
the band and their location.” An early 16-gage chestband was able to. define the actual contours of
foam chest-form to within approximately 0.8 cm (Shaiban and Khaewpong, 1990).
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FIG. 2. Front view of the Hybrid 11 dummy rorso showing chesthands mstalled directly on the ribeage.

A — Upper chestband imstulled at the level of the 2™ b, The numbers snd vertical lings
indicate the location of the gages,

B — Lower chestband mstalled at the level of the 5™ rib

C — Cable hamess.

D— The stiff plastic sternal plate of the dummy.

A 3T-gage chestband reproduced the actual contour of o chest-form shuped to simulate
deformation due to shoulder belt loading {Hagedomn and Pritz, 1991; Hagedorn, 1999), These authors
also reported good results for ests conducted with 37 and 40 page chestbands in which the dummy
chest was compressed quasi-statically with a 17.8 cm x 5 em indentor with o surface shaped to
simulate a roped shoulder belt and with a flat 203 ¢m diameter indentor. Pintar et al., (1996) reported
tess than 2% difference between actual and chestband-derived chest breadth and width in side impact
tests in which a wall loaded the side of the dummy’s thorax.

In pendulum impact tests in which the chest was loaded by a 20.3 cm diameter cireular
mdentor, a 40-gage chestband installed above the dummy skin performed inconsistently (Hagedom
and Burton, 1993). In a qualitative assessment of the test results, the authors concluded that poor
results were more common when the chestband was installed direetly on the ribeage and under the
skin of the dummy as is illustrated in FIG. 2. Erroneous contours were produced in Tof the 50 impact
tests Hagedorn, (1999) suggested that the poor results for the under the skin tests were due to the band
being locally defonmed by stemal plate bolt heads.

Recent sled testing, conducted with the chestbands installed under the subject’s skin,
produced effects similar to those reporied by Hagedom and Buron, (1993), namely the inability of the
chesthand to resolve local surface discontinuities. UV conducted a series of fronml 35 knvh sled tests
with the Hybrid 111 50" percentile male dummy using force-limited belis and standard (first
peneration) air bags, In an attempt to measure only ribcage deflection (and not the compression of the
overlying skin and tissue), we installed the chestbands under the skin, The chest contours and chest
deflection caleulated by the chestband software did not agree with internally mounted chest deflection
instruments (string potentiometers and chest slider), Evidence from these tests and those reported by
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Hagedom, (1999) suggested that these internal instruments provided more accurate deflection data
than the chestbands,

In some of the tests, the upper chestband contour bulged out, rather than in, directly under the
shoulder belt (F1G. 3). In one test, the contour failed to record substantial deformation until long after
the peak shoulder belt load was achieved, We examined the chestbands’ integrity and reviewed the
chestband data processing procedures without finding evidence of malfunction or error. In order to
FIG. 3. Chestband contour for sled test. Contour axes are scaled in centimeters. The overlay plots are shown for
0.1 ms and 60 ms after the beginning of the impact. At 60 ms (bold line), the durmmy’s torso had losded the
shoulder belt which recorded more than 3000 N of tension. The shoulder belf loaded the chest in the ares in
which the 60 ms contour bulged o

with local nbeage surface irregularities, the dummy’s ribcage surface was made smoother.
Screw heads under the chestbands were countersunk and a system of rubber shims were installed to
fill the voids between the chestband and the nbeage. Sled tests conducted with these dummy
maodifications contimued to produce erroneous comours.

The investigation described in this paper summarizes our efforts to assess the chestband's
ahility to measure chest deflection accurately.

