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FOREWORD

This is the second phase of a two-part report covering the research and develop-
ment of protective footwear that will reduce to a tolerance level injury sustained by
persornel exposed tc the blast effects of an M-14 anti-personnel mine, This re-
search and development project has resulted in a considerable advance in the state
of the art of protective footwear, and the results are already being applied in the
manufacture of anti-personnel mine protective combat boots for use in Southeast
Asia.

This report was prepared by IIT Research Institute (formerly Armour Research
Foundation) under Contract No. DA=19~129-QM-2061 (016137) under the leadership of
B. S. Fujinaka and J. L. MacDonald. Personnel from the Experimental Operations
Section of IITRI contributed to the fabrication portion of the program. The con-
tract was initiated under P.oject No. 7-79-10-002 and was administered under the
direction of the Clothing & Organic Materials Division of the U.S. Army Natick
Laboratories, with Mr. Edward R. Barron acting as Project Leader and Mr. Douglas
Swain as Alternate Project Officer.

v ~coperation of Mr. George M. Stewart of CRDL, who conducted the blast
evaluation program; Dr. James E. Beyer, Arlington Hospital, Arlington, Va.; Col.
John J. Kovoric, Surgeon Genzral's Office; Col, James D. Caskis, Kirk Army Hos-
pital, Aberdeen Proving Grounds, who performed the autopsy damage assessments;
and Mp. C. Vanetta of Genesco for footwear construction modification, is grate~
fully acknowledged.

S. J. KENNEDY
APPROVED: Director
Clothing & Organic Materials Division

DALE H. SIELING, Ph.D.
Scientific Director

W.M, MANTZ
Colonel, QMC
Commanding
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ABSTRACT

Ceveral of the blast protective combat boot concepts which were developed
under Fhase I of this program were fabricated and prooftested under Phase II. >
A1l of the protective boots incorporated z honeycomb filled shank. The high
strength aluminum honeycomb filler ranged from 2550 psi to about 4200 psi
nominal crushing strength. .

In addition to the protective shank, several modals of protective
boots were fabricated with wedge-shaped heel cut outs and/or metal heel
counters, A total of 150 pairs of protective boots were fabricated with
eight, possible combirations of the variables studied.

3ixty-four cadaver specimens protected by various types of boots were
blast-loaded with the M-l, land mine. 27% of the protective boots with
conventional counters resulted in a foot damage level which could posseibly
be "salvaged from amputation® while 63% of the protective boots incorporating
a metal heel counter were '"possible s.lvages." This compares to a zero per-
cent rate of possible salvage with conventional footwear.



RESEARCH AND DEVELOPMENT OF BLAST-PROTECTIVE
FOOTWEAR, FABRICATION AND PROOFTESTINA

Introduction

The development of a protective combat boot for use against antipersonnel (AP)
land mings is part of the overall effort tc increase the effectiveness of U, S.
ground gombat forces engaged in conventional type warfare. This research was
originally a government study based primarily on data from World War II and the

Ko;ean conflict.

Studies conducted by the U. S. Army Natick Laboratories, Natick, Mass., and
the Chemical Research Development Laboratories (CRDL),* Edgewood Arsenal, Meryland,
(Holmes, 1960, and Stewart, 1962), based on the original concept by Dr. Stephern J.
Kennedy and Mr. Edward R. Barron, indicated the feasibility of reducing the dam-
age induced vy AP land mines and an 1IT Research Institute Research Program wac
initiate? :n July of 1962; Fhase I of the program included the analytical and
experimencal portion of the "Research and Development of Blast Protective Foot-
wear", (Fujinaka, 4rvil 1964). Phase II covers the fabrication and prooftesting
of blast.protective combat boot prototypes.

In reviewing the test data set forth in later sections of this repcrt, it
should be realized thet the objectives of this program were guite limited, The
limitations are discussed in the Phase I Report, but briefly stated, the prinwury
objective was to develop a useful protective combat boot which would not seri-
ously reduce mobilit, or otherwise impair the functional characteristics of the
standard combat boot. Thus, severe restrictions on weight and sole thickness
were imposed. As a result of these design limitations, it was not possible to
reduce the number of cases which result in amputation of the foot.

The damage criteria for a "possible salvage" from amputation was based on
& medical judgment from an experienced observer. In some cases, a number of
Observers evaluated the same injury and an average judgment was developed. All
of the injuries evaluated in this report were the result of the blast exposure
of cadaver lower extrem‘ties. The blast loading was generated by U. S. Army
M-14 Anti-Personnel mines which contain approximately one ounce of tetryl
explosive.

PART I. REVIEW OF THE ANALYTICAL AND EXPERIMENTAL DATA Uswn. IN THE DESIGN OF
THE FROTECTIVE COMBAT BQOT

Numerous sources of design information were used for the development of the
various protective boot systems which were fabricated during Phase II of this
progrem. The Phase I report (Fujinaka, April 1964) was the primary source of
design information; however, the IITRI reports for the Office of the Surgeon
General (MacDonald, February 4, 1964, and Fujinaka, December 15, 196L4) were used
for the relationship of pressure and impulse to damage level, The CRDL report
(Stewart, 1962) was used to provide additional empirical data on the effective-
ness of several types of protective shanks which were later studied during
Phase I of this program.

*Now Defense Development and Engineering Laboratories.




several types of protective shanks which were later studied
during Phase I of this program,

In the following review of the Phase I and other analytical
and experimental data.no attempt will be made to summarize each
of the reports indicated above; instead, the data is presented
in a sequence which is logical to the designer rather than 1in
any actual chronology.

A. Gross impulse input to the boot/foot system

There are three basic parameters which characterize the
impulsive load generated by the land mine, peak pressure, peak
impulse per unit area, and gross impulse. The latter is perhaps
the most important in that the only practical technique for
limiting the gross impulse i1s the shaping of the outscle of the
boot. The peak pressure can be reduced by impedance mismatch
techniques coupled with crushable materials, and the peak impulse
per unit area can be reduced by means cf a relatively stiff
shank of large area. These three factors are all interrelated,
of course, but it is the reduction in the gross i1mpulse which
is the first line of defense.

During Phase I, a number of experiments were conducted in
order to determine the best method for minimizing the gross im-
pulse input to the system, It was fcund that a simple wedge-shaped
outsole with an included angle of 112 degrees would reduce the
gross impulse by 36 percent compared to a flat bottomed steel
surface. The projected area exposed to the mine was 3 x 6 inches
in all cases discussed here. The flat bottomed steel shape
received 20.8 pound seconds of gross impulse compared to 13.3
pound seconds for the ll2-degree included angle wedge.

The flat bottomed steel shape spaced at one inch above the
mine received about the same gross i1mpulse as the 112-degree wedge
in contact with the mine. Other considerations make the wedge
shape more desirable than the flat surface spaced at one inch.
These include (1) volume to incorporate an impedance mismatch
shank for peak pressure reduction and (2) better distribution
of impulse over the plantar areas of the foot.

Since the ll2-degree wedge alone is not suitable as an out-
sule shape, a series of experiments was conducted in order to
evaluate various three-dimensional rubber-steel configurations
which could be used as a basis for a practical outsole design.
Figure 1 shows the ll2-degree included angle wedge with some
neoprene rubber wedges located to simulate a configuration
which can provide some lateral support for the boot outsole.
Note that full length rubber wedges which are six inches long
result in about 17.7 pound seconds of gross impulse while the
elimination of the rubber (L = 0) results in the 13.3 pound
seconds of impulse associated with a bare ll2-degree wedge. As
the length, L, of the rubber wedges is increased.it is apparent
that the impulse increases. For L = 1.0 inches, however, the
increase is very slight and this led directly to the outsole
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shape shown in Figure 2 and IITRI drawing 2856000 (see Appendix A).
An altersate outscle shape with a more conventional heel is

shown in Figure 3 and IITRI drawing 2856001 (see Appendix A).

This second outsole configuration represents a back-up system
which should only be used in the event of some serious functional
defect which may be uncovered during extensive field evaluation

of the ocutsole wiih a "cutaway heel" as shown in Figure 2. Be-
sides reducing the gross impulse, the Figure 2 outsole will

reduce the overall waight of each boot by approximately 1.5

ounces whan compared to the outsole pictured in Figure 3.

