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Abstract

The limited attention afforded to push/pull aciest and the motion phases (initial,
sustained and ending) characteristic of these tag&kprompted a research focus in this
area. The present study examined biomechanicabmess in the form of hand forces
during dynamic submaximal trolley pushing and mgli Participants pushed/pulled
loads of 100, 200 and 300 kg on the level (detemginmpact of load) or pushed
100 kg along a 2ramp (uphill and downhill- determining impact ahdient).

During level exertions significant differences (p8%®) in hand forces occurred
between loads of 100 and 200 kg, and 100 and 30@rkmpitial and sustained forces
but not ending forces. Values were similar fortpng and pulling at respective loads
and motion phases. Strong correlations indicate thitial forces can be used to
accurately estimate sustained and ending forcemportantly, correct technique is
essential in force reduction.

Forces were highest during uphill initial and sustd phases and the downbhill
sustained phase. For the initial phase, the fovem® highest during uphill pushing
(86.5 + 25.73 N); for the sustained phase, there madifference between uphill and
downhill forces but level forces were significankbyver (18.19 + 8.09 N) than either of
the other two conditions; for the ending phase higéest forces were produced during
downhill pushing (-53.34 £ 13.65N). As sustainedcés equaled or exceeded initial
forces for uphill and downhill efforts, considemati of sustained forces may be
appropriate in determining the inherent potentsl of graded pushing.
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1 Introduction

Due to the physical nature of manual materials hagdMMH), workers are frequently
exposed to excessive task demands, resulting anstn the cardiovascular and
musculoskeletal systems, specifically when the woris unable to meet the job
requirements (Dempsey, 1998). Consequently waataty and ultimately quality and
quantity of productivity are compromised (DempsEY98). While lifting and carrying
have historically dominated MMH tasks, cognisantehe risk associated with these
activities has led to their decreased usage, anddhcurrent rise in pushing and pulling
(Baril-Gingras and Lortie, 1995; Resnick and Chgffi995; Hoozemans et al., 1998).
Although this may allow for the movement of heawgds (van der Beek et al., 1999)
the hazards associated with pushing and pullingnatewell known. Introduction of
push/pull activities infers that the nature of tlek is changed rather than eliminated as
a host of new demands are introduced (Resnick #adfi@, 1995). As force exertion is
a requisite, a relationship between pushing antinguand musculoskeletal disorders
such as lower back pain, shoulder stiffness andeugxtremity complaints exists
(Hoozemans et al., 1998; van der Beek et al., 1398pzemans et al., 2004).
Application of current push/pull guidelines is plaiatic as many are based on
maximal static push/pull research (Lee et al., 19®dsnick and Chaffin, 1995) while
push/pull tasks in industry are predominately suimal and dynamic (Todd, 2005).
Furthermore Snook and Ciriello (1991), whose dyrmamovement based guidelines are
widely used in industry, have suggested that eweir own guidelines require more
investigation to improve accuracy and applicahility

Load mass is of concern during pushing/pulling ttmeéhe strong linear relationship
between minimum cart push/pull forces and cart lvass (Al-Eisawi et al., 1999; van
der Beek et al., 1999). Regardless of the typeeticle it is agreed that load weight
should be kept within an acceptable range to aweattaxing the worker (Resnick and
Chaffin, 1995; van der Beek et al., 2000). Genéral limits must be used with
caution as acceptable forces will vary with a carplange of worker, task, design and
environmental factors in each situation (Mack et #995; Jung et al.,, 2005). The
presence of variable incline ramps in industry Hart complicates the situation by
increasing the task demands and additional effarstnibe exerted to overcome the
downward effect of gravity and the inertia of tHgext. Although horizontal floors are
optimal, it has been suggested that slopes oftless 2% are preferable over stairs or
curbs (Hansson, 1968). Limited research is avialadgarding pushing/pulling along
ramps, despite the frequency with which such tasiaur. Furthermore past studies
have failed to quantify the changes in the biomewa demands associated with uphill
and downhill push/pull exertions.