FIG. 3. Chestband contour for sled test. Contour oxes are soaled in centimeters. The overlay plots are shown for
0.1 ms and 60 ms after the beginning of the impact. At 60 ms (bold line), the dummy’s torso had loaded the
shoulder belt which recorded more than 3000 N of tension. The shoulder belt loaded the chest in the arca in
which the 60 ms contour bulged out.
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Investigation Of Chestband Performance

Because ine the cause for the observed contour errors in the dynamic sled test environment,
we proceeded with an investigation that involved three series of carefully controlled static tests of
chestband performance.  The first senies of tests used a rigid indentor to compress the chest of either o
test dummy or & cadaver test subject. These tests were designed to investigate the *bulging out”
behavior recorded in the sled tests (FIG. 2). The second test series, involving cadaver test subjects,
used a simulated roped shoulder belt to approximate the chest loading conditions m a frontal sled test
more closely.  The third series of tests explored the chestband's abality to sccurately map the contours
of models of the chest (chesi-forms), The chest-forms were constructed in the shape of chest ¢ross
sections deformed by shoulder belt loading.

Static Chest Deflection Tests with a Rigid Indentor

Method.  Two serigs ol static tests, one with a Hybrid 111 dummy and one with a cadaver,
were conducted to investigate spurious chestband performance. The tests were designed 1o simulate
the normal loading due to & shoulder belt in 4 55 km/h frontal crash. A 3.0 em dinmeter rigid indentor
was used to compress the anterior chest (F1G. 4),

FIGH 4, Rigid mdentor test.

The chest was deflected using a 3.0 cm metal eylinder | A) attached to a clamping device, The
cylinder was positiened over the upper chestband (B) and immediately to the right of the steral plate
(C). This area is designed to “hinge™ in response to compressive chest loads. The upper right string
potentiometer attachment point was near the point of deflection.

The first series of static tests was designed to investigate how forcing the chestband to
conform to local ribeage irregularities affected chesthand contours. We hypothesized that local band
curvatures of significant magnitudes that were spaced too closely together to be sufficiently resolved
by the 2.5 em gage spacing of the chestband might cause unreasonable contours,

A chestband was installed directly on the ribeage of a Hybrid 11T dummy ot the level of the

second rib. We tned two different schemes that employed spacers or “shims™ to fill voids created
between the band and the underlying substrate in order to “smooth” the sternum area of the dummy
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thorax. The gystem used in the prior sled tests was modified to mnclude additional shims and o
one-picee plastic bridge to smooth the transition between the rib and the sternum plate further. This
arca “hinges” as the thorax is compressed and produces a “valley™ into which the chestband can be
foreed. We suspected that this irregulnrity was responsible for the inconsistent sled test results.

In addition to testing the effects of the shim systems on the chestband contours, the eftects of
the position of specific gages relative to the above-mentioned “valley” irregularity were investignted
in these tests, We suspected that the pages were spaced too far apart to record sufficient local
curvature information. In order to conform to the narrow valley, the chestband exhibited both positive
and negative contour in 4 section that had only onc gage (FIG. 5). With each shim system installed on
the dummy thorax, the chestband was rotated around the ribcage between installations in order to vary
the orientation of a particular gage relative to the “valley™.

@ - Cigge location

= Positive curviture

N O - Negative curvaline
| “Yalley” on
| chest surface

S Chestband

FIG. 5. Chestband foreed into “valley™ on chest surface. The only gage in this section of the chestband reconds
positive curvature and fails to record the negative curvature in the bottom of the valley.

Results. The shims did not eliminate the “valley” produced at the rib/sternum junction during
ribcage compression. The chestband results were sensitive to both the sternal plate/rib hinged junction
and the gage locations relative to this feature. When gages were placed on either side of the junction,
the contour bulged out where the indentor had pushed in (Test 1, FIG. 6). When a gage was centered
under the indentor and over the junction, the resulting contour appeared more believable, but
substantially overestimated the actual deflection (Tests 5, FIG, 6). The contours were extremely
sensitive to small differences in the location of gages relative 1o local irregularities. Rotating the
chestband around the torso resulted in markedly different contours.