It might be noted that the gross impulse into the foot may
be slightly less than that into the boot. This is due to residual
momentum "trapped" within the various parts of the boot and
perhaps carried out of the system in the form of particles of
rubber ejected at high velcoeity.

B. Impulse per unit area input to the foot

The distribution of the gross impulse over the area receiving
the loading has never been studied in detail. However, it is
obvious that the distribution is not uniform over the bottom
surface of the bococt. This being the case, techniques for pro-
viding uniform distribution of the impulse over the plantar area
of the foot are considered to be of some importance although
secondary to the reduction of gross impulse and peak pressure.

A protective sha k which is as wide and as long as practical

was concluded to be the most effective. In addition, stiffness
in bending was also considered to be a desirsble characteristic.
This latter consideration would zlso permit the use of the
lowest possible crushing strength in the honeycomb layer which
could also serve to limit the long duration peak transmitted
stress.

cC. Peak pressure input toc the foot

With a given impulse per unit area, the damage to a given
structure can generally be minimized by minimizing the peak
pressure. Minimizing the peak pressure is in turn generally
associated with increasing the time duration of the pressure
pulse.

The M-14 land mine has been shown to generate a peak
pressure of approximately 40.4 kilobars (594,000 psi) in the
plastic surface of the land mine. This high amplitude pressure
pulse is characterized by an abrupt rise to the peak pressure
and an approximately linear decay to a relatively low pressure
within about 3.5 microseconds. (Fujinska, April 1964). 1If
such a shock wave impinges on a high impedance material su-h
as aluminum, the peak pressure will increase to approximetely
7% kilobars (1,030,000 psi) and the impulse applied tc a small
area of the aluminum surface will be approximately 1.8 psi-
seconds during the first few microseccends. The total impulse
per unit area will be considerably larger if a longer time
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interval is considered. This is due to a “gas expansion' phase
of the explosive loading. Although the total impulse per unit
area has never been explicitly measured, an estimate of perhaps
3 or 4 psi-seconds appears to be reasonable., These figures
refer to a flat surface in contact with the land mine.

Even at values for impulse per unit area of, say, 1.0 psi-
seconds it has been shown that a cadaver human foot can only
toler. ;e a peak pressure of about 3,000 psi before the amputation
level is reached (Fujinakas, December 1964). This is graphically
shown in Figures 4 and 5 which relate the amputation level of
damage to peak pressure and to gross impulse and unit area impulse,
respectively. All of these data indicate why the peak pressures
on the order of hundreds of thousands of psi cannot be tolerated
at the expected impulse levels generated by the M-14 land mine.

Thus, the importance of reducing the peak pressure by
perhaps two orders of magnitude can be clearly seen. Even a
one order of magnitude reduction would not be sufficient to
prevent amputation in any significant number of cases.

The Phase I results indicate that a layered system of materi-
als can theoretically reduce the initial shock pressure by at
least two orders of magnitude. A one dimensional system con-
taining a layer of high strength aluminum honeycomb (approximately
4200 psi crushing strength) can theoretically reduce the peak
pressure input to the foot to 3950 psi with the system shown in
Figure 6. This theoretical calculation does not require the use
of the crushing characteristics of the honeycomb but does assume
that the honeycomb can be treated as a low impedance layer of
material which is of relatively low gross density with a relatively
high shock propagation velocity. This treatment is theoretically
valid if the honeycomb cell size is small enough. In addition,
elementary theory which would be applicable to long duration
phenomena indicates that the long duration peak transmitted
pressure can be limited to the crushing strength of the honey-
comb.

Experiments conducted with a water bath replacing the foot
tend to indicate that the transmitted peak shock stresses can
be held to less than one kilobkar (14,200 psi) with such a system
and the indications obtained from a tourmaline pressure gage
measurement indicate that the peak pressure may be as low as 3180 psi.

A variety of other protectiv- shanks fabricated into boots
indicated that a solid cast aluminum shank would transmit
approximately one kilobar (14,200 psi) peak pressure to water
while a hollow stainless steel sheet metal shank can be expected
to transmit 3.8 to 4.2 kilobars peak pressure depending upon
shank width. Thess two types of shanks have been shown to be
of some value in reducing the amputation rate (Stewart,1962), and
it is likely that a wedge shaped version of the aluminum
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honeycomb system described above would be even more successful,

D. Empirical psrameter variation of materisl thickness and
honevcombk crushing strength for a honevcomb shank system

Based upon the Phase 1 conclusion that an sluminum honey-
comb system of impedance mismatched materials would provide the most
suitable configuration for a protective shank, a parameter
variation study was conducted in order to determine the required
metal layer thickness and honeycomb densities. Minimum thick-
ness and weight were the primary consideration. A variety of
aluminum honeycomb shank concepts was evaluated and the basic
system shown in Figure 7 was subjected tc an extensive parameter
variation study.

Figure 7 shows a cross-section of a six-inch long shank
which has an outsole wedge shape incorporating the 112-degree
included angle for minimum gross impulse. A 3 x 6 x lz inch
neoprene block was used to approximately simulate the human
foot. Four of the six items (numbered in Figure 7) were variable:
the aluminum honeycomb used in items 2 and 4 was 1/8 inch nominal
cell size and fabricated from 5052-H39 aluminum alloy in all
cases, but the foil thickness was selected for three different
crushing strength levels as indicated helow.

o —— —

Hexcel Part No. Al-1,/8-5052 Al-1/8-5052 Al-1/8-5052

-0.006 -0.004 -0.003
Foil Thickness,in. 0.006 0.004 0.003
Gross Density,lb/ft:3 23 15.5 11.3
Crush Strength,psi 4150 2250 1650

The two stainless steel sheet layers, items 3 and 5 were each
fabricated in three material thicknesses: 1/8 inch, 1/16 inch,
and 1/64 inch.

Based primarily on the assumption that at least one of the
honeycomb layers should not crush to solid (beyond 70 percent
deformation) only the two high strength honeycomb materials
and only the two thicker materials were considered for a final
shank design.

In general, the heavier the sheet metal bottom layer the
less the honeycomb would crush. Practical considerations limit
the thickness of the sheet metal layer since this represents a
major portion of the weight of the protective shank. Thus, the
final shank design must attempt to combine the thinnest possible
sheet metal with the lowest density honeycomb which does not
crush to solid.

11
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PART II. DEVELOPMENT OF PROTOTYPES OrF A DMS PROTECTIVE COMBAT
BOOT

The principles outlined in the preceding section were applied
to the design of various DMS protective combat boot systems. All
of the protective shanks employed the high strength aluminum
honeycomb system coupled with a relatively high impedance wedge
shaped stainless steel outer layer. The boot rubber outsole
generally had a similar wedge shape with concessions to the
stability requirements for walking and standing. Minimum weight
and thickness were considered to be of primary importance but
compatibility with currently available fabrication techniques
for Direct Molded Sole footwear was also an important factor.

A. Boot outsole configurations

The five outsole configurations indicated in Figures 8
through 17 were designed with the intent of minimizing the gross
impulse input to the system while still maintaining a base for
lateral stability. Outsole No. 1, No. 3, and No. 2 were con-
sidered to be the bhest overall designs in that order based on
a number of considerations including ease of fabrication, comfort,
and clogging resistance.

B. Protective shank concepts

Based on the analytical and experimental data of Phase I
of this program, a family of experimental protective shank con-
cepts was developed. Figure 18 indicates a cross-section through
the various shanks and protective systems which were fabricated
for preliminary blast evaluation. The first series of experi-
ments evaluated several variables including honeycomb density
(crushing strength), metal heel cup {Concepts C and D), shank
width, shank thickness, layered construction (single or doukle),
and outer metal wedge plate construction.

