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Injury Prevention 

• • 
I 

• Practice 
The NIOSH experience 

By Hongwei Hsiao 

ENGINEE RING RESEARC H has a g reat his to ry of 
integrating the p rinciples and lmvs of physics and the 
science of hu ma n form il nd function to develop the­
ories and hypotheses; after a series of Vil lida tions, 
these theories are then tra nsfnr111ed into technolo­
gies. Through thl' Resea rch lo Practice (r2p) ini tic1 ti ve, 
NIOSH engineers 1111w 111oved many engineering 
techno logies to prod uct design practices, stand ardi­
za tion ,me! commercia lization. Wh ile these e ffo rts a re 
associated w ith d iffe rent indush·ia l sectors and have 
taken di ffe rent approilcbes to ensure successful 
industria l accepta nce and use, they hare a common 
goal to reduce workplace hazards c1 11d prevent work­
e r injuries. A genera l p roced ure for implementiJ1g 
eng ineering tec!U1ologics, w ith four examples, is p re­
sented to d emonstrn te the progress and impact of r2p 
efforts on vc1 rious safety applica tions at workplaces. 

Implementing Engineering Technologies 
Figure ·1 presents a gener11 I procedure fo r im p le­

menting eng ineering technologies fo r i11jury prl'vl'n­
tion; it includes the steps of research, des ig n, 
s ta11da rcl iz,1 tion and commercializa tion. While an 
injury incident can be sim ply d 1aracterized as a si tu­
a tion in w hich the enviro1m1ent and task demands 
exceed a person's capability a t a given moment, the 
unde rly ing reasons fo r an injury incident arc typi­
ca lly mullifacto rial. For example, if a roofer fe ll to 
thL' g round w hile he tra nsited from an elevated p la t­
form lo an ex tens ion ladde r, severn l influenti r1 l fac­
to rs may lrnve cont1ibutcd lo the incident; these mr1y 
include roof steepness, icy spots on the roof, inap­
pro pria te ladder setu p o r poor ladde r configura tion. 
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If one or more of these foctor,; .ire effectivelv con­
tro lled, the incidl'n t-i njtia linn chili n ca n be b~·oken, 
thereby reducing the likelihood of an in ju ry inciden t. 

Researching the Problem 
Safely engineering rese;irch typica llv seeks to de­

vise engineering solutions to control thcsl' influential 
factors and minimize the possibil ity of workers taking 
actions tha t could exceed their cap;ibilities. Th1:'Se solu­
tions may incl ud e new work strategies, improvl'd 
tools, enhanced prod ucts or mod ified protective gt'cH. 
This enginl'ering-rl'search and solu tion-sc•eki ng effort 
is tlw first stage of the process in im plementing engi­
neering technologies for injury prevention. 

Knowledge Transfer 
Transferring resl'a rch knm vledgr and engineered 

solutions into technologica l producLs rep resents the 

Figure 1 

Implementing 
Engineering 
Technologies 
·n,e p rocess of implementing enginee1i ng tech­
nologies fo r injury prevention typirn lly consists of 
research , prod uct design, standa rdiziltion and 
commercialization. ·n,e resec1 rch componf:'nt usu­
ally in volves tht' integra tion of physics and 
human science with a series of validation studies. 

~ ... I _. ___ o_e ... s_ig_n __ ___. 

I Phy,;<S I l 
, Standardization 

I Hum~n Science l 
I I Commercialization I Validation 



Roofer Fall Scenario 

second s tnge of Lhe pro ess. 1\lthoug h this 
technolngy- trnnsfcr s tage is genc rn lly well 
accepted by SH&E professiorrnb a nd 
users, it can be challenging. Por cxn mple, 
airbags hc1v1.: become a ·tarKiilrd safety 
device f()r reducing vehidr:.~crash-rcl;ikd 
injuries and fatalities. The airbag CLmcept, 
howev<:>r, w a~ no t immedintcly accepted 
by the indus try tir the genera l pub lic k.g., 
in terms pf tis t, re liability a nd a v.-1ilabili­
ty). Establishing i1 partne rship a mong in­
duslric~. USL'r grnups and i;ovcrn ment ,it 
the early s tage of the p roducl development 
cycle ma help lo overcome product­
devclopment hurdles ,ind increasC' the effi­
cacy of product dcsii:,,n. 

By knowi ng worker body mnss, roni pi tch and 
the coefficient of friction between the w,irker 
and roof, the initinl descending fo rce of a fall 
incident ca n be estirnilled by subtnicting the fric­
tion force from slidi ng force fo r effecl ivc g ua rcf­
raiJ design i11 withs tnndi11g n loc1ding fo rce. 