Ohservations,  These tests suceessfully replicated the “bulging out”™ behavior seen in prior
sled tests (FIG. 3). The results in these tests paralleled those reported by HAGEDORN and PRITZ,
(1991} in which a 37-gage chestband was wrapped around a wooden chest-form shaped 10 simulate
deformation due to shoulder belt loading: To investigating the effects of gage spacing, confours were
generated using every second gage. The chestband underestimated the actual chest deflection when
the gages lay on cither side of the depression and overestimated the deflection when a gage was
centered in the depression (FIG. 7). The 3 em gage spacing was too great to resolve the 2.5 cm madius
of curvature of the depression. When information from all 37 gages was used, the 2.5 cm gage
spacing was sufficient to resolve the actual contour.

In our tests a similar effect accurred, only on a much smaller scale. The chestband was forced
into o radius of curvature of 1.5 cm or less. Because the radius of curvature was substantially smaller
than the 2.5 ¢cm guge spacing, the 40-gage chestband was not able fo resolve the actual contour. It
should be noted that the effects of this lack of resolution might not reveal itself as an obvious bulge-
out under the shoulder belt. In most cases, the effects will be more subtle, and similar to those seen in
FIG, 7. Both the contour from the simulnted 16-gage chestband and that from the 37-gage chestband



would be plausible results from a cadaver sled test.  Without the sctual contour provided by the
wooden chest-form, it would be difficult to know which contour was scourate.

Chesthand Contowr: Chestband Contiour:
Ao
]
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¥ fem) < lom
= Claige Position
* Skemuam :
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Local Conditions: Local Conditions:

Test Conditions: Test Conditions;

Mundre| Digmeter: 30 mm Rl Dbt 30 man
ADP ljed Compression: 13 mm Applicd Compression: 30 mm
Measured Rib Deflection: MM ensured Rib Daflection; -27 min
Chesthand Max. Deflection (Est). +22 mm Chesthand Mox. Deflection (Est)l: =52 mmi
String Pot Deflection: -8 mm String Pot Deflection: -26 mm

FIG. 6, Test conditions and results for the ripd indentor (a) test | and (b) test 5.

The drawing shows a top view cross-section of the cylindrical indentor, the chesthand and
dummy right anterior chest wall. The numbers along the chestband indicate the gnge locations, The
rubber wedges were added lateral 1o the sternal plate in order to smooth the substrate over which the
chestband was mstalled. In Test 1, as in the sled test (FIG.3), the contour bulged out where
compressive force was applied, In Test 5, the contour overestimated the actual deflection. The arrow
an the contour plot indicates the direction of force applied by the eylindrical indentor. “NM™ indicates
that this parameter was not measured.

Cadaver Test Subject.  The second series of static tests involved installing a chestband on a
52 kg male cadaver above the skin and over the junction of the sixth rib with the sternum, The 30 mm
dinmeter rigid indentor used in the Hybrid 111 dummy tests was used to deflect the chest.

Despite modest deflections (< 2.3 em), the calculated values differed significantly from the
measured values (FIG. 8), As in the Hybrid Il tests, when the indentor was placed near or directly
over 4 gage, the chestband contour overestimated the actual deflection. When the indentor was placed
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between gages (FIG. 8, Tests A and B), the program underestimated deflection for Test A and
overestimated deflection for Test B, A post-test review of the loading sites suggested that the
differences between these tests may have been due 1o differences in the ribcage underlying the gages.
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FIG, 7. Hagedom and Pritz, (1991) wooden chest-form jest results. The solid lines represent the oulling of the
wooden chest-form, The dashed lines represent the gutline as caleulated using the chestband gage outputs, In the
top drowing, gages, depicted as small squares, were positioned on either side of the central depression. In the
bottom drawing, a gage was centered over the depression. The simulated 5 cm gage spacing was oo great o
wllow securmie ealeulation of the chesi-form contour.

In the case of Test A, the indentor pressed the chestband into the centerline “valley” between the ribs
just below the sternum. In Test B, the indentor was over the right side of the ribeage that had no

prominent discontinuities.
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FIG, 8. Rigid indentor test results for cadnver test subject.