1. Honevcomb demsity and crushing strength

- The aluminum honeycomb used in the Concept A through E
protective shanks ranged from 15.3 1b/ft3 to 23.1 lb/ft3 density.
This material was fabricated by pre-corrugating 5052-H39 aluminum
foil into a configuration which resulted in a hexagonal cell
structure with a 1/8 inch nominal cell size. The static crushing
strength of the honeycomb material in axial cell compression is
approximately proportional to the gross density of the honey-
comb and ranges from 4150 psi for the 23.1 1b/ft3 density to
2550 psi for the 15.3 1b/ft3 gross density. The 11.3 1lb/ft?
honeycomb which was evaluated during the Parameter Variation
Study of Phase I {(see Section II-D) was not strong enough to
be contidered further. The three honeycomb materials with the
Hexcel part numbers are tabulated below:

13




Figure 8 ARTIST'S CONCEPTION OF BOOT OUTSOLE NO.
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Figure 10 ARTIST'S CONCEPTION OF BOOT OUTSOLE NO. 2
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Figure 12 ARTIST'S CONCEPTION OF BOOT OUTSOLE NO. 3
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Figure 14 ARTIST'S CONCEPTION QOF BOOT OUTSOLE NO. 4
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Figure 16 ARTIST'S CONCEPTION OF BCOT QUTSOLE NO.,
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Nominal Gross Nominal Crushing

Hexcel Part No. Gross, 1b/ft3 Strength, psi
1/8-5052-.006 23.1 4150
1/8-5052-.005 19.2 3320
1/8-5052-.004 15.3 2250

The last three digits in the Hexcel Part Number refer to the
thickness of the aluminum foil in mils, which is corrugated into
the final hexagonal configuration.
[}

The honeycomb gross density is a value which includes the
volume of the air contained within the cells and the mass of
the adheszsive which bonds the cell nodes together as well as the
aluminum “0il. In some cases, the variation in adhesive used
at the cell nodes can result in relatively large variation in
gross density. The 1/8-5052-.006 material has been received
with a gross density of less than 20 1lb/ft3 in some cases, but
the crushing strength has been maintained.

Figure 19 indicates the typical load deflection relationship
for the honeycomb material. Note that there is what might be
termed an initial "overshoot" in the locad followed by a continuing
plastic deformation at a relatively constant load and finally
& rise in load as the crushing deformation proceeds beycnd the
70 percert level. Thz nigh loads transmitted as the material
crughes beyond 70 percent and apmrocches solid aluminum is to
be avoided as btoth theory and ampiriczl results indicate,

Figure 18 alsc vhows the results of blast loading the
various protective shank systems with tie M-J4 land mine. Cadaver
humun feet were used during these experiments. (Details of the
test procedure are preserted in Section I1III-A). Note that the
honeycomb material crashed to '"solid" in several of the cases
shown. This is particularly aoticeable in the upper layer of
Concept A, tie single layer of Concept B, and the bottom layers
of Concepts D and E. The crushing of the various honeycomb
layers is discussed in greater detail in Part III.

2. Honeycomb layered system

The honeycomb concept was incorporated into the shank
design in two basic forms: the single layer construction shown
in Concept B of Figure 18 and the double layer construction shown
in Concepts A,C,D and E of Figure 18.

The single larer construction is considerably lower in
cost overall, but the two-layer construction is theoretically
superior in minimizing the transmission of suk-micrusecond
disturbances and in permitting the use of two crushing strength

25
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levels., The latter is considered to be of most importance for
this application.

The five concepts shown in Figure 18 were evaluated experi-
mentally and the results are detailed in Part III., In addition,
the one-layer and two-layer concepts were directly compared in
another series of CRDL Blast Experiments with productinn type
footwear.

3. Shank thickness and width

Figure 18 indicates an overall shenk thickness of either
15/16 inch or 1-1/16 inch for Concepts A through E. The
final configuration incorpcrated into the production type combat
boots had a nominal one (1) inch thickness. The shank concepts
shown in Figure 18 were studied in two overall lengths, five
(5) inches and six (6) inches. The final configuration used in
the size nine (9) production type footwear was nominally 5.5
inches in overall length {exciuding sheet metal cover). Thus,
over the course of the Phase II portion of this program several
shank widths and lengths were evaluated Tctails of the test
results are included in later sections of the report.

4. Metal heel counters

Early in the blast evaluation of the protective shank
concepts, the examination of the foot and boot mode of failure
indicated that reinforcing of the boot upper could have a large
influence on the damage level. The first attempt at verification
of this theory invelved the use of the relatively large mild
steel sheet metal heel counters shown in Figure 20. This heel
counter weighs about 7.2 ounces and was incorporated in both
Concept C and D as shown in Figure 18. This metal counter is a
welded up construction of 1/32 inch thick mild steel.

Subsequent to the testing of Concepts C and D, a smaller
version of the metal heel counter was designed and fabricated
for inclusion into a combat boot production prototype. Figure 21
shows the small metal heel counter which can be fitted directly
in place of the conventional leather counter. The two-piece
welded construction used for this counter could be replaced by
@ one-piece drawn form in large production. The weight of each
of these counters is 3.15 ounces; however, the weight added to
the beot is only 2.29 ounces since the leather conventional
counter which it replaces weighs approximately 0.86 ounces. The
results of the counter experiments are also discussed in later
sections of this repcrt.
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PART III. CRDL BLAST EVALUATION OF CONCEPTS A,B,C,D and E

The protective boot concepts shown in Figure 18 were fabri-
cated into footwear for blast evaluation. This blast evaluation
consisted of impulsively shock loading a boot encased cadaver
foot with an M-14 APERS land mine. This land mine is shown 1in
Figure 24 taken from TM-9-1940.

Concepts A and B included a molded heel and sole as shown
in Figure 22 and 23 while Concepts C, D, and E were blast prototypes
of a somewhat simplified character as shown in Figures 20 and 26.
The differences in the rubber outsole were not considered to
be of major importance for this series of experiments. The out-
sole material used for Concepts A and B was a urethane rubber
of approximately 70 durometer shore A while the rubber shank
covering for Concepts C,D, and E was approximately 60 durometer,
1/8 inch thick neoprene. Blast experiments with a production
type molded sole and heel (Paracril Ozo, primarily) will be
discussed later.

A. Test procedure

The boot and cadaver foot system was held in the CRDL test
fixture shown in Figure 25, This device consists of a metal
cone (item A), which restrains the upward movement of the cadaver
leg. Various links and pivot points are included in the design
of the fixture in order to simulate the various joints of the
human anatomy, but these factors are of secondary importance for
the relatively short time durationg involved here. The metal
box directly above point E holds the mass which results in a
total of approximately 160 pounds above the cadaver leg.

The boot encased foot was attached to the CRDL test fixture
and positioned so that the scle and heel were in contact with
the upper surface of the land mine. The leading edge of the
heel was centered over the land mine. The M-14 APERS land mine
was buried with only its pressure plate exposed. The land mine
was emplaced by tamping an oversize depressicn in the soil,
centering the land mine in the depression, and finally filling
in the area around the mine with the local soil.

B. Damage to the cadaver specimens with protective cocncepts
A, B, C, D, and E

Figure 27 indicates the nature and degree of damage to
cadaver lower extremities exposed to the bplast effects of the
M-14 mine. The upper specimen was encased in a conventional
stitched combat boot and the lower specimen was encased in a
conventional direct molded sole coi.bat boot. These typical
examples indicate a level of damage which can be used as a
reference point for evaluating the results of the various pro-
tective boot concepts. Both cf the cases showh would lead,
obviousgly, to an amputation of at Teast the foot.
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CONCEPT A, BLAST PROTECTIVE FOOTWEAR
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SHIPPING PLUG, RD.HD
CROSS GRCTION RA PD 1496894

Charge Weight 1 ounce
Mine Overall Weight 3%- ounces

!«o

Dimensions-Height, l-16 inches

(%)

Diameter, Z—Té inches

Body Material - High Impact Styrene

Figure 24 - ANTIPERSONNEL LAND MINE U.S. ARMY M-14 APERS
(Taken from TM 9-1940)
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Figure 25 CRDL TEST FIXTURE FOR BLAST EVALUATION

OF PROTECTIVE FOOTWEAR.
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Figure 26 CONCEPT D (On Left) AND CONCEPT E OF BLAST
PROTECTIVE FOOTWEAR.
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STITCHED BOOT

DIRECT MULDFD OLE s0OOT

LANDMINE INDUCED DAMAGE TO A STANDARD

STITCHE' .. )T ANL A STANDARD DMS BOOT
Wi <ESULTING FOOT DAMAGE

(Photographs fcom Biophysics Div., CRDL)

The cadav ' r feat sperimens showr: on the right
wers wa xd o an the boots shown on the left.
An M-14 mine waz the source of the impulsive
blast loading.
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Figures 28 through 34 indicate the damage to cadaver lower
extremities protected by protective Concepts A, B, C, D and
E. In Figures 28 and 29,specimen number 3139 of Concept A
sustained considerably greater damage than the other Concept A
specimens. This is probably due to the deterioration of this
particular cadaver and serves to illustrate a point which medical
personnel are quick toc make; namely, cadaver specimeng can only
be used to provide a rough estimate of the results which can
be expected with a living specimen.

