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ABSTRACT 
ln order 10 r~u.:.: injuri.,_, duo 10 Jilling • box from tha Jloor. maximnl acc.:plabl< ""ighls or lifl (M . .>, WL) have bacn 
cSlablishcd for a lcvd .surface:. How~v.:r. an inclined surfac~ condilion may ~ encounta~ on a jobsile. Th~ purprni:\! uf 1his 
invcstiga1ion ,,as h,> d~1a111iuc: if lacing up ()'f d0\\11 a slop:d surface: at1C:.C1s .MA v.·L . .\Ila obtaining. univc:rsiry-appn.wc:d 
in I-Orm~ cuuS<."111 . 20 appan!ntly ht:.D.lthy mc:n (age: - 22...l± J .-1 ~rs) and 20 ,,omc:11 (ag~ = :!:!.O:t: J .9 ~Ts) di::taminc:d lloor to 
t.:nuck.l~ hdght M . .\ \1/L using rh~ psychophysical approach. .-\fter :.. fomiliarizonion da~·. 1wo data collc:clion day~ wc:u 
oomplet~ \\ilh l11e uphill and level (+20. +JO and O") or dmmJ1ill and lol'el (-20. -10 and 0") lifling capacilies de,.:nnin~. A 
cad011cc of fem litls'min \\OS uS¢d after sraning witl1 an unknown load 1ha1 panicipanls adjust<d atlar cnch lit). No 
ditt<ren.:.:s (p 0.05) in lav.:I ~l.-\ WL ware found on die dO\,nhill day compar<d 10 1ha uphill day. While 1he men Jifl<d 
shu1ifican11,· mor~ tha.u th..: womc:n in e,·~rv condirion (p<0.001). no diffa.:ncc:s w,,m: fouud acros.1;; the: liftine. oondi lions 
\p~-0.05). The men averaged a t.U WL of 24.7 kg across 1he liva cmdi1iuns (avornge slandard davialion (SD) --7.4 kg). 1ha 
\\'Olll~l avcrag~ 14.8 kg. (avaag.: SO= 3.1 kg). \l.·bil~ lh~ findings would suggest no changes in lifting guidelines for a 
slop.:d surfac~ wi1hin :?0° of level. oll"k:r facJors such a~ lilling 1echniquc and th~ stress placed on th~ low-,back should tk: 
Gxamll100 to aSS1::s.,;; risk of i,tjury in th~ ditT~atl condition~. 

INTRODUCTION 
Back pain has ti.:en describ.:d us one of the most common and sig.nifi<.:ant musculoskch:tal prubk111, 

in the United Stales I 1,2]. Its magnitude is so large thut e\'en a I% rt:duction in th.: ,1\·<!rnll rn:n1l,.;nc~ 
rat<! would considerably reduce morbidity and save tiillions of dollars ev<!rY y.:ur [31 . Nwn.:rous s111d1~, 
have focusal on the relationship b<!twe.:n the incidence of buck pain anJ liliini,t. lnvcstigalllrs han­
dcttnnin.:d that approximately 66% of all lifting tasks ar.: initiated al or ticlow hip lc\'d and thcS<: lasJ..s 
are associated with 78% of all back injuric.s [4] . In the work place, rcwmm.:ndation.s ha\'~ hcc11 
established and equations de\'eloped that account for risk factor., such as lifting fr.:qucnc\' , hcii,thl 11f th,· 
lift and object size [S,6). However, all recommendations are on a le,·d smi'acc and consi;J.,ration has 1101 
b«n gi\'<.'Jl towards the slope of the surfoce. 

For a majority of occupations it is anticipated that lifting is perfonnt:<1 from a level surface. howcn;r. 
circumstance:, do e,-ist at tiuilding and consu11c1ion sites or loading/un loading docks when: liliing muy 
occur from a sloped surface. Interestingly, occupations recognized for their unstatile 1<:rrain und un1:n:n 
working conditions, such as lumtier and tiuilding material retailing.. ha\·e u high pre,·alence rate for back 
rain and i11iu"· [3]. Although the effects of lifting from a sloped surface have not tieen documented, it 
has tieen estatilished that joint angle may influence ma,-imal strength [7] . Due to the intera.:tion 
l-..:twecn the lilier and the slope, the: ankle joint is e:-p<::eted to tie affected by the incline with possitile 
changes to j,iints on up the kinetic chain. 