In both the dummy and cadaver tests with a rigid indentor, the accuracy of chestband contours
was affected by ribcage surface discontinuities and the position of these discontinuities refative to
individual gages. These results suggested that the chestband locked sufficient resolution for this
loading condition, which was an approximation of shoulder belt loading in a frontal crash test.
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The calculated values were seuled from the chestband contour plots ar, in case of centerling
deflections, the caleulated value was derived from the contour program’s reported chest depth value.
Estimnted error is+ 0.2 em forall values,

Static Chest Deflection Tests With a Simulated Roped Shoulder Belt

Method. A series of static tests was conducted with three cadaver test subjects to evaluate
both under-and over-the-skin chestband installation. Instead of using 2 rigid indentor that was used in
the previous test series, the chest was loaded with a 2.5 cm wide belt to simulate a roped shoulder belt
(FIG. 9). We considered this condition to be a reasonable worst-case scenario for a 35 kmvh frontal
crash.

FIG. 9. Roped shoulder belt ( A) 1esr setup,

In this view, the subject’s head is at the center bottom of the photo. The subject was on his
back under & measurement frame (B), The shoulder belt has been tightened via a scissors jack under
the support surface to compress the chest 5.2 ¢m, as measured at the intersection of the shoulder belt
centerline and the upper chestband. The scale on the frame above the subject was used 1o define the
laboratory measurement system,

For each test, the belt was tightened in stages. At each of the five smges, we measured the
change in position of six gages near the intersection of the belt with chestband relative 1a the
laboratory.  The data from the chestband guges was taken prior to the physical deflection
measurements. During the time between the data collection and the physical measurements. the chest
continued to deflect. For the two in which it was monitored, this deflection or “creep” was no more
than 0.2 em.

Reswlts.  Figure 10 summarizes the test condition and results. The calculated deflections
underestimated the actual deflection by various amounts (FIG. 10A). For actual deflections less than
5 om, three of the four tests recorded caleulated values that were less than (1.5 em lower than the actual
values. For netual deflections of more than 3 cm, ene of the under-the-skin 1ests indicated caleulated
values more that 2.5 em lower than the actual values. Figure 108 presenis the results of an above-the-
skin test at the level of 4" rib.  After the test, we found that a chestband gage malfunctioned near the
location of belt loading. We calenlated the deflections with and without the fauly gage. This gage
provided an mconsistent signal resulting in caleulated deflections that varied from the actual value by
+3 10 -2 em, After the gage was removed from the chestband calculations, the predicied value was
within | em of the actual value,
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Negative values indicate that the chestband caleulation underestimated the actunl chest
deflection, Zero values indicate no difference between chestband-calculated and actunl deflection,
“Linder the Skin™ and “Aboye the Skin™ describe the chestband installation. The chestbands encircled
thee chest at the level of the indicated rib and its intersection with the mid-coronal plane. Graph B test
conditions included a chestband installed above the skin at the level of the 4" rib. Calculations of
chest deflection were made before and after removal of dota from a faulty chestband page.

Observations, The results of these tests suggest that under-the-skin chesthand installations do
not provide a relisble estimate of chest deflection.  The calculated chest deflection deviated
substantially from the actual values at the higher deflection levels for the under-the-skin tests, The
deviation may have been caused by o combination of sufficient normal force from above (supplied by
the belt) and a sufficiently rigid cormugated or hinged substrate (the locally fractured ribcage), We
suspect that small chestband radius of curvature (0.6 cm est ), gupe placement relative to the point of
load application, underlying cormugations, and substrate rigidity combined to produce erraneous
chestband results.

Under most conditions, sbove-skin installations provided reasonably accurate estimates of
chest deflection despite the small radii of curvature required of the chestband in the large deflection
conditions. The chestband did not demonstrate the obviously aberrant behavior scen in prior Hybnd
111 tests with the rigid indentor. In most of the tests, the chestband-calculated chest depth agreed will
with the actual chest depth under minimal to moderate chest deflection. The greatest differences
between calculated and actual values were seen between at the higher deflection levels and with
under-the-skin chesthand installation: The tests demonstrated the potential for ervatic behavior when a
faulty gage is in & critical area.

