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of Protective Headgear

.. Bivengineering aspects of headgear design are surveyed to illustrole the inferactions and
contributions of different engineering disciplines lo mililary headgear design. - Illus-
trations are drawn from the fields of anthropometry, human foctors, heat transfer,
acoustics, and applied mechanics. In addition, a helmet design procedure is described

— which takes inio consideration such interactions. The procedure was successfully wsed
in the design and development of a new ballistic protective infantry helmet. This
methodology is equally applicable to the design of civilian head proleclive devices.
Possible applications are pointed out,

Introduction

* One aspect of the mission of the US Army Natick Research
and Devélopment Commiand is to provide appropriate and éf-
feeiive head protection for the individual soldier. Many prob-
lems of military head. protection have similar counterparts in
civilian hesdgear designs. However, the Outsta.ndmg factor which
constrains military headgea.r designs in'ways not found in civilian
apphcatlons is ballistic protection. Ballistic probectmn usually
means increased welght of helmets and decreased options for
materials . selectmn compared with eivilian deszgn pa.ramebers
Ba.lhstlc protectmn is of pa.ramount importance to the Army,
but siries it i not of wide interest outiside the Army, it will not be

elaborated ori'here. Instead, attention wﬁl be'focused on several

aréas which ate conimon to the engmeermg; of both eivilian and
military protective headgear. =
Heazaids to the head aré ghown schematlcally in Flg 1. Many

engineering and scientific disciplines contribute to the design of -

protéctive devices to defeat those hazards. In each case, it is

necessary to quantify as far as possible the hazard in engineering -

terms so that the performance of a particular protective device
can be evahiated in engineering terms. Current head protective

devices fzmge from specm.hzed he!mets for ﬂyers, ﬁremen, and -
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Anthropometry

Anthropometry, the study of body dunenswns, provides the
physical definition of the head with which the equipment de-
signer must work., The statistical variations of head and face
dimensions throughout a particular population of people must
be taken into sccount by the designer in’ order to arrive at a
suitably functionsl design. The major objective in considering
ead dimensions is to achieve proper fit of the item. Dimensions
for the US. Army populatlon are reported by White and Chiirehill
1 Head and fa.ce dlm.eﬂsmns are presented in a design limit

tNumbers in brackets designate References at end of paper.
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Fig. 1 : Schematic representation of threats to the survivability of the
head
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3, USANARADCOM, unpublished) - :

easurement. C100% 98 %
 Head ciréumference ;. 51.0 7638 - 52.4 60.0
> Head Tength' 7 16.6 22.4°  °17.8 21.2
©3" Nasal root-oeciput . 16.4 220 17.4 20.8 .
‘& Pronasale-oceiput 18.8° 254 20.2-24.1
Ecbocantbis-otcipit: 13.8 20.8 . 15.1 19.4
_ vagion-oceipat - 6.8 14.8 7.9 12.9
7 Head breadth -~ - - . 12.8 17.4 13,9 16.7
4 Bitvigion breadsh, - . 1.4 15,6  12.2 148,
g Toad height - .~ - 10.0 16.0. 1.3 15.0
0. Facelength . 9.6- 146 10.5 13.6
" Face breadth - | 120 163 0127 154
4.8 . 5.2

12 Tnterpupillery breadth SR 7.1

7 of séphents of the Army population; any head protective device
" miust ‘zceount for those variations. - L

" The dimensions'in Table 1 do not; in

-head mensuring device shown in Fig.'2 was built.. A network of

. points-distributed: over: the head is messured- to produce. head

- gontours; - Th ‘data reduction procedure can be used to generate:

" an’ atbitrary: number - of ‘sizing ‘systems—one gize, “two sizes,

. thrée sizes, ete—depending on the application. : SR

© . 'Three sizes were generated for the new infantry helmet. The
headforms #te shown in Fig: 3. Details of this work ate contained

i Claus, et aly (21007 1

ki ther. the mizn can perform successfully.

defermined, and these human
to achieve a successful equipment
idered to.be of such importance

asuffng’d'evice with stibject posi-

" tioned for meas
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ménsions (c’h)‘fdf the US Ariny ﬁopulétibn feported as design limits for selected percentage coverages (co.urté.-