Three motion phases have been identified as ooguduring a push/pull movement,
these being the initial, sustained and ending Ehé&Saook, 1978). Initial forces are
required to overcome inertia and accelerate theecbbjsustained forces maintain
movement and ending forces decelerate the objewder to bring it to a standstill (van
der Beek et al.,, 1999). However, literature conicgy the motion phases is scant.
Additionally, the lack of standardised methodolsgigvithin this area hinders
comparison between those studies that do exisin(i®ak993).
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The current study acknowledged that it is importaot only to understand the
mechanisms involved in pushing/pulling, but alsdéoable to apply this knowledge
situ. Therefore the twofold objectives were to detemrthe separate effects of load and
gradient on the hand forces required during submalxdynamic pushing and pulling.
Moreover, the initial, sustained and ending phasese analyzed to gain a more
rigorous and comprehensive understanding of thenpal problem areas associated
with pushing and pulling in terms of hand forces.

2 Methodology
2.1 General experimental information

2.1.1 Procedures

Two experiments were performed: (a) experiment (tedgoratory study) investigating
the effects of load on hand force exertion and dgkperiment two iy situ) being
concerned with the effects of gradient on handdaxertion. Two independent sample
groups of healthy, active male participants (N=t2 éxperiment one and N=10 for
experiment two) were drawn from a student popufatat Rhodes University,
Grahamstown. In both studies participants weraiired to attend an introductory
session which took place in the Human Kinetics Brgbnomics Department at Rhodes
University. The primary aims were to provide detdiexplanations of the objectives of
the study, clarify procedures and use of equipnfatijtuate subjects to instrumentation
and address any concerns that subjects may have hafrmation sheets were
distributed to participants and then informed cohsevas obtained. Basic
anthropometric (stature, mass, radiale and acrentieaights) and demographic details
(age) were recorded. Radiale and acromiale heighis used to ensure that the trolley
handle was positioned between these anatomicatsptwn all subjects, ensuring that
participants adopted standardized postures andudirg posture as an extraneous
variable. For investigating the effects of load peeticipants were required to attend
two testing sessions while for investigating thieef of gradient a separate sample of
participants was required to attend one testingiees

2.1.2 Equipment

A standard, locally made four-wheeled flatbed &plwas utilized as it represented
those commonly used in local businesses, with allbahneight of 1140 mm, rubber
wheels with a diameter of 120 mm and a width of#¥, all orientated in the direction
of motion. Hand forces in the horizontal planega@imensional) were collected using
the Chatillod™ FCE Series100 digital dynamometer attached tottbiéey handle,
allowing the collection of real time data and theantification of the three motion
phases. It was appropriate for both compressivé t@msile forces, capable of
measuring up to a maximum of 1100 kg. A two hansggmimetrical technique was
adopted for both pushing and pulling to reducelitedihood of slip, trip or falls during
experimentation. Foot placement was standardisexbs subjects, with each required
to adopt a staggered starting position. Subjemtopned three trials for each condition
and conditions were randomised to prevent ordexceff Participants were required to
bring the trolley to a stop within clearly demasghiareas in an attempt to control the
smoothness of motion, however subjects were alloteedhoose the method of

stopping.
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The Statistica (Version 6.1) software programme wasd for data analysis, with
statistical responses being tested at a 95% corde&evel (p<0.05). Kruskall-Wallis
ANOVAs were used to assess significance and deternsiatistically significant
differences between results. Significance wasetegdietween loads and between
pushing/pulling (experiment one) and gradients éeixpent two). Due to differences in
experimental conditions, significance was not itgesed between results from
experiments one and two.

2.2 Experiment one: Load mass

2.2.1 Participants

Twelve males, with a mean age of 21.7 (x 1.7) yearsnean stature of 1824
(x 34.2)mm and a mean body mass of 79.9 (x 10.@éakgcipated in the study.