An additional factor created t,y the sloped surface that must be considered is the change in lifting 
height requireJ from the different slope e<.>ndi1ions. Facing. up the incline ,,·ith the load in front of the 
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p,:rson will r<0Juc.: chc distance required to lift che k>nd 1,, knuckle h<!ight compur<!d lo ch.: lc.."1·,·I 
Similarly, fuci11g d,,wn the inclinl! wich tho! load in front of th" p,:r:;oo will inct'<!'J~ the distance r<:<1uir..-J 
us c,,m1xir&11,, the k\'d. This factor may also chang.: liflinp. capaci~- :,incc lhe hcighl th<! box is ra1"4·,I 
is proportional lo !he m.:ch:inical work (uwrngl! force x di;;placen1cn1) requin:d from th<! litkr. 

The gool or lhc present research effort i:; 10 dt-'lenninl! if either focing up or Jown a slop<!d su1f1..:.· 
inJlu.:nc.:s suhmuximul lifting capuci~- us compar<!d 10 the le\'cl surface. then:by altering reconuncnJ..J 
:,al<: kiuds i,,r these condicions. AdJicionally, since women appear to hav..: a higher incid.:nc.: of 1>111:1, 
pain and inju1J than men 121 and since women ha\·e slightly diff.:rent musculosl.:eletal charach:risc~, 
than men (8.91. th~· might be afl.:cced difforentJ~- b,· lh<! slop~ su1face. 1bcr.;fore. both men ••l<I 
women should b<: ~amine<l. 

METHODS 
Purticipu111s; Afl..:r ,,btaining uni,·cn;ity-approved informed consent. 20 men and ZO women l,..,t\\c,11 

I 8-2S ye.in; old soccessfully comp!etcd the protocol (men: agc = 22.4 ± 1.4 yrs, height= 181 .6 ± 7.1 cm. 
mas.s = 80.1 ± 7.9 kg: women: agc = 22.0 ± J.9 _vrs, height = 167.9 ± 7.0 cm, ma;..,= 64.8 ± 7.8 ko!l 
l'unicipunls m.:rc apparenlly healthy. with no hiSIOf)' of chronic back pain or injwJ, ,,r .:pisoJc ofbac~ 
pain within the lust month. Panicipanl$ were not employed as manual labor= or in jobs wh<!re lifting i., 
a prilllary tusk. though this hus nol h<!en found to be nec.:SS/Jry [10). However, all were comfonabl~ 
\lith liflini,t :1 box from the floor 10 knuckle: height (anns c.,tended ncar hips). 

bps:11mcnlal Apparatus: Participants perfom1ed lhe prescribed protocol from an ndjustublc S<JUat\' 

pluUonn ( 1.22 x 1.22 m) (figure I). Hingo:d at one end, the platform wns capabk of \'ar)'ing slop,:, 
(from O 1,, - 2SO)wilh the :,id of two manually operated screw jacks placed 0.33 m fom the front of the 
plaU<.>1111. A n<>n-sb:id floor finish additivc (&:hr J>r=ss Corporation. Santa Ana, CA) combined with 
blue!.: latex paint was applied 10 lhc S11rfocc of the plaUorm to reduce thc risk of slipping during th.: 
lifting proc.:dw·c. 

(a) (b) (c) 
Flgun: I : Lifting platform wid1 c-,;amplas of slops coodilious: (•) lacing du,,11 (n"!l•tivo slopo). (b) lovcl. and (c) facing up 
(.posi1h·..: slope:). Sloi,x picrurcd is aJ 200 r¢la1ivc 10 lmrizout»I . Ex.tnipl~ ~rfkipant mocked up wirh rdkcti\'<! n1ari.'.l.!n; to~ 
laodm~rks more cl""rl1·. 