S themselves, 'yiélc_i shaped -
-heddforms. . To génerate’ snthropomorphic: shapes, the unique -

1 Norecent fa.cefér_ms'j'_l_';é.{re' bee.x_l_'de:v.eloﬁed by the"Atmy or any -
other ofganization. Most design: work is done with the set of ten .

sdeforms made during WW TI for designing. - & ot
-Army, seldom wear a hat of any kind. - Consequently, when

sticated  piece: of equipment’ may be, -

interactions between the mas, his:":

- helmet -

95% " L 90% 80% 509,
53,0 59.3 . 53.5 58.8. 541 582 55.0 57.2
‘1.0 20.9° 18.2 20.7 185 20.4. 19.0 20.0
17.7 205 17.9 20.3 - 18.2 20.0 - 18.6 19.6
0.5 238 20.8 23.5.. 21:1 232 21.6 22.8
i5.4 19.2 157 18.9-. 16.0 18.6 - 16.6 17.9
8.2 12.7. 85 12.4 88 11.9 . 9.4 1.1
14.1 16.4-° 14.3 16.3. " 146160 149 156
124 146 126 14.4 128 14.2 13.1 13.9
11.6 14.8° . 11.9 14.5 122 142 12,7 13.8.
10.8° 13:4-. 11.0¢ 1371 -711.2 12,9 11.6 12.5
12.9 15.1° 13.1 1419  13.3 4.7 13.6 14.4

"6 6.6 5.9 6.4

54 69 5.5 6.8

' férm'é.i_: fn Table 1. Since those din{ensic’)_n’s'reﬂeéﬁ the _vé.rialﬁility . thatall such design work 'i%s:siibiécted tos Départmenﬁ of Defense.

level standard (Bl S o -
The Human. Engineering Laboratory, Aberdeen Proving

~Ground; Md., developed a methodology for evaluating candidate
infantry helmet designs by, considering the spectrum. of tasks -

tequired of the sinfantryman [6]. - Tasks. ranged from simple

‘mobility -to firing individual and crewserved weapons, from

wearing gogeles to using coimnunications equipment. This study

"defified the edgecut of the infantry helmet discussed in the

_ The only other system oriented
human {actors headgear study sppears to be- MeKenzie {7] on’
cornbat vehicle crewmen. : S

fotheomiing design section:

Heat Transfer . A
The mejority of adults today, pafﬁéuléa.rly those of ége for the- _

people wear a piece of military headgear out. of necessity, many

. complaints are received as to the headgear being uncomfortable,

too heavy, and too hot, The discipline of heat transfer contributes :

. & -quantitative description of therenal characteristics of head-
‘gear in order to providé insight into, subjective estimations of ..

comfort.’ _Besides the aréa of comfort; _tiié thérma,l_ properties of -

the tropies to the Aretic. .

" Headgesar. are important under severe climatic conditions from

" © The heat transfer propertieé: of clothing and ﬁratéc%ive_. eciuip;_ '

ment are. evaluated at the unique facilities of the US Army

Fig.3  Thrée piaéter._li_e'a_df_é'r_rh's:dg:v.él_p_ _ft-:'r_'s';' ng:a new infantry
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Table2 Thermal characteristlcs of selected helmets-—after Fonseca [8]

: S Air flow
Helmets S air . : 3m/fsec

s ' " im/CLO mo _CLO im/CLO m

" Aircrew AFH-L oo 038 0.85.. ... 0.48 1.8 0.88
Aircrew APH-5 S 0.32 0 e 04T 0081 1.4 0.72
Standard CVC - | 0,36 0,46 - 0,43 1.9 0.83
English’ Infa.ntry ) 0.45 | .44 "0.87 1.9 0.70
Football Helinet .~ - s t 10.37 0.47 - 1.6 0.78
Experimental Hayes—Stewart '0.39 045 1.9 0.87
Ttalian Infantry S 044 U042 2.0 0.84
.0 E 0,54 1.5 0.81