2.2.2 Experimental procedures

Three loads of 100, 200 and 300 kg were used iabaratory environment, on a
wooden walkway of 13 m, a movement distance consttiéo be representative of
conditions within industry. This also allowed folear demarcation of the initial,
sustained and ending phases during the push/gilé flooring consisted of plywood
boards similar to those used by Ciriello et al.0®0 which ensured a sufficient
coefficient of friction to avoid slipping, but aasonable rolling friction to avoid
excessive hand force requirements (Figure 1). duitian, the coefficient of friction

was similar to that evidenced in industry. Walksmeed was controlled at 3.6 ki, h

considered a normal average walking speed, as foaoels are likely to be influenced
by velocity.

Figure 1. Photograph of the experimental conditon and i@baf™ FCE
Series100 digital dynamometer

2.3 Experiment two: Gradient

2.3.1 Participants

Ten males, with a mean age of 21.0 (x1.3) yeansean stature of 1817 (+ 56) mm and
a mean body mass of 80.49 (x 7.84) kg participatede study.
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2.3.2 Experimental procedures

Experimentation for the three conditions (levelhilipand downhill pushing) took place
in situ on the Rhodes University campus. Each participead required to push the
trolley with a 100 kg load, up and down a slopel@f, and on level ground, over a
distance of 18.39 m (measured distance of rampg)e floor surfaces were concrete,
which afforded a sufficient shoe/floor friction poevent slipping.

3 Results

3.1 Introduction

Throughout the current paper it must be noted ploattive and negative values shown
in the results indicate a change in direction, tthusng pulling the positive ending force
illustrates a push force required to stop the mpwmlley. Therefore positive values
depict push forces and negative values depict fputles. This is shown in Figure 2
which is a graphical representation of a pull tfram the present study. Important to
notice are the negative initial and sustained endorces (pulling), and positive
(pushing) ending forces. Initial forces beganhat first deviation from O N, including
the peak and to the lowest point thereafter. Ftioispoint forces were categorised as
being in the sustained phase. The ending phasetakas from when these forces
became opposite (tension to compression or conmipress tension) and then returned
to O N, thus terminating the push/pull.

Initial Sustained

100 - l

% -50 -
(8]
8 ot
100 - Ending
-150 -
-200 ~
-250 -
Time (s)

Figure 2. Forces exhibited during the dynamic pulling motpdrases.
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3.2 Experiment one: Load mass

3.2.1 Hand forces and motion phases

Operators in industry are often required to pusth jpmll a variety of loads with little
cognisance of what loads are appropriate to avacker overexertion. The current
experiment thus examined the effect of load chawogethe required hand forces, with
specific reference to the separate motion phaSeshle 1 presents the results of the
mean hand forces for both pushing and pulling ethinee motion phases.

Table 1. Mean hand forces (N) (standard deviations shovorackets).
Pushing
Initial Sustained Ending

100 kg 49.92 (7.63) " 16.64 (4.49) -20.42 (6.51)

200 kg 76.97 (6.29) ] m] -26.39 (9.47)

300 kg 99.70 (16.35):| mﬂ -32.84 (1p.42
Pulling

100 kg -55.73 (4.78) -15.40 (4.79 19.78(9.22)

200 kg -70.19 (8.17) ] -25.74 (5.43 25.36 (12.74)

300 kg -98.31 (13.77) -38.99 (4.84) 35.24 (0.3

] Denotes statistically significant difference betweenditions

Pushing: During pushing there were significantatéhces found between the initial
forces at all three loads, with a 49% increaseammdforces from 100 to 300 kg. Similar
significant differences were observed between tistasned forces at the three load
conditions with a 60% increase in force requirenfesrh 100 to 300 kg. However the
ending phases only showed a significant differeoesveen loads of 100 and 300 kg
(forces of -20.42 N and -32.84 N respectively) l&Gncrease.