To replicate actual lifting mo,·emcnts. a stand.ird lllilk crate was utilized. A woodcn box with a fals.: 
b<_)(tom wus placed inside the mill.: crutc to pn•hihiL the pani..:ipanl from rec.:iving any \·isual c~s 
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"'~teeming a randomized load wi1hin the ho:-; (l'igtm: 2). ln addition tc, the wciµh1s 1;..,11ca1I, lh,· 1,,1.,.. 

bouorn. suppk111cnta1y packag.<!s of lead shot , .:a.:h with a ma~-s of0.9l kg. w.:r" al'ail.,hlc lu m.:1·-,.,,,_. "' 
.kcn:as.: lh<! load. 

(a) (h) 

.-i~rc l : ~Iii~ era!" and Iii"" bonum \\ilh six b:i~s of lead shol on lop: (a) i11d<p<11d<,11 or ""-<It odt..- l\ilh P.'""'-~po,..,d 
\\l.k.,-e \,·c:ig.lu~ ar~ plac.:d h) randon1I~-ad;usf rhc iniaial kaad. and (h) oon1binod tog..:.'llla 14..1 elimln.a1c: \'i!'o11al cui:s C(.)f.liCt::rnin! 
1ho woiglll load. 

Expmm.:ntal l'ro1ocol: Th.: psyd1ophysi.:al method was u1iliz.:d lo sal~I~· d.:1.:nnin.: 1h.: 
submaxinwl lifting capaci1,· for all th.: Jloor condilions based c.>n its r.:producibility I J J J aod rnlidi1y 
[ 12). Th.: eXJl<!timcnlal prO!ocol .:xt.:nd<!d c.•n:r thr.:.: ,;.:ssions tha1 wen: compl.:1.:d by .:ac,:h panicipa!ll 
within a s.:,·,:n-day p.:riod. Th<! firsl ~~-;,ion was d,:,;il!,llat.:d us a familiariza1ion da)' whik th.: s.:.:onc.l 
and third days '""re fc.•r data coll.:clion. On th.: second and third da,·s of !.:sting, panicip:mls di:lc:ntlin.!d 
any difforenc,:s in tlc.lor-to-knu.:kk h.:ighl lifting capacities frc.,m rhc k,·.:I su11'LIC¢ and rwo kyd~ of
sl<lp,:d surfac.:. Panicipanrs "·.:r.: .:neour.ig.:d 10 uriliz.: th<! sum.: lifting 1.:clmiquc they would us.: du1inµ 
a typical lining situnrion. 

Aftl!f o brief wann-up p.:riod, each panicipanl lx:gan the lifting prorocol with an unknown w.:iµhl on 
a randomiz.:d surface slope (00. HIOD rr +,QOQ + indiCll!ing facing up the ,;lope). Th.: panicipant 
succcssfully compler«I all of th.: positive (or negatiw) condirions during. thc first darn colkctiun 
sessic.m. During th.: second data collcclion session th.: panicipanl compktoo th.: remaining conc.litic.,ns. 
Each s.:ssion had the pa11icipun1 lifr from lhc levd su1face 10 ensur.: tha1 no difl .. '1.:nces .:xist.:d frc.m1 day 
today. 

Liliing insrructic.ins w.:re pro,·id<!d 10 rh.: pa11ic.."ipan1 b.:for.: the iniriation of the fir.s1 lifl for all c.1f the 
trials. 'Jb.: panicipall! lifi.:d th.: loud from lb.: floor 10 knuckk height at a fr,:qucm.:y of four !ifrs/min, 
and th.:n lowered the load back 10 lh.: staning pc.•si1ion atkr a mom.:ntary pause at the lop. The 
panicipanl was abk lo add or subrract weighr a:; n,:,:ded lx:tw.:.:n lifts to d.:tcm1in.: rhe ma-.imum load 
1h,-:,· w.::re able 10 sustain " ·i1hou1 !~cling th.: onset of farigu.:. B.:sid,:,; th.: inilial six bag,, plac.:d on top 
of rh.: wooden ins.!11, IS additional bags were available re., th.: panicipants 10 incrcasc the lc.iad. With a 
randc.,miz,:d load hidd.:11 from vi.:w. p:1nicipants \\'~'Te not abk lo judg,: th,: amount of weigh! based on 
visible bags of shot. Th.: MA WL for each lifting condition was d.:termin.:d within IO minur.:s following 
th.: initiation of 1h.: :<p<:citic condition or until th.: subj.:cr scl.:ct,:d a load rhal was rnaintuined for cigh.t 
consecurive lilts [ 13). PaJ'licipants were nO! informed of th.: .:nding cril.:ri<ln. 
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A mandato1,· JO-minute rest period was given to the participant following each lifting condition I<• 