One might also note that almest all of these specimens were
obtained from unclaimed bodies and were considerably oléer and
probably in poorer nealth than a typical combat soldier. This
fact plus the deterioration of the cadaver specimens tend to
make the following results conservative. A c¢ombat soldier
would tare better than the cadaver specimens indicate.

From the foregoing discussion it can be deduced that a
definite amputation requirement was indicated for one out of four
of the Concept A specimens, all four of the Concept D specimers.
two out of five of the Concept C specimens, none of the Concept D
specimens, and three out of five of the Concept E specimens.
Tables I and II present this data in detailed form,

The damage has been broken down into five categories, based
on medical opinion, as follcws:

l. Definite amputation
2. Probable amputation
3. Indeterminate

4. Precbable salvage

5. Definite salvage

The first category includes all of the specimens which
were adjudged to present no pessibility of salvaging the foot.
A lower leg amputa*lon would inevitably result in these cases.
The second category is not c¢e=rtain to result in an amputation
but the medical judgment leans toward that conclusion. The
third category is indeterminate in that no immediate medical
conclusion can be drawn. The fourth category will probably not
result in an amputavion, and the fifth category is felt to
encompass all the specimens which will not require an eventual
amputation.

A numerical value ftrom 1 to 5 is placed on each of the
five asseszed damage levels so that a "numerical average' can
be determined for each protective concept. The numerical
average rating of each protective concept can then be determined.
Since this numerical average is based on a very limited number
of samples, small differences in the values are not significant.
Concept A at 2.25 average is not significantly superior to
Concept E at 2.00 average, for example. Concepts C and D at

(Y
L]
~
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Concept A Concept A

Concept B Concept B Concept B
with 1/2" Foam

Figure 28 BOTTO - VIEW OF CADAVER LOWER EXTREMITIES
PROTECTED BY CONCEPTS A AND B
(Photographs Provided by CRDL)
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- Figure 31
BLLAST PROTECTIVE FOOTWEAR

(Photographs provided by CRDL)
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Figure 32 CADAVER LOWER EXTREMIT(ES PROTECTED B

CONCEPT D BLAST PROTECTIVE FOOTWEAR
42
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Figure 33 CADAVER LOWER EXTREMITIES PROTECTED BY
CONCEPT E BLAST PROTECTIVE FOOTWEAR
(Bottom View)
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Figure 34 CADAVER LOWER EXTREMITIES PROTECTED BY
CONCEPT E BLAST PROTECTIVE FOOTWEAR
(Side View)
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Table I

AUTOPSY DAMAGE ESTIMATE FOR HUMAN LOWER EXTREMITIES
ENCASED IN IITRI PROTECTIVE FOOTWEAR

AUTOPSY ANALYSIS
CRDL TEST 11TR1 BRIEF @ increasing damage —&
NUMBER CONCEPT DESCRIPTION De f Probﬂndeﬂ Prob| Def
Anpd 2nn Salld
1 2 3 4 )
3137 A 15/16x2x6", 7.2 az.
38 A Multipiece, 15.3/23.1 1lbh/ft
39 A No heel cup
40 IV
42 B 15/16x2x6", 5.B20z.
43 B Single piece, 15.3 1b/ft3
44 B No heel cup
45 B ¥
‘3 EER]
49 C 6" long, 23.1 lb/ft
3 LE 3]
50 c 6" long, 19.2 lb/ft
. 3 kkh
51 c 6" long, 15.3 lu/ft
52 c 5+ long, 15.3 lb/ft>
LR &
53 ol 5° long, 23.0 iu/f>
54 D 1-1/16x2-5/8x6"16 oz, multi-
57 D prece 19.2/23.1 lb/ft°
59 D heel cup
60 b
l'va )
55 E Same as D above except
56 E wt-8.7 02. and no heel cup
58 E
61 E
£3 E.

* Plus 1/8" Rubber

Flus 1/2" Foam

1-1/16x2" wide with heel cup 1n

all cases. Total

45

wt.

approximately 14-15 oz,



Table II

0SG DAMAGE ANALYSIS OF PROTECTED LOWER EXTREMITIES

SYMBOL

Concept

Concept

Concept

Concept

Concept

EXPOSED TO AN M-14 LAND MINE

NUMERICAL
OSG_EVALUATION EVALUATION
Definite Amputation 1
Probable Amputation 2
Indeterminate 3
Probable Salvage 4
Definite Salvage 5
NUMERICAL
1 2 3 4 5 -AVERAGE
HH Y 2.25
1.0
3.4
GINENN 3.4
2.0

OVERALL (CONCEPTS A,B,C.D & E) ANALYSIS

o N SN SN,

ea. Definite Salvage 22% } 30%
ea. Probable Salvage 9% 39%
ea. Indeterminate 9% o -
ea. Probable Amputation 17% \
ca. DbDefinite Amputation 43%
ea. TOTAL 100%
46 ‘



3.4 average are significantly superior to Concepts A and E,
however; and Concept B at 1.0 average is clearly inferior to
any of the other concepts in protective qualities.

The five protective footwear concepts can be clearly ranked
into tbhree categories in terms of levels of protection. Concepts
C and D provide the highest level of protection: Concepts A
and E provide an intermediate level of protection while Concept
B resulted in four definite amputations out of four experiments.

The soft tissue damage and bone fractures are discussed
in detail in the autopsy reports in Appendix C. The Concept A
cadaver specimens all suffered soft tissue damage along with
numerocus bone fractures including a comminuted calcaneus in all
instances. The Concept B specimens generally suffered greater
soft tissue and bone damage than the Concept A specimens. The
Concept C specimens had no skin lacerations in three of the
five cases with only minor lacerations in the other two. Bone
damage appeared to be somewhat less for the Concept C specimenc
than for the Concept A or B specimens. The Concept D specimens
sustained no skin lacerations in the five experiments. The
calcaneus was comminuted in all cases, but in one case there
were no other fractures and in two cases only one other bone
wag fractured. Of the five Concept E specimens, one had no skin
lacerations. The calcaneus was comminuted in all cases, but
in one instance the only other fractures were "minor chip
fractures of the articular head of the tibia."

C. Damage to the boot and shank for concepts A, B, C, D and E

A numper of variables were evaluated during this series of
experiments involving Concepts A through E of preotective foot-
wear. The protective shank utilized crushable aluminum honey-
comb in a number of different densities and the shank itself
was tested in two widths, two lengths, and two thicknesses.
Figure 35 shows the shank cross section on the left with the
typical results of the blast loading on the right.

Concept C was the only system involving variables within
the concept. The upper honeycomb layer density was varied as
well as the shank length. The Concept A and B shanks were
15/16 inches thick, two inches wide, and six inches long. The
Concept D and E shanks were 1-1/16 inches thick, 2~5/8 inches
wide, and six inches long. The Concept € shank was 1-1/16 inches
thick and two inches wide, but the length was either five or
six inches ang the upper honeycomb layer was either 23.1, 19.2,
or 15.3 1b/ft”. These details are indicated on Table ¢ 3 in
Appendix C,

47 .



The overall damage to the boots is shown in Figures 36 and
37. Figures 38 and 39 show the interiors of Concepts A,B and
C after blast loading. Concept A suffered only minor splitting
of the insole while Concept b was perforated through in all
cases except the one in which 1/2 inch of foam was placed between
the mine and the boot. Concept C did not indicate any insole
perforaticens, as shown in Figure 39. The same is true for
Concepts D and E.