Pulling: In contrast, Table 1 shows that duringlipglsignificant differences were only
observed between loads of 100 and 200 kg and 1603868 kg for both initial and

sustained forces and not between 200 and 300 kd39%\ increase from 100 to 300 kg
during the initial phase is slightly lower than thmerease of 49% occurring in the
respective pushing conditions, while there was railar increase as seen during
sustained pushing. Ending forces revealed diffmsrbetween 100 and 300 kg for
pushing, but no statistical differences during ipgll The absence of statistical
significance may not rule out the effect of theqial significance of the increasing
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loads. Increase in ending hand forces requiresnauwrent increase in worker hand
force generation, which may still lead to increasek of injury.

3.2.2 Loadandinitial force

On comparing the motion phases, for both pushirdy @uiling on level ground, the

initial forces were significantly greater than bathstained and ending forces with no
further differences between phases (Table 1). filnng supports previous literature
that has identified initial forces as those mdstli to result in overexertion due to their
high magnitude (Donders et al. 1997; Shoaf etl@87; van der Beek et al., 2000;
Jansen et al.,, 2002; Laursen and Schibye, 2002zét#oans et al., 2004). This
necessitated a more comprehensive examinationeofdiationship between load and
initial forces.

Figure 3 below details this relationship, demorbstgaa strong correlation between
increasing load and hand forces with Wlues of 0.9 for both pushing and pulling.
This allows for prediction of hand forces at higheads by extrapolation. Figure 3
shows that the extrapolated hand forces expectd@akg, for example, would be 150
N and -139 N.

=. + 25.
160 - y =.2489x + 25.75

R?=.9995
120 -
80 -
40 -
= * Pushing
[}
(8]
B O T T T T 1
LL
) 100 200 300 400 500
40 - ® Pulling
-80 -
120 - y =-.2129x - 32.169
R2=.9932
-160 -
Load (kg)
Figure 3. Extrapolation of initial hand forces.
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This prediction would only be valid assuming théatienship remains linear, hence
caution must always be used in these extrapolatibltavever Cripwell (2006) showed
a linear relationship between load and hand fonocelas to these results for loads as
high as 500 kg, and this would suggest that theentirextrapolations are appropriate
and applicable to industry.

3.3 Experiment two: Gradient

3.3.1 Hand forces and motion phases

In order to determine the difference between leughill and downhill conditions,
pushing forces were separated into mean and pee&sfowith significant differences
being similar between conditions (Table 2). Rebmsl of the differences between
mean and peak values, it is always more approptaatemploy the forces of lower
magnitude when making recommendations for ceilingt$ to prevent workers from
being overtaxed. Peak uphill forces were betwekar8l 40% higher than peak level
and downhill forces, while mean uphill forces wéBand 67% higher than mean level
and downhill forces respectively for the initial gg®. Contrastingly, during the
sustained phase, peak level forces were 68 and IBB%r than peak uphill and
downhill efforts respectively, while mean level des were between 80 and 85% lower
than mean uphill and downhill efforts. For the iegdohase, peak downhill forces were
approximately 55% higher than peak level or ugiiites, while mean downhill forces
were between 70 and 80% higher than mean leveliphitl forces.

Table 2. Peak and mean forces for initial, sustained andngnghases for all

conditions (standard deviations shown in brackets)

Force output (N) Force output (N) Force output )

Peak Mean Peak Mean Peak Mean
Initial Sustained Ending
92.97 36.05 51.8 18.19 -44.20 -15.17
Level
(30.53) (16.60) (16.41) (8.09) (18.80) (11.31)
150.30 86.50 163.80 118.49 -39.48 -12.11
Uphill
(35.78) (25.73) (16.08) (7.43) (28.99) (12.33) | —
102.99 28.18 -116.00 -95.80 -91.56 -53.43
Downhill
(31.30) (13.19) (91.77) (8.48) (18.36) (13.65)

—] Denotes statistically significant difference betweenditions (p<.05)

10
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3.3.2 Gradient and initial versus sustained force

Importantly, findings suggested that the forceglenced in the initial phase of uphill
and downhill pushing do not always surpass thogeetustained phase (Figure 4) and
although this may hold true for level pushing, tierent study demonstrated that this is
not necessarily the case for graded exertions.