Standardization 
Stancl.1rd izatinn is U1e third · t,1g of Lhc 

process. \Nhilt• some <:>ng ineeri ng solu tions 
must mcl'l !he s t,111dards of sa fet y regulations (e.g., 
safety g ua rding and age-rela lcd OpL•ni tion restric­
tions related to compactors and ba lers), eng ineering 
techno logies ftir inj ur:,1 control typicn lly ,1chieve cm­
ployt>r and employee acceptt1 ncc through volun tar:,' 
standilrds. Ex<1mpl1.;_ include A iS[ 287.1-2003, 0 ·cu­
paliona l and Edu ;itionnl Pe rsona l Eye and Face Pro­
tection De,·ices, il consens us s tilndnrd for sc1fc tv 
eyewear, ;i nd th ' t\me1icc1n Snc iety of AgricuJh.1 r~l 
ilnd Bioln:ic,il Eng ineers (AS/\131.:) X599 consensus 
standard concerning automati dcp lo~1ablc rollover 
protective s tructures (A uto ROPS). 

Th<:> ·e s tandards have grown from e ng ineering 
research outputs towa rd perfonnance-b;iscd criteria. 
[nnovati\·e, !:>tv lish evewea r ;ind fornHractor ROI'S 
tha t ar..: cost-l'i"fective ca n be dL'vcloped ; the result is 
increased prn lcction and incrcas ·d acceptance and 
use in tlw workpl.icc. N IOSH delegates were invited 
to particip,1te in the committees th.it prepmed the 
draft vers ions of these s tanda rd s for fi na l public 
review and full rnnmittee bc1 1lot. 

Commercialization 
Engineering technology in pr,1cticc cc1 nnot be fulJy 

functionnl wi thout an adequak commercializa tion 
process-whether done by manufacturers or trc1de 
and bbor org;iniza tions. Factors such as reasonnblc 
cost, user fricnd lint:'SS and dur,ibi lilv c,in direct ly or 
indirectly affe t the commercia li zc1t iZm of c1 tcchriolo­
gy. Aga in, a pmtncrship between industries, user 
groups and government at U1e early s t,1ge of product 
development may increase Lhe efficacy of product 
commercializt1 tion. Voluntary s landa rd · that specify 
product-performanc.: requiremenb o r physical--afety 
specifications cc1 n promote product v,1lue and mini­
mi ze produ · t linbility concerns, fac tors which , in t11rn, 
wi ll accelcrnte technology commcrcinli zation. 

Technology-in-Practice Examples 
Controlling Falls from Roofs 

Fa ll from roofs arc a lec1ding m u ·e for w o rk-re lc1t­
ed fataJjties ,i nd arc a major ca use of serious nonfatal 
injuries in llw cons trnction industry. In 2004, 17..J 

Photo 1: NIOSH developed an 
adjustable roof-guardrail assem­
bly to protect workers from fa lls 
from roof edg es, roof holes and 
exist ing skylights. It can accom­
modate a roof pitd1 range of 
27° to 63°. 

workL:rs were killed and more than 3,2/iO w 1 >rkers 
were ·c rio usly injured ;:i ftc r fa lling from roofs (BLS, 
2(Xl5a, b). Research to undcrs t,llld human fall mecha­
nisms a nd to identify preventi , ·e measures is criti ct1l 
to Lhe reduc tion of foll -from-rooi incidents. 

Research 
Tc mpor,i ry g uardrai ls offer a soluliun for p rnl·L·ct­

ing workers from fa lling to ., lower level d uring 
roofing wu rk. By knowing wo rke r body mass, rnof 
pit ·h nnd the wefficient nf frict ion betwet:n the 
w o rker a nd roof, safety engineers can es tima te the 
initial descending force oi ,1 fa ll incident as wdl ,b 

the drnpping fo rce of a roo fer ;it lhe edge of the roof. 
Fur exmnple, in a roofer fa ll · enario, c1 roofer wat, 

s liding down fro m a --1 5" pitch roof (Figure 2). Th • 
normal force (NF) agains t the roof rn n be ma thc 111 ,1 l­
ical ly d escri bed as N F = 111,iss x g x cos -13", whe rl' 
m ,iss is th;it of the indi vid ual .1nd g is the furn .: 11( 