Chest-Form Test

Methods, In order to examine chestband behavior under more controlled conditions, we
conducted tests with the chestbands wrapped around a chest-form constructed using nails in & board.
The baseline test consisted of wrapping the chestband around nails that were armnged to form the
perimeter of a cross section of an undeformed dummy chest, In subsequent tests, the chestband was

ol

—



wrapped around nails that constrained s path o simulate various symmetrical and
asymmetrical deflection conditions. A tracing was made of the chestband path and the gage Tocations,
The st procedures were similar 1o those of tests of early chestband prototypes conducted by Shaibani
and Khaewpong (1990). Chest depth, s defined as gage-to-gage distmnces from the tracings, was
compared 1o those caleuluted by the chestband processing software:

Results. Table 2 summarizes these tests. In all but test G, the difference between the actual
and the caleulated chest deflection was less than 1.0 em. In Test G, a difference of 1.6 cm was
recorded.  Inspection of the chesthand datn after this test revenled a gage that produced an unrealistic
curvature, When data from this faulty page was removed from the caleulstion of the contour for test
G, the difference reduced substantially, 1o 0.2 ¢m. Differences i tests F, H, snd | were olso reduced
with the removal of the same faulty gage. However, the difference in test E increased when the gage
wiis removied,

Observations. In geéneral, the chestbands performed very well despite high deflection. In one
case, o faulty gage, rather than the lack of chestband resolution, was the reason for the large disparity
berween the setual chest deflection and that caleuluted from the contours, The minimum radivs of
chestband curvature was not related to the difference between the actual and the calculated values for
the range of curvatures produced by this test condition.

DISCUSSION

The static test results suggest that chestband performance varied widely. Under some
conditions, the calculated deflection agreed very well with the actual deflection (Table 1). In the
chest-form tests, the chestbands produced accurate chest deflection for rather severe applied deflection
(%-9 cm). However, under other conditions, the accuracy of the calculated deflection was
compromised. The results of the Simulated Roped Belt tests indicated that accuracy suffered for
applied deflection exceeding 5 em. Only 1.3 em of applied deflection was required to produce
grreneous results in the Rigid Indentor test (FIG, 6, Test 1) We attributed the inaccurate calculated
deflection values to two factors, insufficient chestband resolution and faulty gages.

Tahle 1. Test Conditions And The Accurmcy OF Caleulated Deflection

Aceurate Calculated Dsflections

Insccurate Calculnted Defiections

Less than § om deflectian Greatar than 5 om deliection
Lesa than 9 om daflechan Under-tha-akin chesthand
Simulated Roped Shoulder Bell Test Simutated Ropad Shouldor Boll Test

Chest-fam Test

Rigid Indrntor Tast (Dummy and Cadawar)

Simulalad Ropad Shoulder Seil Tes|




Table 2. Chestband Deflection Resulis In Tests Using A Chest-Form
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Motes:

- Undeflected Chest Depth is the distance from the sping gage to the gage nearest the sternum belore
deflection oceurs,  Chest deflection was mken ot the location where the grentest change in chesi depth in
comparison to the non-deformed chest has occurred. In these tests, this location was within 10 cm of the non-
deformed comtour cenierling. In Tests D, E G, and 1, the dashed line indicates where the chest deflection
measurements were taken.  For the other tests; the deflection measurements were taken along the vertical
Uxis,

= The actusl chest defection is the physically messured displacement alomg the vertical axis of an identified
gage on ihe anenior aspect of the chesi. Negative values indicaie movement towiard the spmi

- The c¢alenluted chest deflection is the displacement along the vertical axis of an identified gage on the
anterior aspect of the chest derjved from the chesthand contour alperithm,

Insufficient Chestband Rexolution.  The chestbund did nol have gapes spaced sufficiently
close to resolve the features and the discontinuities of the subjects’ chests. The radivs of curvature of
the chestband under the belt in one of the Simulnted Roped Belt tests was only 0.6 cm, much less than
the 2.5 cm gage spacing was capable of resolving. Accurney was lower m the Rigid Indentor and the
Roped Belt tests in which the chestband was installed directly over the ribcage (under the skin),
Nomnal losding of the ngid indentor or roped shoulder belt deformed the chestband over abrupt
nbeage surfoce discontinmities.  Evidence of insufficient goge spacing was provided by the ngd
indentor tests i which the gages were shafted relative to the position of the indentor, The resulis of
our tests and conclusions drswn from them were similar W those reported by Hagedom and Pritz,
(1991),