Experunental Parachutlst Lmer: 186

Research Instttute f or anronmental Med:cme, Natick; NIass A
fully: instrumented * copper ‘man™ is séd to mieasurs this msula- -
tion values' and ‘the vapor-transtiission ‘coefficieiits of ciothlng :
systems. . Description- of the test equ1pment and the ‘methods
used Lo evaliate ensembles -are-econtained in ‘Fonseta's’ siirvey
report [8} of headgear.” The phys_ica.l miodel, _ the__t_zopper mamkm,_
is sectioned with independent thermal’ controls s’ that the head *
alone can. be -considered: the st sectioh “for'*headgens studies. -
The thermal charactenstms of eight dn“ferent helmet.s are shown_
in Table 2
The qua.nt;tles in Tab]e 2; C‘]o a.nd fin, sre used: bv phys.mlo—
gists- to describe the theuna.l properties  of ‘protective clothing.
The Clo unit;-Joosely spesking, is-the’ aniouiit-of insulation or
thermal vesistance provided by a single business suit. Pfébiseiy, :
one Clo #s 0,18°C m? hr/kg cal [9]:- The nondimensional'permea-
bility -index, im, is defined as runrys/7aiias where iy, is the re-
sistanee of a material to passage of heat, r.;is the resistanice’of a
materizl to pessage of vapor, i is the resistance ‘of Air-to pas-
sage of heat, and r., is the resistarics of air t6-passage of:v a.por
Measurement techniques of Clo and im>are contained in'{9) " - .
The designs vary greatly fromi ‘the ‘opén’ English- mfa.ntry'
helmet to the nearly closed aircrew hehivet.: Thd’ corlespondmg':j_
- extreme Clo values range from 0.97 o 1.72'in stil aifi 0 ©
Two important aspects of Fonseea's study [2] ate the effests of -
ventilation holes in helmets and the'effects of increasingthe per-. .
centage of the head covered by a helmef...
fering amounts of material from a helmet to provide ventilation -
and then measuring the thermal properties of the modified hel-
mets, Fonseca conecluded that such holes did not increase the
evaporative heat transfer from the head in.a practically’ sig-
nificant way. Also, by systematicallyremoving strips of material
from an experimental shell, evaporative héat transfer was ins
creased little until nearly 30 percent of the helmet was removed.
These findings contributed substantially to the design: of a'new
infantry helmet which covers the ears and temple aréas of ‘the
head and which provides a minimum 1.27 em (0.5 in. ) offset from j :
the head. :
The insulation provided by the helmets listed in Ta.ble 2718
unwanted and should be reduced to increase comfort. . .On the.
other hand, the head is deliberately insulated by the “Cap,
insulatisig, helmet liner,” which-provides 2.5 Clo; 0. 27 im/Cla
“and 0.68 im. When worn with the M-1 helmet the. i}hermal"'f; ;
properties are 2.5 Clo, 0.14 im/Clo and 0.35 im. This delibérate
Jinsulation is signifieantly greater than any helmet in Table 2.

Acoustics '

: Aeoustics plays & major role in the demgn of certam headgear‘-:
in at least three ways: 1 provision for-the tra.nsmxssmn of in-:=
telligible information from the moéuth, 2. provision. for the

reception of intelligible information by. the ear, and 3° protec- :' SRR
The 70

tion from hearing loss’ due to excessive noise:exposure.

electrical engineering of communications eqmpment will not be o -

dealt with here.
Hearing loss is a major problem for. ‘the Army 3ust B8 1t is. for
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;civﬂlans' The Army
“lamong ottier ways, by the Departient of the Army bulletin,
“Noise and Conservation of Hearing’” [10] and the military
“standard, ‘“Noise Limits for Army Materiel’”’ {11]. The acoustics
; :probiem simply. put,-is that all military weapons [10] and some
“Ipowered vehicles produce noise levels in excess of whai are now

By: removing dif=’ )

.’ SOUNDPRESSURE LEVEL (DECH Ls;m_:nnbdﬂmfﬁesfcﬁ’i S

© e
.2

)

g awareness of this problem is reflected,

eonsidered 1o be aceepta,ble exposure levels.