grav ity (9.8 m /s2). T he fri "!inn force (FF) Lwtwc'l'll 
the ind ividual and the roof ca n be presented as n: = 
ul x NF = u, x mdSS x g x cos -15'', where Ur is the 
·ocfficicn t of fr ictio n between lhe ind i\'idua l and the 
roof. Furthe rmore, lhe sliding fo rce ( F) of the indi­
vid ua l ca n be d escribed as SF= m ass x g x si n ..JS''. 
111ercfore, the initia l descending force (DF) ca n be 
eslimated by subtractin g the frictio n force from s lid ­
ing force [DF = SF - FF = mass x g x (si11 45" - Ur x cos 
-lS'') I. By knowi ng thL· initi ,i l fa ll locn tion in relalion 
to the roof edge, the dropping force o f a roofer at the 
edge o f roof ca n be further es tim nted for effecti\·e 
g ua rdr;iil desig n purposes. 

Design & Standardization 
TI1c hurnan-descendi11g-and-d rapping-force infor­

ma tio n is illsu cri tical fllr selhng sci fe ty sta nda rd s or 
regula tions. OSHA regul,1lions require that g u,1rd ­
rails, safety nets o r f.1 11 -nrres t harnesses be used 
for tasks performed above 6 ft. OSH A 29 T I~ 
192/i.SOO(t)(iv) requfres tha t the comple ted g u,1rd r.-1 il 
structure be able to wiU,stilnd a load of a t least 200 lb 
npplied in any direction a t , ny poin t on tht' lop rail. 
Most current guardrail systems are desig ned to hc1n -

Abstract: Engineering 
research provides the 
basic methods for devel­
oping innova tive tools. 
methods and practices for 
occupational injury con­
trol. Determining the best 
methods to translate 
engineering research 
results into industrial 
practice is a key element 
of effective occupa tional 
injury prevention. 
Through NIOSH's 
Research ro Practice (r2p) 
initiative, engineers have 
increased their range of 
research and develop­

men t activities and now 
routinely consider meth· 
ods ro move outcomes 
roward adoption as 
accepted industrial prac­
tice. This article provides 
four examples of the r2p 
process lO demonstrate 

the value of joint efforts 
among SH&E profession­
als, industry partners 
and government. 
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A telescoping 
AutoROPS offers trac­
tor rollover protection 

while allowing the 
tractor to be operated 

in low-clearance set-
tings (Photo 2, top) 

such as orchards and 
animal confinement 

buildings. AutoROPS 
can be used on farm 

tractors (Photo 3. cen­
ter) and commercial 

lawn mowers (Photo 
4, bottom). 

Research 

die low-rooi-pilch envi­
ronmt:nls. N IOSH h;is 
developed ;in ,1djus tc1ble 
rot)f g uardrilil a ·Scmbly 
U1,1t can accommodc1te a 
roof pitch range or 27 ' to 
63'' (Photo 1, p. 29). 

Commercialization 
I lOSH had a publi 

111 ·cling to transfer the guardrail ;issem­
bly to pract"ice and i, fina liz ing agr1.:e­
ments with pilrh1ers to commerciill ize the 
design. It c.:m be used lo p rote I workers 

• from falls from roof edges, roo( ho les ilnd 
ex is ting skylights. 

Protecting Against Tractor Rollover 
Another exc1mple is AutoROPS !hill 

ca n be used on farm trac tors c1 nd cum­
ml'rcial lawn mt wers. 

from ·1992 to 2000, more than 990 farmt!rs died as 
,1 resu lt of lrnc tor o,·e rturns (Myers, 2003). t eMly ill! 
of the e deaths cou ld ha,·e been prevented with the 
RO PS a nd proper use of a SL'il lbell. However, a bo ut 
hali of thl' 4.7 million tractors in service in the U .. 
lack the approp1fate rollove r protection (Myers). 
Trnctor opcr;1tors hil ve not ·cl low-clea rance s ituc1-
tio ns, such as o rcha rds and buildings, as a rcc1son for 
n 1t ha,·ing ROI'S o n their trilctors (E thl'rton, 
McKl'nzie, I.ult , et al., 20().J ). 

Design 
N IOSH devl' lopt:d Au to ROPS lo add ress low­

clearance siluc1 li ons (Pho to 2). This d ev ice is .i pas­
s ive control. It s la y in a lowered pos ition until il 

rnlltwcr conditil111 i · d etermined, al {,,hich tim e it 
deploys to a fully extended and locked position 
( l'owers, Ha rris, Etherton, c l il l., 2001). 