The crushing of the various shanks is shown in Figure 35.
In addition, Figure 40 indicates the Concept A and B crushing
in greater detail and Figure 41 shows the Concept C variables
with the upper honeycomb layer and the shank length specified.

D. Conclusions based on the blast evaluation of concepts A,

B, D, and E

Corcept C and D provided the highest level of protection.
Concept A and E can be grouped next while Concept B was unsuccess-
ful in preventing amputation although the damage level was
considerably less than for an unprotected foot in a conventional
boot, :

Concepts C and D both employed the 1/32 inch thick steel
heel cup and this is primarily responsible for the superiority
of Concepts C and D over Concepts A and E. The heel cup weighed
approximately 7.2 ounces, however, and this must be considered
in the evaluation of any overall system.

Concepts A and E provided approximately the same degree of
protection based on the limited number of experiments considered.
However, a study of the permanent deformation sustained by the
shank and the leather upper indicates that Concept E will theo-
retically provide a greater degree of prctection than Concept A.
The upper layer of honeycomb in Concept E was not crushed to solid
whereas the upper layver of honeycomb in Concept A& was crushed
to solid implying that a peak pressure of unknown amplitude was
transmitted by Concept A at the instant at which it crushed to
solid. The leather inscle of Concept A exhibited a small amount
of splitting while the Concept E insole was undamaged. Most of
the difference in the crushing of the upper layer of honeycomb
i_. probably attributable to the greater thickness and the higher
density of the Concept E upper layer rather than to the greater
width of the Concept E shank.

Concept B was the only protective system involving a single
honeycomb layer. _The single honeycomb layer used in this case
was of 15.3 1b/ft”? nominal density. A study of the permanent
deformation sustained by this system indicates that the honey- -
comb crushed to solid in all cases. Since crushing to solid .
is generally accompanied by the generation of an impact stress _

of undetermined magnitude it is likely that the performance
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ST §TL. Type 102
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AL Honeycomb, 15.3 lb/tt3
ST STL, Type 302

.0625 ST STL, Type 304

1 .03l STL Heel Counter
2 .316 AL Sheet, 2024-T3
3 AL Honeycomb, Varicus Dansities

23.1, 19.2, and 15.3 lb/ft
016 ST STL, Type 302

AL Honeycomb, 23.1 1b/ft’

ST STL, Type 302

1 .031 STL Heal Counter
2 ,016 AL Sheet, 2024-T}
3

AL Honeycomb, 19.2 1b/ft
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Concept C

Concept E

Figure 37 BOOT DAMAGE FOR CONCEPTS C,D AND E
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of Concept B would have been somewhat better if a higher density
honeycomb layer were used. Evidence that crushing to solid

was accompanied by a high impazt stress is shown by the failure
of the leather insole which was perforated in a manner similar
in appearance to the catastrophic failure of a pressvre ruptured
diaphragm. The single layer concept is considered further in
the production type footwear with & higher density honeycomb.
This is done because of the potentially lower cost of the single
layer construction.

An overall survey of all of the Concept A through E experi-
ments indicates that there is no apparent correlation between
shank width and level of protection for the two widths studied.
Since the narrower two-inch-wide shank will generally present
fewer problems in the fabrication of completed footwear, there
appears to be no need to pursue the evaluation of the wide shank
into the small lot production phase of the program.

The two-layer honeycomb protective shanks used in Concepts
A, C, D, and E were of various lengths, widths, thicknesses,
and honeycomb densities. It appears that the 19.2 1b/ft3
nominal density upper layer combined with the 23.1 1lb/ft3 lower
layer provides the optimum combination based on the theoretical
criteria of a maximum degree of crushing without crushing to
solid. The crushing is of such a nature that the overall thick-
ness of the shank can be held to one inch with the 19.2 1lbh/ft3
upper layer.

The metal heel cup used with Concepts C and D definitely
provides a higher level of protection than the same protective
shank without a heel cup. The 1/32 inch thick steel used in
the Concept C and D heel cups weighed approximately 7.2 ounces,
however, and the heel cup thus weighs approximately the same
as a complete protective shank. It is likely that a smaller,
lighter heel cup would provide a level of protection somewhat
better than the shank alone but not as good as the large 7.2
ounce heel cup. The heel cup concept is considered further in
the production type footwear in a somewhat lighter, smaller
form.
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PART IV, PRODUCTION OF DMS PROTECTIVE FOOTWEAR

The final selection of the detailed blast protective boot
requires the fabrication and blast evaluation of a system which
duplicates the precduction item 1n all significant respects in-
cluding the outscle material and configuration. This required
the fabrication of direct molded sole footwear by the CEMA
process in the C.I.C, molding machine. The nitrile rubbker
material (basically Paricril Ozo from U. S. Rubber) was compounded
by Genesco, Inc., and the molding was done at their subsidiary,
Safety First Shoe Co., of Huntsville, Alabama.

A number of different types of protective boots were fabri-
cated in this manner incorporating three variables; these were
shank honeycomb configuration, outsole cenfiguration, and heel
counter. There were two variations of each of the three vari-
ables resulting in a total of eigh+ different combinations.

Each of these eight combinations was fabricated in a quantity

of ten pairs resulting in the first lot of 80 pairs c©f protective
bocts. A second lot of 70 pairs of boots was fabricated later
based on the results of the large scale blast evaluation of

the first lot samples.

A, Boot variables

The shank used in the production of the first lot of 80
pairs of boots was of two types of construction, a one-plece
honeycomb and a two-piece honeycomb. Figure 42 1llustrates
the difference between the two shanks. The exterior envelope
is essentially the same for the two shanks and the piece parts
item 1 and item 2 are exactly identical.

The outsocle configuration was also fabricated in two types
as shown 1in Figures 2 and 3. Figure 2 1ndicates the preferired
cutaway heel and Figure 3 shows a full heel version of the
same outsole. The cutaway heel is theoretically more efficient
in terms of reduced impulse i1nput and also weighs approximately
1.5 ounces less.

The heel counter was either the standard leather counter or
the metal counter shown in Figure 21. The metal counter which
was used in these concepts weighs 3.15 ounces or less than half
of the Concept C and D counters. Also, since the conventional
leather counter weighs 0.86 ocunces, the weight added to a boot
by the small metal counter 1is only 2.29 ocunces totat.

B. Production methods

The shanks were assembled with an epoxy adhesive per IITRI
specification number 285700 (see Appendix B). ''he specification
is for the one-piece shank but the two-piece shank is essentially
similar. The boot itself was fabricated generally in accordance
with QM Procurement Purchase Description LP/P DES 37-62
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dated 17 October 62, except as noted in YITRI specification
2857000 (Appendix B).

The C. I.C. molding machine is shown in rigure 43 with the
protective boot uppers in place. Note that the counter pocket
is somewhat longer than standard and is used flesh side out.
This was wuwne in order to facilitate assembly with the protective
shank and to increase the adhesion of the rubber outsole to
the leather. The only modification to the molding machine
required for the protective boot involves the mold sole pistons
which were designed to allow for inclusion of the shank.

Figure 44 shows the mold sole pistons (left foot only) which
produce the required sole pattern for the protective boot out-
sole. The full heel version is shown on the left and the cut.-
away heel is shown on the right. S8ince the sides of the sole
pistons are vertical, the mold sidce plates did not have to

be altered.

Prior to mounting the koot uppers on the molding machine
lasts, the shank must be held in place as shown in Figure 45,
The leather uppe: is coated with a suitable adhesive and a
thin layer of outsole rubber is placed between the upper and
the shank. The shank is nailed in place and the counter pocket
is lapped over and laced as shown. All shanks were coated with
BOXTIK 4034 adhesive to aid the metal to rubber bond.

The metal counters were generally located in the same
position as the leather counters. Figure 46 indicates two
methods of securing the counter pocket in place. The upper
figure indicates an adhesive bonding technique. BOSTIK 4034
adhesive was used for this application.