‘Several’ examples of “aooustic hazards are shown in Fig. 4.
The impulse pressure levels'of riflés are seen to exceed 140 dBA,
the jmpulse noise level when ear protectors are now mandatory
in the Army [10], and the steady noise levels from engines are
generally above 100 dBA. The performance of typical ear de-
fenders are shown in Fig. 5 in terms of sound attenuation {133
cheracteristics.'An example of a standard helmet whieh meets &

‘nojse:attenuation requirement for prowdmg ear protection is the

SPH4 flyer's helmet [14].
Exposure of military personnel to steady roise ooeurs in air-
praft,; armored vehicles, and motorized artillery, while eivilians

. are: exposed to, steady noise hazards in various manufaeturing

operations and in powered equlpm.ent. applications, The steady
noise exposure limits from the Army’s TB MED 251 [10} and from

'the Occupa.monat Safety and Health Administration standards

»——a DAMAGE-RISK CRITERION FOR WIDE BAND NOISE (8 HR. EXPOSURE}
; e, }33-33 TURBQ JET (80 FT. IN FRONT OF ENGINE) (WITHOUT AFTER BURNER}
A~=—a 3333 TURBO JET {50 FT. IN FRONT OF ENGINE) (WITH AFTER BURNER)
| &—& T 12GEI SELF PROPELLED HOWITZER {35 MPH) {CREW POSITION]}
Sl CH-21C HELICOPTER. [COCKPIT}
g VINDUNT JET [PILOT SFOSITION}
7 f~w=3 YH18D HELICOPTER (COCKPIT) |

-— 0\:&1,2 'zp'v:r_lru ENGINE TURBOPROP CHEW AREA OF A
200 CKPATH PROPOSED HIGH POWERED WEAPON (30 psi)
i 107 mm MORTAR WITHOUT ATTENUATOR

L

ol CREW AREA OF USA 105 mm HOWITZER {~7 psi)
7o b 107 mm MORTAR WITH ATTENUATOR

5 M-14 RIFLE {LEVEL AT EAR

Proy s . )
Ry M-16 RIFLE [LEVEL AT EAR):

. THRESHOLD OF PAIN [CONTINUOUS SOUND)
L5 TENTATIVE DAMAGE — RESK CRITERICN (EMPULSE)

_ AV. THRESHOUD OF DISCOMFORT (PURE TONE|
LOUD SHOUT (AT 19

LOUD SPEECH

" AV. THRESHOLD FOR BONE CONDUCTION

D OF HEARING (YOUNG ADULT)

.'l 1. L A 3 e a
. 3776 160 200 600, 1200 2600 4500
T TE 150 3007800 1200 2400 4800 800

'FREQUENCY IN OCTAVE BANDS {HZ)

Fig. 4 Acoustic hazards—after Tanenholtz [121
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AIR CONDUCTION THRESHOLD . S
T DL T i T

aevis

GENTEX HELMET DH-16-2
EARMUFFS
EARPLUGS (V-51R) E
B——® EARPLUGS AND EARMUFES
O—-0 S$PH-3
BPH-2

.20 ..

30k

ATTENUATION' IN” DECIBELS. *

] <B ESTIMATED ATTENUATION
e “OF COMBINED EAR PLUG AND
-850 . MUFF TO IMPULSIVE NOISE

B EST. ATTEN. OF EAR PLUG TO IMPULSIVE NOISE

60 1 I RN A 1 L
100 1000
: C I FHEQUE!\ECY N HERTZ

bl :
10,000

: F:g 5. Sound attenuatlnn characterlstlcs ‘of sound.attenuating de-
vices and helmets—after Tanenholtz [12]

 PERMITTED DURATION (HOURS) ~

: 95:_ 100 105" 11a “F16
EFFECTIVENO&SELEVELHBA] L

'Fag. 6 COmanson of Army and OSHA perrmtted exposures to steady
noise: - )

[15] dre compared in Fig. 6. It is seen that the Army’s require-
ment is uniformly more conservative than OSHA’. The typical
eight hour work da.y exposure ig limited to 90 dBA and to 85
dBA by the Army ' :

Ap plled Mechamcs

Interest in applications of established mechanies techniques to

Journal of Biomechanical Engineering
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.deformation.of the. human body has given rise to the sub- .
specialty of biomechanics. A recent survey of the subjeet is con-
tained in Fung, et al. {16]. .