Faulty Gages. Although the test resulis pointed strongly to the lack of chestband resolution as
the limiting fictor, we discovered that the malfunctioning of a gage or gages could affect the contour
in a matter similar 1o that of a lack of resolution. Faulty pages and their affects were demonstrated by
tests conducted with the roped shoulder belt and the chest-form.

The most obvious effect of a gage that has cawstrophically failed during an event is reducad
resolution due to a doubling m distance between active gages. IF the gage failure occurs at a eritical
point along the contour, such as under or near the shouwlder belt. the caleulated contour usually
underestimates the actual decrease in chest depth. In some cases, gage failure 1s easy 1o detect by
ponducting # pre-test gage assessment or, post-fest, by looking for gage time-history traces that
suddenly expeed the full scale of the gage. Unfortunately, we have found that gages can appear to be
operating comectly but produce signals that produce errors in the contours (FIG, 113, Without an
independent means of verifying the contour, subtle errors, such as a reduced peak chest deflection, are
very difficult to identify.

Cluge failures are o common problem at UVA and at other labormories (Hagedom and Prte,
1991; Yoganandan, 1999), According to the chestband manufactorer, Robert A, Denton, Ine,, (1999,
the primary couse of foulty gages is partial or total sepuration of the multi-strand wire that conmects
the guges to the flexible cireuit board (FIG. 1), This failure mode can result in intermittent gage
operation and can chunge the apparent gage resistanice.  Flexing the chesiband in the ares of a total
break of the connegting wire cun muke the gage appear to be operational in one position and faulty in
another. In the case of a partial break. flexing cavses individun! wire strands to separate resulting in
on increase in resistonce in the connection from the gage to the circuit board and may produce a signal
with an intermittent offsel. Becavse there 15 oo abrupt over-ranging of the signal, ss would be seen in
the case of the total wire break, identifying o partial break during a test is very difficult.



Other fnilure modes, such os the gage separating from the metal band due to adhesive failure,
or physical damage to the gage itself, are reported by the manufacturer to be much less common.
However, Denton staff reported that UVA chesthands needing repair had a permanent deformation of
the metal band.

The estimated hmits relative to the minimum radius of chestband curvature and resulting
chestband elongation are summarized in Table 3. According to a prominent warting in the original
chestband users manual published by Shaibani (1990), the chestband may be damaged if it is forced
into a radius of curvature of less than 7.6 cm.

Figure 12 (FIG. 12) summarizes the results of a retrospective study of the minimum radius of
curvature ealeulated by the chesthands during selected sled tests with cadaver and Hybrid 11 dummy
subjects.  The estimited curviture and elongation limits suggest that many of the 535 km'h frontal
impacts conducted ut UVA have been severe enough 1o damage the chestbands.

However, the chest-form test results indicate that the estimated minimum radivs of curvature
limits may be too conservative. Chest-form tests C and G produced radii of curvature of 2.4 and 3.4
cm respectively, A radius of 2.4 em corresponds (o chestband elongation that may damage the metal
hand (Tahle 3). A madius of 3.4 cm is smaller than that suggested as a lower limit by Shaibani, (1990).
Nevertheless, the calculated deflection for both of the ¢hest-form tests was within 0.3 ¢m of the detual
deflection. The chestbunds appedred to be unaffected by smaller-thon-recommended radii of
curvature in these tets, This resull suggests that we do not fully understand the effects of radius of
curvature on chiestband performance.

The finding that both the lack of chestband resolution and malfunctioning gages can produce
similar errors m the contour compounds the problem of evaluaung the validity of chestband data.
Evidence from past tests indicates that failed or failing gages are quite common.  Although we
artempted 1o eliminate obviously bad gages in the course of our static chestband testing, some of the
effects atiributed to lack of resolution may also have been due 10 malfunctioning gages.