1. Meolding cvycle

The outsole for the protective boot was intended to be
about 1/16 inch thicker than the conventional outsole. This
would add about two ounces to the overall weight of the outsocle.
A small amount of slope (about 0.5 degree) in the sole piston to
side plate relationship resulted in the major portion of the
thickness increase being in the forepart of the outsole. This
thickness may have contributed to the long cycle time required
for adequate curing of the rubber in this region. A 25-minute
cure cycle was required with a 150°F rubber biscuit preheat.,
This sequence compares to an approximately 1l5-minute cure cycle
with the standard outsole and no pre-heat required.
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A. C. I. C. Molding Machine Shown With
A Pair Of Protective Boots

B. Close View Of Boot In
Place For Molding

Figure 43 C.I.C, MOLDING MACHINE
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Boot Upper With Adhesive B. Shank In Place With Lacing
Ready For Emplacing Shank Across Forepart

Figure 45 - SHANKS SHOWN LACED IN PLACE FOR MOLDING
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A. Counter Pocket Nailed In Place

B. Counter Pocket Ready For Adhesive

Bonding In Place

Figure 46 -~ EMPLACEMENT OF METAL COUNTERS
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2. Thermal cycle during cur .ng

Since the long dwell time in the mold will contrikbute to
decreased production rates and increased cost, a brief experi-
ment was conducted in order to determine the nature and extent
of the problem.

One sample boot was instrumented with three thermocouples
and a direct reading Simpson 388-3L meter. Temperature readings
were taken at each of the three positions periodically over the
25-minute moiding cycle and a few minutes beyond. Figure 47
shows the temperature-time relationship at the three positions.

Thermocouple number 1 was located next to the leather in-
sole at approximately the center of the ball of the foot.
Thermocouple number 2 was mounted on the lower surface of the
metal protective shank approximately in the center of one of
the flat surfaces which make up the external shank wedge.
Thermocoupie number 3 was approximately centered between the
shank and the leather inscle.

The thermal cycle included a 25-minute uncured rubber pre-
heat at 150°F. This accounts for the high temperatures indicated
at thermocouples number 1 and number 2 at the beginning of the
recording period shown on Figure 1. Thermocouple number 3
(above the shank) did not come into direct contact with the
pre-heated rubber slug and only indicated 10B°F at the
beginning of the cycle. This slight differential above room
ambient was probably due to the effects of the warm last.,

Thermocouple number 2 (below the shank) reqgistered 130°F
at the beginning of the molding cycle and rose tc a high of
292°F near the end of the 25-minute cycle, This was the highest
temperature recorded at any of the thermocouple locations and
was, in fact, 50°F higher than the maximum temperature recorded
at thermocouple number 3 (above the shank). Thermocouple number
1 at the ball of the foot required approximately 10 minutes to
record 200°F even with the initial pre-heat temperature of
130°F. After 25 wminutes, thermocouple number 3 only reached
a maximum of 213°F.

Based on the time-temperature data shown in Figure 47, it
is likely that a redesign of the mold heating system and perhaps
an additional last heating system would help to minimize the
temperature differences within the mold and coulé@ result in a
considerably shortened molding cycle.

The 25-minute molding cycle currently in use for the DMS
boot incorporating a protective shank is based on a 400-gram
rubber outsocle for the cutaway heel versien. The heel thick-
ness is approximately 1.406 inches compared tc the standard
1.275 inches and the scle thickness at the toe is approximately
0.762 inch as compared to the standard 0.625 inch. There 1s
apparently about a 0.5° slope in the mold sole piston (relative
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to the side knife edges), which tends to thicken the sole
towards the toe. The average overall thickness increase for
the protective boot outsole is approximately 0.084 inch as
compared to the standard average thickness.

PART V. BLAST EVALUATION OF THE PRODUCTION TYPE DMS PROTECTIVE
COMBAT BOOTS

The eight variations of the DMS protective combat boot
described@ in Part IV were blast tested with cadaver lower
extremities and the M-14 land mine. A total of 64 tests was
conducted including eight each of the eight boot variations.
Forty-eight of the specimens were held in the CRDL test fixture
loaded with a total of 160 pounds of mass as described in
Section IXII-A. The other sixteen specimens were tested free
stand.ng akove the land mine and essentially unrestrained.
These specimens were propelled approximately 20 to 25 feet into
the air by the impulse generated by the mine. Detailed CRDL
autopsy data is included in Appendix C.

The cadaver damage level was generally as shown in Figures
48 and 49 with only minor damage differences being noted for the
eight boot type variations or fixture loading variations. The
differences in amputation rate were not generally apparent from
the post test exterior appearance of the csdavers. An indication
of the improvement in exterior appearance can be obtained by
comparing Figures 48 and 49 with the damage shown in Figure 27
for a non-protective boot.

The cadaver foot specimens were autopsied after the blast
loading; and based on photographs, x-rays, and detailed autopsy
reports, an evaluation of the damage toc the foot specimens was
made. This evaluation was made by five different individuals
or agencies for each of the £4 tests. Thus, a total of 320
separate evaluations is available for the eight boot wvariations
being studied.

These damage evaluations were provided by the following in-
dividuals or agencies:

Beyer, James C., M,D., Arlington Hospital,
Arlington, Virginia
Caskis, James D., M.D., Kirk army Hospital
Aberdeen Proving Ground, Maryland
Stewart, George M., Chief, Body Armor Branch
Biophysics Division
Directorate of Medical Research
Edgewood Arsenal, Maryland
Hawkins, Clarence E., and Williams, Richard L.
Rasearch Biclogists
Edgewood Arsenal, Maryland
Kovarie, John J., M.D.,Surgeon General's Office
Washington, D.C.
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Figurn 48 TYPICAL EXAMPLES OF BLAST LOADED ..t~
WITH PROTECTIVE BOOTS WITH LEATHEK -
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The damage level was broken down into four categorles:

l. Definite amputation, 1 0 poLnts
2. Marginal biased towaid amputation, 2.0 points
3. Marginal biased toward salvage, 3.0 points
4. Definite salvage, 4.0 poLnts

The category between 2 and 3 above (previously marginal-
unbiased) was eliminated and a "grade point" number was assigned
on the basis of 1.0 point for a definite amputation to 4.0
points for a definite salvage.

A summary of the foregoing data is presented in Table TIL.
The first eight rows of data apply to the eight possible zembi-
nations of the three BOOT TYPE variables: the outsole configuration,
the shank type, or the heel counter material. For example,
Roew 3 includes the data for all tests involving a boot with the
cutaway heel (CAH) ocutsole, the two-piece honeycomb shank, and
the leather counter. In this case, 20 out of 40 evaluations
of the foot damage indicated an amputation would definitely
be required. The remaining 20 evaluations indicated that there
was at least a possibility that the foot might be salvageable
after the proper medical treatment:; thus a 50 percent possible
salvage rate is indicated. The point average of 2.02 means tha-.
the average damage to the feet specimens was in the marginal
range biased toward amputation.

A, Comparison between leather and metal heel counters

Rows 9 and 10 compare all of the boot specimens in terms
of the effect of the counter variable. Row 9 includes all
boots with leather counters irrespective of shank or outsole
configi ration. Row 10 includes zall boots with metal counters.
Thus, a comparison between Rows 9 and 10 provides a comparison
between leather and metal counters. This variable was by far
the most significant of the boot variables. Possible salvage
was 27 percent with leather counters and 63 percsat with metal
counters. The point average was 1.47 with the leather counters
compared to 2.40 for the metal counters. This is particularly
significant in view of the :‘act that the 3.2 ounce stainlecs
steel counter used for this test series represents the first
attempt at a modification of the boot upper for blast pro-
tection with a potentially producible system.

Table I1I
COMPCSITE AUTOPSY RESULTS OF CRDL. TEST SERIES

The metal counter adds about 2.3 ounces to the overall
welight ©f each boot since the leather counter weighs just under
one ounce. This is a relatively small weight penalty considering
the increased level of protection, but there is probably a comfort
penalty associated with the metal counter. In addition, there
will be an increase in the cost of boots. These cost factors
are not known at the present time.
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B. Comparison between cutsole configurations

Rows 11 and 12 offer a direct comparison between all boots
with the cutaway heel (CAH) and all boots with the full heel.
The cutaway heel outsole differs from the full heel ocutsole in
that approximately 1.5 cunces of rubber is removed from the
center of the heel tc provide a vent or gas relief. The cut-
away heel outsole is theoretically superior in terms of decreased
total impulse into the system, and this appears to be borne
out by the slightly higher possible salvage rate (50 percent
vs. 41 percent)and the slightly higher point average (2.08 vs.
1.79). Thus, based on protective qualities alone, the cutawayv
heel outsole appears to have a small advantage over the full
heel outsole.