minimiZ<! fatigue throughout the experimental procedw-e. Th.: starting load was adjusted out of Yi~w of 
the participant. following the rest period, th.: panicipant continued detem1ining their MA WL on iii.: 

remaining lifting conditions. 
Data Analysis: 1be anthropometric measures recorded on the panicipants were compared h.!1wcc11 

genders with Student ' s I-tests. The p-value for significance was Sc!! at 0 .05 for all analyS<!s based on th~ 
explorato1y nature of the study and a power analysis of the psychophvsical data collected by Aghaz:idd1 
and Lu (14) in order to analyze the men and women independently . All analyS<!s were performed usin11 
Statistical Package for the Social Sciences, Version 11.5 (SPSS, Inc., Chicago, IL). 

In order to ensure that participwl!s performed equally on each data collection day , the le,·el lifti11~ 
condition resuhs were compared with repeated measures Student" s t-tests. No significant difli':r.:ncc, 
were found in th.: levd lifting conditions from day-to-day fur the men or women (see results below), '"' 
th.: two darn sets w.:r.: av.:raged to create a sing.le s.:t for compari;;on with the sloped surface lif1in~ 
conditions. The elkcts of gender and slope litiing condition were .:xamined with a 2 x 5 reixatcd-

. rneasur.:s Al1alysis of Variance. 

RESULTS 

Whik thc ll.4 year greater a\'erage age in the men compared to the woma1 was not significant!~· 
diffcr.:nt (p= 0.408), h.:ight and mas,; were significantly greater in the men compared to the womcu 
(p<O.OUI). 

No significant difli::rences were: obS<!n·.:d between whole group levd lifting capacities between the 
data collection trials (p=0. 170). Whole group le\'c:l litiing capacity on the do wnhill day (20.25 ± 8.2'1 
kg) was similar to the capacity determined on the uphill day ( 19.6 ± 7. 37 kg). Independent l.:vel liliin~ 
capacities for men and women produc.:d similar findings. Values for the men on the downhill day 
(25.80 ± 8.29 kg) were 1101 significw1tly different (p=0.058) than the values obtained for the uphill daY 
(24.34 ± 6 .81 kg). Likewise:, le,·el lifting capacities for the women on the downhill day (14.70 ± 2.72 
kg) were not significantly difforent (p=O. 763) than the capacity determined for the uphill day ( 14.86 :t, 

4.2 kg). Given the lack of di.fterence among the downhill and uphill s.:ssion level lifting capacities, as 
previously describ.:d, a singk data column comprised of an average of th.: two sessions for level lifting 
capacity was established to analyze the etl.x:ts of gender and slope on these variables. 

Surface slope did not have a significant effect on lifting capacity when the men and women w.:rc 
cornbin.:d (p = 0.191) (Table I) There was also no significant interaction effect for slope and gender (p 
= 0.193). However, there was a significant main effect for gender (p < 0.001). For each slope the m~n 
lifted significantly more than the women. Since then: was a significant difforence between the men and 
women, theS<! sets were then examined s.:paratdy. Findings wen: similar 10 thOS<! as a whole group. No 
significant diffen:nces were found across slope for m.:n (P = 0. 134) or women (p = 0.806). 