Standardization & Commercialization 
Over thl' p,1st r ' IV years, the J\I IOSH ROPS rese,1rch 

ll'am hils ll'orked with a mc1nufacture r a nd il p wered 
lawn rnre equipnwnt m,mufaclurer to facilitate lr,,ns­
fcr of this dc,·ice to industry (Photos 3 and .J). in 
ilddition, t 10 1-1 llils ,vorkni with eq uipment manu­
fa cturers, ac,1dl'miil ;ind standards cummillees to de­
velop a performnnre s tilnd;ird for the ;.\utoROI' ' . This 
commi ttee i · urren tly nJ mcd X599 c1nd operiltes 
under AS/\BE's <1 dministration . This rcsearch-dl.'s ign­
sta nda rdiza ti()n proct:'Ss is L'xpected to streamline the 
commerci,1liza li o11 o f the technology and, thus, reduce 
ro llover injuries and fa tal ities involving tractors ,1ml 
lawn mowers. Th ' techno logy has i1 high poten tia l lo 
be transfer red to lhl' militiry ,is well lo p ro tect s(1!die rs 
from combill vehicle rollover incident 

Enhancing Harness Fit 
·n1e nl'xt t:xample is the dl.!velopment oi ,111thro­

pnmetric c rit •riJ ior harness d esign and improve­
ment of h,1 rness s iz ing schemes to enh il n e the 
harness fit ,1mong the workers- til l! and sho rt , 
heavy and thin, and diYerse body s hapes. 
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Research 
Fa lls from heig ht a rc a leild ing cause uf dt.>ath in 

the constru cti on indus try; in 2004, 437 .S. construc­
tion workers died due lo folls-irom-hcig ht incidents 
(BLS, 2004c1). In addition, more than 20,950 construc­
tion w~1rkers ,,·t!re disil bil'd in work-relilll'd fall 
from heigh t in the same ycar (BLS, 2004b). Fall-arrest 
hilrnesst:s provide the lilsl line of defe nse lo the 6.3 
million construction wtirkcrs in ,ircc1s where fa ll ­
fro m-heig ht h,, zil rds ca nnot be com pletely e liminat­
ed (1-l s ino, Brndtmi ll e r & VVhilestone, 2003). 

Review of historical ilnthropometric S()urces for 
commen.:ic1 I harness i,:ing reveals that the s izing is 
based on dimens ions der ived from U.S. mi li tnry pop­
ulntion ch1tabases collected in the ·1970s ;1 11d l9ROs 
(13rncltm ilkr, Whiteslont:, Felds tein, el c1!., 2000). The 
harness mo111ufact1.1ring industry, SH&E professionn ls 
and tr.ide associa tions h.i,·e .i prt>ssing need to rc­
asse. " the curn:nt sizing :;chemes- anthmpometric 
dat-a for milita ry populations do not represen t U1e 
civilian worker popula tion because of re lo1tivcly s trict 
a nthn 1po111 •h·ic en try rl'qui rem en ts for the ;i rmed 
forces a nd hcig ht / wl'ig ht g uid elines for troop reten­
tion (Hsiao, ct al., 200 ). Furthe1111on.:, workforce 
di versity and body diml'nsinns hm·e cha nged signif­
icantly a n1lJng the U . . civil ian population in recent 
decade::: (DH HS, 2001 ). 

The J\I IOSH Harness l~l'search Team has used c1 

rap id 3-D sca nning leclrnology to dig it·,1lly rn pture 
worker-harness interfaces (Photo 5, p. 31) and devel ­
oped scientific theories to quilntiiy humm, torso 
shape and s ize. For exil mple, a bounding-box proce­
dure, which originated in the compull'r grnp hics 
fi e ld , wns used to ex trnct the rrn1ximum breadth 
(side-lo-s ide dis tance), dep th (front- to-back dis­
tance) nnd height (top-to-bottom distance) of both 
the uppe r-torso , ·ol ume space and the IO\\"'r-torso 
volume spc1ce (a lso known ilS " torso bounding 
boxes") from 3-D . can im,1ges. ·n1esc dimensions 
were then u ·ed to explore the inll' rc1cti on of the gen­
era l bod y shape and dimensions with h.irncss fit. 

Design 
Using these theoric-, the resec1rch tcarn h,1s fur­

ther derived ,rnd tested prilctical h.irness dl'sib,,, cri­
teria lo ad , ·il nce knowledge about reducing the risk 
of injury tlrnt results from puor harness / user inter­
face, impm11er s ize sclcc tinn ur the fo ilu n• to d on the 
hnrness pn,perly (Hsiat>, e t ,11., 2003; J-l s i,w, 2004). 
The team has a lso worked with the ha rness ni. nu­
facturin g indust ry to formulate lrnrn l':,S·si;,ing 
schemes and harness de ·ih11:, for Vilrious popula­
tions, l'Spet:i,1lly women a nd minorities, to em,urc 
the required level u( proll' ·tion, productivity, and 
comfort of harnesses to worke rs (Hs in n, Whis ler, 
Ka u, L'l a I., 2005). 