In this section, four specific topics are discussed: coordinate
systems, kinematies of the head with added weight, an impact

" model of the eurrent standard M-1 helmet, and an example of

crash protective headgear.

The first step in any mechanics problem, that of ‘defining a
suitable reference coordinated system, has not been talen often
for headgear problems. Examples of studies employing coor-
dinate systems are (2, 17, 18, 19, 20]. Coordinate systems are
necessary in order that head anthropometrics, headgear dimen-
sions, and the statics and dynamies of head/helmet motions will
be reproducibly related. The choice of a particular coordinate
system is arbitrary, but nonetheless, a choice must be made and
consistently utilized.

The dynamics of the head are influenced by the presence of a
helmet through a change in its inertial properties.  Subjective
studies of the effects of additional weight on the head have been
conducted, but the only quantitative dynamic investigation ap-
pears to be Mertz and Patrick {17]. Their report focuses on the
development of static and dynamic tolerance limits for the neck
in extension and flexion. Their proposed tolerance limits are
summarized In Figs. 7 and 8. In order to illustrate a change in
inertial properties, data from Mertz and Patrick [17] were plotted
as shown in Fig. 9. The data in Fig. 9 are illustrative only. The
data are based on a single, volunteer subject with. neck muscles
tensed, and were fit with a least-squares straight line by this
author. The additional weight was three lb., Additional ee-
centric weight on the head did cause an increase in the dy-
namic moments. These moments were all below the flexion pain
threshold of 44 ft-Ib,

As stated in the introduction, the entire sub]ec‘o of high speed
(balligtic) impaet is. omitted from this survey. However, the
mechanies of low-speed impact is iilustrated because of its wide-
spread importance to the design of military and civilian head-
gear. Impact mechanics of the head has been studied for many
years [21] with a major impetus coming from automobile safety
considerations. )

Many models are available for the head and brain, but very

1ol —— L ____’_. L
CADAVER DYN, TORQUE — NO LIGAMENTOUS, DISC,
140 FT. LB. ©OR BONE DAMAGE
< 120
-
-
w
-~ 1 100k
ot
w
3
>
[a]
. § 8ol |
2 | VOL.DYN. ‘roaaue -1 | 68 FT. LB. NON-INJURIOUS
R AL > N 5
£ eof | -
§ : | PAIN THRESHOLD — 44 FT. LB,
b iy
< a0r
& VOL. STATIC TORQUE — 26 FT. LB.
E e L
c .
£ |VOL. STATIC FLEXION — 56 DEG.
| {VOL. DYN. FLEXION ~ TODEG. :
]
]

b e

1 i 1 N R l_ FRERE R
20. 4 . . 60. - 80 100 _ :
HEAD POSITION RELATIVE TO' TORSD = (DEG

Fig.7 Head-neckresponse enve!opeforfiexion and varmustolerance o
jevels—after-Mertz and Patrick {17} .




—‘1L :

50

LIGAMENTOUS DAMAGE = 42 FT. LB, .f -

40

NONE INJURY LEVEL =35 FT. L

RECOMMENDED EXTENSION .

MOMENT AT OCCIPITAL CONDYLES — FT: LB

30" RESPONSE ENVELOQPE
20 VOL. STATIC LEVEL =
0l ' static .|
ROTATION LIMIT.= 60 DEG. -+ f
L
o 20 40 . 60 . 80 100 .

' HEAD POSITION RELATIVE TO. TORSO-DEG. 1 5
ng. 8 Head-neék ;'réSpohse _fof 'exté'rvl.s‘-;rbi.i.:_..;in. vz
levels—after Mertz and Patrick [17]. - . o

' fov exist for the head /helmet combination: The study of Khalil,
‘Goldsinith, and Sackman {22 included the standard M-I steel *
helmet with reinforced plastic liner: . Wave, propagation effects
in layered physical meodels were studied experimantally: and. LT
numerically with finite element techniques. “They showed that . "
for short time impulses, a helmet ¢an reduce by a. ‘factor of ten
the amplitude of pressure pulses in the fluid simulated brain.”
They =lso found that the finite element medel results:were sensi- 7 .

tive o the element material properties which: #ré notknown with
high ACCUTACY. . L [ Ll AL il BT .