DISCUSSION 

MAWL values from the level surface .:ompare favoruhl,· to the 501
h p.:rcentik of Snook and 

Ciriello ·s [ 15) re,·ised tables of maximum acc.:ptabk w<.:igh1s and forces for a liliing task originating 
from fk,or level up to knuckle heig.111 at a frequcnc,· uf four lifts/min. In the current study, male and 
female participants lift.:d , on average, 25. I and 14. 8 kg. respectively . Snook and Ciriello ·s reviS<!d 
tables indicate that half of the male and fomale industrial population could acceptably lift a load of 24 
and 14 kg, res-p.:cti,·ely , from the fl,ior tn knu<.:kh.: heigh! wi1hou1 in_jun·. 
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Our findings also compare 10 MAWL \'alue:s ~-swhlishcd b,· Ciridlo el al. [12] for a similar lifting 
task . Ciriello el al. determined male and femuk Ml\ WI . values after 40 minutes and compared them to 
the ,·alues after 240 minutes. ln1erestingly . MA Wl.. n,lu~-s obtained after 40 minutes (29. l and 12.3 kg 
for males and females. respecti\'dy) were nut signilkantly different than the MAWL rnlues achieved 
after 240 minutes (27.9 and l l. 9 kg for males and !.:males. respectivdy). 

Table 1: Effect or Slope on Lifting Capacity 

Down 20" Down 10" Level Up 10• Up2D" 

Men Mean 25.1 24.1 25.1 23.8 25.5 
[n=20) Std Dev 8.9 7.4 7.4 6.1 7.2 

Women Mean 14.7" 14.7' 14.8' 15.0' 15.0" 
[n=20) Std Dev 2.9 2.8 3.3 3.6 2.7 

Combined Mean 19.9 19.4 19.9 19.4 20.3 
[N=40) Std Dev 8.4 7.3 7.7 6.7 7.6 

All capac~ies reported in kilograms 
• (p < 0.05) between men and women 

A clear difference betwe.:n our lifting capacity study and that of Ciriello el al. [ 12) involved the 
kngth of the te.~t. All of our participants de1em1ined their MA WL values within JO minutes. This is 
quite different compared to the: 240-minutc: protocol utilized by Ciriello e1 al. Ten minutes was sdec1cd 
as an appropriate;: t.:st l,:ngth du.: to the fact that most chang.:s occurred in the first l.:w lifts of 1he 
adjustment period, followed by minor oscillatof\· changc:s [ 13]. Howev.:r. this could account for th.: 
minor dilli:renc.:s b.:tw.:c:n our findings and theirs. Th.: difforc:nc.: could also be attributable to 
familia1ity with the: task, wh.:rc: industrial workers lift more: often. 

ResulL;; from the: currc:nt study support findings from Mital el al. [ 16) indicating gc:nder has a distinct 
influence on psychophysical lifting capacity . According to their n:senrch, a fcmak·s lifting strength is, 
on average, 60-76% of a male: ·s lifting strc:ngth. Results from this study dc:monstrnted that female 
MA WL valuc:s were: nearlv 60% of the male: values. 

While no other studies have examined the: effoct of slope: on lifting capacity , Aghazadeh and Lu [ 14 J 

c:xamined th.: effect of high-he.:led shrn:s. Although lifting with high he.:ls crc:ates an c:n\'in>nmcnl 
similar to lifting while: facing do\\n a sloped surface, gi,·en that both situations de,·ah: the: bed abow 
the to.:, visible: dilli:rences in lift distance exist. Facing down a sloped surface places the: object 10 be 
lifted at a diffcrc:nt hc:ight rela1i,·e ltl the: forc:foo1. In contrast. lifting with high heels doc:s not alter the 
object's hc:ight rdati,·e to the: forefoot. Pro\'ided that more work is accomplished while lifting from a 
sloped su1facc (c.ximpared to wearing high hc:ds), grc:a1er difforenccs in MA WL \'alues might be: 
c:xpected than when wc:aring high hc:ds. 

Aghazadeh and Lu [ 14 J determined MA WL values ltir 9 colkgc:-aged females (age: = 22 ± I. 98 yrs, 
height = 1.69 ± . I m, mass= 64.3 ± 12.28 kg) using thre.: difforent hc:d conditions (!lat, 5 cm, and 7.6 
cm). The participants used bv Aghazadc:h and Lu compared favorably with the female participanL~ used 
in the currc:nt stud)' . The: lifting protocol was consistent to the one: usc:d in the: cu1Tent study with the 
exception of the: tc:st duration. Each 1est trial lasted 20 minute::,. The: hc:d conditions u1ilizc:d by 
Aghazadeh and Lu were similar 1<1 the slopes prcsentc:d to our participants. Considc:ring the a,·erag.e 
woman ·s foot is 24.4 cm long { 17]. a 5 cm and 7.6 cm high-hc:d would c:qua] 11.8 and 17.~. 
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respa:tivdy. Ailh<>ugh not identical. th<..-S.: conditions compare fovorabh· to the downward facing slop,, 
prcsent<!d to ow- participants l l O and 200). 