Table 3. Chesthand Performance Limits Relative To Minimum Radius OF Curvature
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FIG. 11, Chest-form results showing the effects of o sporadically faulty gage.

Contour axes are scaled in centimeters.  The triangles indicate the location of the simulated sternum.
The crosses indicate gage locations,

A = The chest-form was symmetnical. Note the slight “bump™ in the caleulated contours wpper right quadrant,

B — Post-test analysis made ws suspicious of gage # 22 that hed not given indication of malfunction in pre-test

evaluitions. This gage, located near the “bump™ was removed from the caleularion of the contour. The
contour closely matched that of the chest-form,

€ — The chest-form test was repeated and datn was retaken, As in (B), the contour was ocourate. Although gage

#22 was included in the calewlation, it did not adversely affect the contour as it did in (A),

D - The chest-form {gst was repeated and data was wken for a third time. Asin (A) gage #22 was included in the

caleulation and adversely affected the contour,
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FIGi, 12. Review of mmmmum radius of eurvature for chestbands in UVA 55 km/h frontal sled tests, The sled
tests included a variety of restraint conditions and were conducted with both the Hybrid 111 50" percentile male

dummy and with cadaver test subjects seated in the driver’s position.

Notes: A - Due to a bed gauge near the spine: B- Force limited belt failed. § kN upper shoulder belt load, Possible bad gage
- Waorst case for cadover test with a 3=pt. belr, Unusaally high number of rib fractures. 3 - Due to a bad gage nesr the spine
Cadaver tests in white, Hybrid [Il 1o8ts in gray. Abbrevintions: HIIl - Hybrid 111 50" percentile male dummy. CAD -
Cadaver test subject. dpts — 3 point belt system. 2pts — Shoulder belt only, FL - Force limited belt system. U - Uppet
chestband. L — Lower chestband. AB = Air bag: The numbers identify UVA sled tests.



SUMMARY FINDINGS

The static tests of chestband performance and the subsequent investigation of chesthand
radius of curvature limits produced the following findings:

1) Inaccuracies in caleulated chesthand contours and deflection values are a product of two {actors,
insufficient chestband resolution and faulty gages. These factors can have a similar and compounding
effect on accuracy

2) Chestband accurncy was affected by ribeage surface discontinuities and the position of individual
gages relative to these features. Accuracy generally was poorer when the chestbands were installed in
direct contact with the ribeage. Without the smoothing effect of the skin, the chestband was forced to
conform to surface features with radii of curvature too small to be resolved by the gage spacing.

3) Gage fulures are common. It is difficult wo identify a gage or gages responsible for subtle or
IrAnsiory emors,

4) Evaluating the accuracy of calculated deflections is difficult without an independent means of
verification,

5) Frontal sled tests using shoulder belt restraints may produce chest ¢contours with radii of curvature
small enough 1o damage the chestband, Chesthand performance limits are not well understood.

CONCLUSIONS AND RECOMMENDATIONS

The chestband is currently the only viable instrument capable of measuring chest deflection in
dynamic tests with cadavers and it has proved guite accurate under some test conditions. Howewver,
this study and studies conducted at other laboratories have identified test conditions under which the
chesthand produced erroneous contours, Research is required to understand fully the chestband's
capabilities and failure modes. Improvements are necded in chestband durability and resolution. The
following ¢fforts should be undertuken,

Diagnostic tools should be developed to enable the rgorous validation of a chesthand before a
test, including identifying gages that are bad, going bad, or that may go bad during a test.

A post-test diagnostic tool 1s required to identify errers in the calculated contour due to bad
gages and/or the lack of sufficient gage density to resolve surface discontinuities.

Strategies should be investigated o improve chesthand resolution,

Chestbands should be reengincered to withstand the deformations commonly seen in frontal
sled tests. Esisting design parameters, materials, and manufacturing techniques produce a product
that is too fragile and costly to repair.
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