(ple]

An additional benefit that is associated with the CAH out-
sole is the reduced total weight (1.5 ocunces). The CAH outscle
may also provide better traction under some conditions, but
there is the possibility of catching or hooking the heel and
perhaps somewhat reduced stability under certain circumstances.
These details should be investigated further by a field and/or
a walk and wear controlled program.

C. Comparison between the two-piece and the one-piece shanks

Rows 13 and 14 compare all bhoots with one-piece honeycomb
shanks against all boots with the two-piece honeyccmb shanks.
These results are inconclusive; there is very little difference
between the shank types in terms of protective capability. The
two-piece shank is slightly heavier and considerably more ex-
pensive to fabricate and hence there appears to be no reason to
consider the two-piece shank further.

D. Comparison between loading systems

The standard 160 pound mass which effectively restrains
the cadaver system is considerably more rigid than a human
upper leq and torso. For shock wave reflection, the steel
structure is also high impedance causing a reflected shock wave
of almost twice the peak amplitude carried in the initial wave.
On the other hand, with no restraint above the cadaver lower
extremity the shock wave reflection will be negative and of
the same amplitude as the initial wave. If the cadaver lower
extremity were attached to a human torso, there would theoretically
be no significant reflected wave., This assumes a considerably
oversimplified model of the human anatomy, but the overall
theoretical conclusion is that a lower extremity attached to a
complete torsc would probably suffer less damage than either of
the two extreme cases studied.

Nk

The results of the comparison between the system with the i
standard 160 pound mass and the system with no restraint show
that there is somewhat less damage in the case of no restraint.
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Rows 15 and 16 of Table III indicate the overall results of this
comparison. The 16 specimens with no load restraint were
uniformly distributed among the eight types of boots 1indicated
in Rows 1 through 8.

PART VI, CONCLUSIONS AND RECOMMENDATIONS FOR PRODUCTION FOOTWEAR

The forego.ng blast evaluation of the eight types of
production protective DMS boots resulted in the following con-
clusions:

1. Considering all types of boots with leather counters,
the overall possible salvage rate was 27 percent.

2. The metal counters provided a possible salvage rate
more than twice as high as that of the leather counters.

3. The cutaway heel outsole is superior to the full
heel by a small margin. ,

4. The two-piece shank is not significantly superior
to the one-piece shank except by a small margin when
used in conjunction with the cutaway heel outsole.

5. The unrestrained cadavers suffered less damage by
a small margin than the cadavers held by the CRDL test
fixture with a total mass of 160 pounds.

Other considerztions which affect overall cost effectiveness
can be itemized as follows:

1. The metal counter modification of the boot upper
can only be considered tc be a developmental item
requiring additional effort to optimize design and
develop production techniques.

2. The cutaway heel 1s about 1.5 ounces per boot
lighter than the full heel.

3. The two-piece shank is considerably more expensive
to fabricate than the one-piece shank: perhaps two
dollars per pair in volume production.

4. Combat troops exposed to the same land mine as the
cadaver test specimens will probably have a higher
possible salvage rate due to their superior physical
condition and also to differences between the test
restraint conditions and the torso restraint conditions.

Based on these considerations, the final quantity of 70

pairs of production type DMS protective boots were fabricated
as follows:
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Item Quantity Outsole Shank Counter

1 30 pairs Cutaway Heel One Piece Leather
2 30 pairs Full Heel One Piece Leather
3 10 pairs Full Heel One Piece Metal

70 pairs total

Of these types, it is IITRI's recommendation that Item 1
(cutaway heel, one piece, leather counter) be selected for
production unless a serious deficiency is uncovered during the
walk and wear evaluation. The cutaway heel provides a slightly
higher level of protection as well as reduced weight.

It is also recommended that the metal counter be developed
further since it offers a significantly higher level of pro-
tection than the leather counter system. This development should
encompass other forms of rzinforced counters as well as the stain-
less steel construction employed here. 1In addition, the footwear
manufacturers should e consulted for recommendations relating to
fabrication and assembly techniques, since the reinforced counter
system is not directly adaptable to currently used manufacturing
methods.

PART VII. DRAWINGS, SPECIFICATIONS AND COST ESTIMATES

The information which is required for an initial procurement
and for planning purposes includes detailed drawings of the
protective shank piece parts and boot outsoles, assembly specifi-
cations for both the shank and the boot, and cost estimates for
various quantities of the shanks.

A. Drawings

Appendix A includes the detailed drawings for the one-piece
honeycomb shank (IITRI Part No, 2855300) and for both the cut-
away heel outsole and the full heel outsole. The shank was
designed for the size 9R DMS combat boot but the changes required
for other sizes will only affect the overall length and width
without altering the general configuration significantly. The
overall shank thickness can remain the same for all sizes since
the outsole thickness remains the same for all sizes.

The two outsole drawings are based on the QMR&E drawing
04-2-1-603 dated 12 October 62. Th2 major deviations required to
incorporate the protective shank are an increased sole and heel
thickness of approximately 1/16 inch and the wedge-shaped in-
clusion in the arch and heel region required to cover the wedge-
shaped shank. Note particularly that the rubber covering the
apex of the shank is continuous since any tread paccern identations
might expose the shank.
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B. Specifications for fabrication

The one-piece honeycomb shank consists of three piece
parts which are adhesive bonded into an assembly. The fabri-
cation specification for the protective shank, (Part No. 28553300,
Fabrication Spec. No. 2857001, Appendix B), includes the infor-
mation required to fabricate the assembly. This information 1is
in addition to the material specifications indicated on the
piece part drawings.

The fabrication specification for the blast protective
combat boot (Fabrication Spec. No. 2857000, Appendix B) details
the required deviations from the Quartermaster Corp Limited
Procurement Purchase Description for the Boot, Combat, Service
Direct Molded Sole, Mildew Resistant Number LP/P DES 37-62,
dated 17 October 62.

c. Cost estimates

The cost of the finished DMS5 protective combat boot can be
separated into two parts:

1. The cost of fabricating the piece parts and
adhesive bonding the shank assembly.

2. The cost of fabricating the footwear upper and
molding the o tsole with the shank encapsulated.
Tris includes adhesive coating of the shank exterior.

The latter cost should be obtained from a footwear manu-
facturer. The cost of fabricating the shank assembly (IITRI
Part No. 255%300, Appendix A) can be further broken down into
the cost of each of the piece parts plus the cost of the
adhesive and assembly labor. 1In addition, there are material
handling margins which are not included here. The cost estimates
for the three piece parts plus adhesive and assembly labor are
indicated below. Note that only one size is being considered
and a distribution among different sizes will tend to increase
the costs as will the addition of any engineering costs,
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DETAILED COST FOR QUANTITY
ITEM IITRI PART INDICATED COST IN DOLLARS/
No. DRWG. No. DESCRIPTION SHANK (NOT PAIRS)

10,000ea. 50,000ea. 100,000ea.

1 2855201 Casting, Wedge- $ 3.14 3.12 3.11 i

Plate

2 2855301 Honeycomb, One- 2.60 1.76 1.46
Piece

3 2855205 Plate, Cover .35 .15 .10

4 Adhesive .10 .10 .10

5 Assembly 1.00 .70 .60

TOTAL each $ 7.19 5.83 5.37

pair $14.238 11.66 10.74

The item 1 casting cost estimates are based on a quotation
from Hitchner Manufacturing Co., Inc., of Milford, New Hampshire,
dated 15 April 1966. A previous quotation from this same
manufacturer, dated 17 September 1965, indicated a considerably
lower price of $1.88 for the quantity of 10,000 each but manu-
facturing problems have caused them to raise the estimate.

The item 2 honeycomb cost estimate was obtained from
Hexcel Products, Inc., of Havre DeGrace, Maryland, on 19 Auvgust
1965. This is an estimate only, not a firm gquotation, and
based on recent experience with a puarchase of raw honeycomb, it '
may be subject to upward revision. Although aluminum honeycomb
material is generally available from a number of sources, the
particular high crushing strength (4200 psi) material used in
the protective shank is to our knowledge only available from
Hexcel.