Standardization & Commercializat ion 
Scvl' r,il profl'ssional org,mizations an d s t,rnd;i rds 

committel'S h,we tes tiiied, in various forrn:,, to the 
urgent need for this r2p effort. Two leilding U.S. har­
ness manuiac ture rs (MS/\ a nd D131-SJ\LJ\) have 
actively par tic ipilted in the N !O 1-1 rescnrch and il re 
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using Lhc research results lo modify current harness 
designs as well as to develop the next-generation 
harnesses. A nationn l committee 0 11 foll protection 
eq t1ipment has also expressed inkrest in incorporat­
ing the study resu lts to possibly establish natiomil 
harness-siz ing standards. 

Developing Safer Scissor lifts & Work Practices 
The lns l exnmple involves collaborntive research 

with a scissor lift manu facturer to develop safer scis­
sor lifts and work practices. Scissor lif ts arc fre­
quently used in the construction induslTy thanks to 
their li,rn:-saving benefit and ability to reduce l'xpo­
sure to fa ll haznrds. However, some scissor-lift 
tipover incidents have btien reported . 

Research 
McCnnn (2003) examined the deaths of 339 con­

struction workers due to personnel ]jfts, using data 
for the years 1992 to 1999 from the 13LS Census of 
Fatal Ocrnpa tional Injuries. He fo und that I 9'X, of 
these fa tal incidents were associated with a single 
type of lift-the scissor lift; 65% of these incidents 
were worker falls and Li.ft collapses/tipovers. A 
review of NIOSH Fntal ity Assessment and Control 
Evalua tion reports from 1985 lo 2002 a nd the OSHA 
incident investigation records from 1990 to 2003 also 
identified tipovcr as the most freq uen t type of fall 
incident involving scissor lifts (Pm,, Hoskin, Lin, e t 
a l., 2005). 

Design 
JOSH has signed a letter of agreement with 

Skyjack [nc. to develop safer scissor lifts and work 
practices. The researd1 team is working to develop a 
va li da ted computerized model that can be used to 
analyze the impact of the load (such as worker, tools 
and building materials), size, weight and location on 
the scissor lift platform al different heights and oper­
ator acti vities (e.g., pushing or pu lling w ires). The 
partner has provided two scissor lifts and related 
engineering support lo lhl' NIOSH research team. 

The resl'arch tea m is performing static and 
dynamic experiments on the changes to ccnter-of­
mass or the scissor li ft under various work scenarios 
in which workers might engage, using volunteer 
participanl<;. Specifica lly, the studies involve dynam­
ic curb test, depression test, and d riving and s top­
ping (jerking) at a range of heigh ts and with a ra nge 
of loads on lhe platform. 

Standardization & Commercialization 
The sh,dy resu lts will provide critical information 

for international standard committees relating to scis­
sor lifL,;; to develop revised standards. These commit­
tees include the main ANSI A92 Aerial Platforms 
Committee and various A92 subcommittees, the U.S. 
Technica l Adv isory Group Ln ISO 'fcchnical Commit­
tee 214, Elevating Work Platforms, and the Canadian 
Standards 1\ ssociation's B354 Elevating Work Plat­
forms Technical Committee. This joint researd, effort 
wi ll ensure the commercia lization of new safety fea­
tures once successful tests are ach ieved. 

Conclusion 
The process of implementing engineering tech­

nologies fo r inju ry prevention typica lly encompasses 
the s teps of research, product design, standardization 
and commercialization. The fou r r2p examples de­
scribed involve research on innovative approaches to 
red uce workplace haza rd exposures as well as efforts 
to develop practica l solutions and designs to prevent 
occupation.ii injuries. Working closely with industry 
partners, NIOSH has advanced technologies into 
s tandards and com mercializa tion, which is a corner­
stone for effective nccupat-ional inju ry prevention. As 
these examples show, the NIOSH ex perience pro­
vides a roadmap for the global safety eng inee ri ng 
community lo fo llow. • 
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Photo 5: A Cyberware 
WB4 3-D full-body 
scanner was used to 
register the interface 
between human 
torsos and fall-arrest 
harnesses while the 
subject was in both 
the standing and sus­
pended postures. 
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