In contra~1. to our results, Agh=1deh and Lu [ 14) disco,·er<!d noticeable difforences in MAW! 
values between heel conditioll$. Th" values obtained from the !lat condition were significantly dit"k,-~,11 
(p < 0.001) than th.: values ohtained from the 7.6 cm heel condition . In fact, participants lifted 21.s•. 
kss while wearing. th.: 7.6 cm high h.xls compared to the flat-heeled shoes. Although no signiticonl 
diffon:nce (p = 0.078) was observed between th.: !lat and 5 cm heel condition, it was noticed that 11,.. 
load liti<!d "·ith 5 cm high hcds was 11% less than th.: load lifted with !lats. 

Differences in MA WL results between the: two studi.::s can be allrihutoo to a number of factors. B1J(h 
of the: lifting. capacity studies allowoo th.: participants to lift using any style they wanted (frc:estyl11 
lifting), with one: c::-;ception. Participants in our study w.::r.:: instructed to incorporate a stance wid"r thn11 
the width of th" bo:-; 10 allow them 10 stand closer l<l the oo:-; and rooucc: the: chance of back pain ,mJ 
in_iury. Despite: the instructions to use a fre.::stylc: litling tc:clmiquc:, all the: panicipants from Aghazadcl1 
and Lu ·s [ 14] study used a stoop lifting posture. In contrast, ba;;cd on qualitative visual observation. our 
panicipants pn:fc:tTed the semi-squat style: of lifting. Interestingly. Sedgwick and Gom1ley ! IXJ 

· indicated the: sc:111i-squa1 technique: is the: most popular method us.:d by males and femalc:s to pick up " 
load from floor Ic:,·c:l and that stoop lifting should not be u:,c:d owing to poor adaptability and potential 
hazards for the lumbar spine:. 

The duration of each lifting trial could also have: in.fluc:nced the MA WL ,·aluc:s obtained from c:ad1 
study. Dc::;pite sin1ilar litiing protocols, each lifling. trial in Aghazadch and Lu's (14) study lasted 20 
minutes. Comparatively, MA WL values were obtained within IO minutes of testing for nearly all of our 
participants. Perhaps the additional JO minutes of lifting e:-;perienced by the high-heeled panicipants 
was enough to intlueuce the final MA WL value for each condition. However, this is unlikely busul 
upon the level floor MAWL tests that found 10 minutes an adequate time (13). 

While: it was anticipated that lloor slope would have a significalll effect on lifting capacity, none was 
found in this study. Even though it appears that lifting kinematics arc altered by th.: slope, since the 
ankle must acwrnmodate the altered orientation of the foot created by the slope, and the joint range:; of 
motion must ch.,ng.c: in order to pick up u oo:-; at a different height relati\·e to the foot with each different 
slope, these changes do not seem lo be of a magnitude great enough to a her MA WL. This leads to the 
questions, what mechanism is responsible for us to select the appropriate ma:-;imum load in a repetiti\'c 
lifting. task and how does this impact the risk of low-back in_ju1y. Additional r<!Search is needed into 
these areas before decisive conclusions can be made regarding the effect of floor slope and appropriate 
recommendations for safe lifting loads. 

CONCLUSIONS 
While men are capable of litiing significamly more than women, on average:, varying the surface 

slope does not significantly alter subma:-;imal lifting capacity of either gender as measured through the 
psychophysical .ipproach in spite of noticeable changes in the amount of work accomplished (based 011 

height lifted in different conditioll$). Ftmhcr inn.:stig.ation is needed into this finding to determine if 
posture (joint alignment) plays a role in loads internal !(> the body and, ther.::for.::, risk of injmy. As a 
r.::sult , no adjustments to lifting guiddines hascd on floor slope may be made at this time. Future 
research is needed to understand how the body is loaded und why subma:\imal lifting capacity docs not 
change with lloor slope. 