Only Tecently has the engineering of football heltiets beer Te-

quired to be careful enough in order to. meet a new impact-per-

formance requirement {24].

Design Methodology

Tn this section, a step-by-step design methoddlc{g‘j is "de_scﬂbed )

which was used successfully in-the design and developmént_'j(_)f a
new ballistic protectivée infantry helmet (25} The order of the

_steps corresponds to the order to topics covered earlier in the

paper. CoEE
First, the purpose of the headgear must be defined by specify-
ing the hazards against which the head is {6 be protected: The

hazards should he quantified ag far as possible. Quantified esti-
mates are moreuseful than any lengthy qualitative:descriptions. e
Next, anthropometric data on the population to be fitbed with-

the helmet or other deviee should be analyzed to detérmine the

ranges of variation in selected design variables. ..o
From the dimensional ranges and hardware fabrication.con-

siderations, the number of sizes required fo fit thepopulation can

be determined. Headform shapes were defined. by fesetting the

probes of the head measuring device (Fig. 2)and having a sculptor-

fashion headforms corresponding to:thoese ‘probe. readings.: The
resulting sized headforms thus formed: the foundation for design
work. e
Heat transfer and materials consideration led to the seleéction
of 1.27 em (0.5 in.) as the minimurmn offset (distance between
head and helmet shell} required for the new infantry helmet.
Using the head measuring device, the probes were moved out
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various -tolerance

WEIGHT
AT C.G.

 MAXIMUM MOMENT (FT-LB}

15

D LIGHT SHELL ONLY
+ WEIGHT ABOVE C.G.
O WEIGHT AT CG.
5 = WEIGHT BELOW C.G. "]
ol AR . TR

o 1 2 3 4.5 6 7 8 9 10
I e AGCELERATION (G)

- -I;ig. 9 :Effe'.ét-of' added’ weight on head-neck reésponise—based on
. - LR G Mertz and Patrick data [17] L ; ) ;
An example of crash protective: equipment is:the BPH-4 " . T
flyer’s hetmet [14] which nust pass the ANSIZ90.1:[23] impact
requirement on aeceleration level. "Much less’ severe impadtre-

: vere mmpas 2 d 150+ Y tﬁ '.d'. th es \ § to til midsa itt.a,l
quirements are placed on so-called “hump’’ protective headgear.” 1.27. om-and. also-symmetrized: with Teapoy ! s

plane. A set of new forms were sculptured.. These. are referred
to ns the “working helmet molds,”” and one is shown in Fig. 10.

Himan factors studies of the man, equipment, -and mission
envelope led to the edgecut definition which is seribed into the

~=working helmet miolds. The edgecut provides a line of demarca-
“fion-sueh that if ‘s helmet ‘design comes below the edgecut, the

. Fig.1¢ A working helmet mold with edgecut inscribed
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Fig.11 A compression moldéd Keviar® helmet

* resulting helmef would interfere with efther a piece of equipment
or s task required of the infantryman. Above the edgecut, hel-
mets will not suffer any incompatibility with equipment or task.

Candidate helinet designs are then made in clay directly over
the working helmet molds. The design is finalized and helmets
are fabricated. The new infantry helmet which was developed
using the above deseribed procedure is shown in Fig. 11. An ex-
tensive evaluation of the infantry helmet was conducted. = De-
tailed comparisons between the design objectives and the various
helmet parameters is contained in Corona, et al. [26]. This
methodology is equally applicable to football, hockey, automo-

" “bile Tacing, and industrial safety headgear.

-~ Summary-

. Ai:l atbeiupt was made to show how the disciplines of anthro-
‘pometry, human factors, heat transfer, acoustics, and applied
mechanics contribute to the engineering of protective headgear.
Also, a step-by-step design methodology was described which

shows how the relevant technical information can be synthesized
to yield functional protective equipment designs. '
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