Item 3 is a stainless steel sheet metal part which can be
obtained from any sheet metal fabricator. The cost estimate was
furnished by the IITRI shop.

The item 4 adhesive cost is based on the experience with the
3M Co., EC2214 epoxy material. This is a heat curing, one
component adhesive which comes in the form of a thixotropic
paste. Approximately 0.0l quart was used for each shank in-
cluding waste. This comes to approximately 0.10 each based on
a cost of $9.00 per gallon in 5-gallon pail lots. Ligquid
adhesives will probably be somewhat more economical in guantity
used, and in the case of the Resiweld 7004 adhesive from
H. B, Fuller Company, is mewhat lower in cost than the EC2214.
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The item 5 assembly cost estimate assumes a somewhat more
efficient technique than the hand layup method employed by
IITRI for the small quantity production. The assembly cost
includes cleaning of parts and any necessary mechanical roughing
or sandblasting but does not include external coating of the
shank. The external coating must be done shortly prior to
molding the footwear outscle and is the responsibility of the
footwear manufacturer.

Reviewing the cost breakdown indicated in the table, it
is clear that the major costs rest with items 1 and 2. A value
analysis program to reduce these piece part costs should result
in a considerable saving. To illustrate, the H.M. Harper Co.,
of Morton Grove, Illincis, indicates that item 1 may be reduced
to $1.00 each in 50,000 piece quantities if an impact forging
technique can be successfully applied. This would involve an
experimental effort with an estimated 75 to 85 percent probability
of success.

Item 2, the honeycomb, involves approximately 0.064 pounds
of material including aluminum foil and adhesives. At an
estimated cost of $1.46 each in quantities of 100,000 each, the
finished piece parts cost approximately $22.00 per pound. Some
consideration might be given to producing the finished part
directly from fcil rather than from pre-corrugated honeycomb
core machined to size. Alternatively, the part might be partially
crushed to size from a roughed out block to reduce machining
costs.

The foregoing suggestions for cost reduction by no means
exhaust the possibilities. If a large quantity procurement is
anticipated, it is recommended that a value analysis program
precede the procurement.
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IITRI pABRICATION
SPEC. NO, 2857001

FABRICATION SPECIFICATION FOR THE PROTECTIVE SHANK, PART
No. 2855300

The Protective Shank, part number 2855300, shall be
fabricated as an adhesive bonded assembly from the three piece
parts indicated on the assembly bill of materials. In addition
to the information supplied con the respective drawings, the
piece parts must meet the following minimum specification:

A. Plate, Cover. IITRI Part No. 2855205

The surface which is to be next to the honeycomb shall
be prepared for adhesive bonding per MIL-A-9067C paragraph
6.1.2 or an equivalent mechanical roughing method such as sand
or grit blasting with a solvent wash.

B. Honeycomb, One Piece. IITRI Part No. 2855301

The aluminum honeycomb material must be fabricated to
MIL-C-7438C where applicable. The foil material is to be .006
inch thick nominal 5052-H3% alloy. The nominal cell size is
1/8 inch hexagonal configuration, pre-corrugated. The average
axial crushing strength of the coir+ material is to be 4200 +
200 psi over the range of plastic deformation from 25% to 65%
of the initial thickness. The gross density of the core
matarial is to be 22 lbs/ft3 + 15%.

One suggested suitable material which meets this specifi-
cation is available rfrom the following source:

Hexcel Products, Incorperated
2332 Fourth Street
Berkely, California
Material Part No. 1/8-5052-006

c. Casting-Wedge Flate. IITRI Part No. 2855201

Fabricate as an investment casting per detailed drawing.

D. Adhesive For Assembly Of Part 2855300

An epoxy adhesive is to be uniformly applied to the surface
of the casting,IITRI Part No. 2855201, and to the surface of
the plate, IITRI Part No. 2855301. The adhesive surface
preparation and assembly technique shall be sufficient to pro-
vide for the integrity of the completed assembly during normal
handling and during the cure cycle required for the molded
rubber outsole (300°F to 325°F for approximately 20 minutes).
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MIL-A-9067C, Adhesive, Bonding, Process and Inspection
Requirements for, or its equivalent shall be used as a guide
where applicable. The adhesive itself must meet the regquire-
ments of MIL-A-25463 (ASG), Type 1, Class #l, Adhesive, Metallic
Structural Sandwich Construction, unless specifically excepted.

In addition, the following two epoxy adhesives which have
not been approved under MIL-! -25463 shall also be acceptable:

1. Scotchweld EC-2214 one component, heat
curing, thixotropic paste, adhesive
available from:

3M Company
2501 Hardston Road
St. Paul 19, Minn.

2. Resiweld 7004, two component, liquid room
temperature curing adhesive available from:

H, B, Fuller Company
255 Eagle Street
St. Paul 2, Minn.

Additional adhesives which do not meet the requirements of
MIL-A-25463 may be approved at the option of the QM Corp.

E. Coating For Assembly 2855300

The adhesive bonded assembly is to ke sand blasted all
over and coated uniformly with a synthetic rubber-resin solvent
type adhesive which meets the requirements of MIL-C-4003. This
coating is to be applied within 4B hours prior to direct molding
into the boot assembly (See IITRI Fabrication Specification
No. 2857000). One suggested suitable material which meets this
specification is available from the following source:

BB Chemical Division

United Shoe Machinery Corporation
748 Memorial Drive

Cambridge, Massachusetts

Part No. BOSTIK 4034
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IITRI FABRICATION
SPEC. NO. 2857000

FABRICATION SPECIFICATION FOR THE BLAST PROTECTIVE COMEAT BOOT

The direct molded sole (DMS) Protective Combat Boot is to
be fabricated in accordance with the Quartermaster Corps
Limited Procurement Purchase Description for the Boot, Combat,
Service, Direct Molded Sole, Mildew Resistant Number LP/P,
DES 37-62 dated 17 October 62. The only exceptions to the
aforementioned Purchase Description are those required to in-
corporate the protective shank (IITRI Part Noc. 2855300) in place
of the Steel Shank described in paragraph 3.2.3.1.

Incorporation of the protective shank will require the
following major deviations from the aforementioned Purchase
Description:

A. Counter Pocket (reference parugraph 3.2.1.1.5

The counter pocket shall be made from patterns supplied by
the QM Corps with allowance for lasting over the protective
shank for at least 1/4 x 1 inch overlap on each side of the
forward portion of the shank. Lacing the counter pocket across
the shank shall be used to hold the counter pocket in place
during the cure cycle.

B. Bottom Design (reference paragraph 3.2.4.2.1)

IITRI drawing 2856000 or 2856001, as specified by the
Contacting Officer, shall be used in place of Figure 1 to
determine the outsole configuration.

C. Heel Fillers (reference paragraph 3.2.6.1)

No heel filler is required.

D. Steel Shank (reference paraqraph 3.2.3.1)

The Protective Shank, IITRI part number 2855300, shall
be used in place of the steel shank described in paragraph
3.2.3.1. Fabrication of the Protective Shank is detailed 1in
IITRI Fabrication Specificaticon No, 28557001. Note that the
final external coating applied to the shank must be performed
within 48 hours of the molding of the outsole.

E. Sole and Heel Molding (reference paragraph 3.6.15)

The dwell time at 300-325°F must be adequate to insure
proper adhesion of the rubber to the leather. This may require
a twenty-five (25) minute dwell time with an optional rubber
biscuit preheat to not more than 150°F being permissible.
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APPENDIX C
AUTOPSY REPORTS ON DAMAGE TO CADAVER LOWER EXTREMITIES

The following autopsy reports describe the damage in-
flected to a human cadaver low:r extremity during impulsive
loading with an M-14 land mine. Some form of protective foot-
wear was worn in all cases as described in the main text of
this report.

The U. S. Army Chemical Research and Development Command
provided the information contained in these autopsy reports.
They alsc obtained the medical judgments of the relative
severity of the injury. These medicel judgments are summarized
elsewhere in this report.
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