Copyrigtu 2~ by IS,\ • The: lna1r111nctKAl 1un, Sy~ICllti. lllld Au1001:1tion Sociel)'. 

Presaucd :11 Rod,-y Mountain Biocogincc:rin~ Sympo,uarn & hlk'nlalN1n11I ISA Biomedical Sciences lnsrrwnemation Symposium; \l."W\.\'. isa.or; 

lH 



ACKNOWLEDGMENTS 
This proj'IXt was support«! by the C~nta-s for Di:scn~ Cuntrol and Prcvir.!nlit..'fl (grant #: 5 RU) OHO-I 161--02). 'lliis 

research was conduc1c::d al d11! Uni\'crsiry of \Vyoming in th'I! Cotlegl.'! of H~ld1 Scia,ces. 

REFERENCES 
f.J) T.L. Hollbroc..'lk.. h.. . Grazier. J.L. ~¢ls~:y. and R.N . S1aulfor. /mpuc1 unJ cos1 of:.·rtl«ff:J musculo:.J:d..:MI conJiuon::.· m th..: 

Um1d Sr.iws. Chicago: A.-\OS. 1984. 

l2J A. Pra~n~r, S. Furner. and D.P. Rie¢. .\/111cu/oskdi!1ill condit1on:s m the L:1urs:J StLlt.::~. Rosemont: A:·\llS. 1992. 

PJ H.R. Guo. S. Tanaka. \\'.£. Halpe,in. and L.L. Camoron. "Back pain J>"•valonc• in lf.S. induslly and ostimatos of lost 
workdays." ..Jmenc.i11Jo11rnul 0JP11bhc llc.ilrh. vol. 89. pp. 1029-1035. 1999. 

14] S.H. Snook. ··n,.: da;ign of manual handling tasks." Ergonomics. vol. 21. pp. %3-985. 1978. 

15] J. Hidalgo. A. G.:naidy. \\·. J;..arm)\\·ski. D. Christen""~'- R. Huston. and J. Stambough. ".-\ compr.:h.:nsiw lifting modal: 
boyond th.: NIOSH lifting a4uation: · Ergonomics. vol. 40. pp. 916-927. 1997. 

16] T.R. Wat•rs. V. Putz-And.:rson. and .-\. Garg. Apphcaflons m,.m11al for 1/,c rwi ,"d N!OSH lift,ng oq11ut10m. U.S. 
Depar1mem of Ht?i.Jith .ind H umi.Vr Ser,1ic.:~. I 994. 

17] ~ 1,;.ulig. J.G . Androws. and J.G. Hay, ··Human Str.:ngd1 Curva;.'· £ , erc1se and Spon Science Re,•ie•rs. vol. 12. pp. 417-
466. 1984. 

18] £.A. Ar.:ndt. ··common musculosk.:l.:tal injuria; in wom.:n." The Physician .ind Spor1Smed1cme. vol. 24 . pp. 39--12. 45-
48, 19%. 

19] \\' .S. Marras. 1,;..G. Davis. and M. Jorgens.::n. ··Spine loading as a Junction of g.:nd.:r." Spine. vol. 27. pp. 2514-2520. 
2002. 

l JOJ A. Mital. ··compariwn of lifling capabiJiti~ of industrial and noo•industrial pupulatilms." in Hwnlm Fuc1ors 
Proceedings. DH~10rL pp. 239·241. 1986. 

[ I l J S.H. Snook. ··Psychophysical consid.:rations in p..m1issiblo loads.·· Ergonomics. vol. 2~. pp. 327-330. 1985. 

1121 V.M. Ciri•llo. S.H. Snook. A.C. Blick. and P.L. Wilkinson. --ni, .:!Tacts of lask dur.tion '"' pwclw1tl1\·sically­
d.:t.:r,ni11.:d ma,;imum aoo,prabl• weights and for=.- Ergonomics. vol. 33. pp. 187-200. 1990. 

l BJ k .G. Davis. M.J. Jorga1s~l~ and \V.S. Marras. ··An inv¢Slig.arion of p:trccived ~xenion via ,,hole: boJy cxcr1i1"t11 and 
dir¢cl muse)¢ fore~ indicators during the: d~hmninatiou of the: maximum acc~prabfo weighl of lift·· i:."rgom.1mK:,;, Yol. -n. 
pp. 143-159. 2000. 

ll4J F . . -\ghazadch. and H. Lu. '"R!!lationship b~tWQ!ll JXlSnarl!: and lifting cap..city." lnwm.itu.m.il .loun1',I uf lnJ11.slrhd 
Ergonomics. vol. 13. pp. 353-356. 1994. · 

[ 1 SJ S.H. Snook and \'.M. Ciriello. ··n1.: d.:sign of manual handling t•sl.:s: re,·i'"'<l tablos of ma,;imum acccptablo w.:ights 
and forccs." Ergonomics. vol. 3~. pp. 1197-1213. 1991. 

I 161 A. l\liral. A.S. Nicholson. and ~L~L Ayoub . . "1 Gwde ro ~\lowng .\l~tt]r1t1/:i· fllmJ/wg. Londc.lJl: Taylor and Francis. 1993. 

(l 7J 1'. . Parbam. C. Gordon. and D. lkn~I. Amhropomt:fl)' of the Foot lmci Lou·,u leg of C.S . . -4.rmy Soldu:r.s: Fon J,,ckson. 
SC - /985 . U.S . .-\nnv Natick. R.:s.:arch. O.v.:loprn.:111 and Engin.,.,..ing Ccnt.:r. 1988. 

[l&J .:\ .. \\!. S~g,\"ick and J.T. Gormky. ·"Tralniog for lifting: an llltrl!:solv..:d ~rgonrnn ic issu~T Apph.:.J Ergonomu:.J;. vol. 29. 
pp. 395-398. 1998. 

Copyrighl 200-I by ISA • The ln.strwnc::ntatioo.. SystO'D.$. and Automation Society. 

Presented ill Rocky Moun&ai.n Biocnginc:cring Symposium & lntcm.1tiooal JSA Biomedical Scicoces lRSttUmeatalion Symposiwn: \'-WW.iSil.ort 

2S9 



ISA Volume 449 
BIOMEDICAL SCI ENC ES INSTRUMENTATION Volume 40 

ISSN: 0067-8856 2004 04 40 1 

Copyright©2004 by ISA-The Instrumentation, Systems, and Automation 
Society. All rights reseived. Not for resale. Printed in the United States of 
America. (OTE: "U.S. Government-All Rights Reseived" or "Canada 
Government-All Rights Reseived" in the Table of Contents indicates that 
no copyright is claimed on these papers.) 

No part of this publication may be reproduced, stored in a retrieval 
system, or transmitted, in any form or by any means (electronic, 
mechanical, photocopying, recording, or otherwise), without the prior 
written permission of the Publisher. 

ISA 
67 Alexander Drive 
Research Triangle Park, North Carolina 27709 
USA 

Reprints of articles in this publication are available on a custom basis at 
reasonable prices in quantities of 100 or more. 

Permission to photocopy for personal, non-commercial use is granted by 
ISA-The Instrumentation, Systems, and Automation Society for libraries 
and other users registered with the Copyright Clearance Center (CCC), 
provided that the fee of $0.50 per page is paid directly to CCC, 21 
Congress Street, Salem, MA 01970. Payment should include the fee 
code information in the form of: 

[ISSN!Y ear of Publication/Page Numbers of Article/Fee for Copying] 

II 



Technical Papers of ISA 

.. 
ISA-The Instrumentation, Systems, 'i~ 

and Automation Society {!-,, . 

Biomedical 
Sciences 
Instrumentation 
Volume 40 
Presented at: 

~ Fort Collins. Colorado 
23-25 April 2004 

Technical Papers 
Composing the Proceedings of the 

41st Annual Rocky Mountain Bioengineering Symposium 
& 

41st International ISA Biomedical Sciences 
Instrumentation Symposium 

'-----------1SA Volume 449 
ISA 
Research Triangle Park, North Carol ina 
Edited by: Susan P. James, Ph.D. and Harry Valenla, Ph.D. 