Level Uphill Downhill

100 - Y

50 [ St [l e

Z e [ i i S o
S il P -
S o | B e Ry oA
o
i Cooa] A
50 ! ‘ | A
A
_10c i EATAT AT AT
° © ©
e 2 g
= s 2 3 s 2 @ [ £
2 3 2 = 3 2 = 3 2
£ N w = @) w = @) w
Figure 4. Mean hand forces for motion phases for all condgio

—1 Denotes statistically significant differenoetween conditions (p<0.05)

Considering uphill pushing, there were no significdifferences between the forces
produced in the initial (86.5 + 25.73 N) or suséain118.49 + 7.43 N) phases, while,
for downhill pushing, the forces exhibited in thestined phase (-95.8 + 8.48 N for
mean efforts) were significantly higher than thecés produced during the initial phase
(28.18 + 13.19 N for mean forces). Since no déifiee existed between the forces in
the initial and sustained phases for uphill pushihgse forces may be equally taxing on
the operator.

11
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4 Discussion

Results from the current study highlighted the intgnace of technique in the reduction
of hand forces. The high standards deviationsesadd in Table 1 during level

pushing/pulling indicated high variability, partlady in the ending forces. This could

be partly explained by the variety of techniquesduso bring the trolley to a stop.

Participants were requested to stop the trolleglgaly in a demarcated distance, but
were free to choose the method of stopping. It eleserved that stopping the trolley
gradually resulted in lower hand forces as oppdedtie high (peak and mean) forces
occurring during sudden termination of the movemefihis has important practical

implications within industry as it suggests thatrkey education is paramount in

reducing hand forces and thus potentially the diveyeces experienced by the worker.
A slow, gradual start and stop during the push/puduld arguably reduce the hand
forces experienced by the worker and consequeotierd chances of injury. Further

research is necessary to determine the most eféetgchnique and optimal posture to
place the employee at minimal risk.

When investigating load effects on hand forcesjas found that there existed a linear
relationship between the two, with higher loadsittig associated higher hand forces,
particularly initial forces. This may be of use imdustrial situations where force

measures at lower loads can be used to estab8pkedaific regression equation (as this
relationship is dependent on the relationship bebhwe trolley wheels and the floor)

and thus determine the hand forces required ati¢rebpads without imposing undue

stress on the worker. Results from Cripwell (2086ygest that this may be true for
loads up to 500 kg, however higher loads warrarthéu investigation before specific

conclusions are drawn. Furthermore it must be @aeletiged that this relationship is

also specific to the situation due to the complerriaction of factors acting within the

push/pull scenario (Mack et al. 1995).

The current experiment was conducted under ‘ideafiditions where rolling friction
was low, the surface was flat and free of obstaates the cart was in good working
order. The hand forces are likely to increase @slitions deteriorate (poor trolley
maintenance, presence of ramps/curbs, inapprogratdle height) and so acceptable
load mass would decrease. This research wouldeftrer advocate the use of
acceptable hand force limits rather than load 8nid be more applicable to a wide
range of industrial situations. Further reseatobutd consider the effects of load on
muscle activation, joint loading and posture inastiempt to quantify the risk of injury
placed on workers who push/pull variable loadsrdutheir working shifts.

The investigation of pushing along graded rampscatdd that for all motion phases,
forces exhibited during uphill and/or downhill eff® were significantly greater than
those elicited during level pushing. Specificallyghill pushing was the most taxing
during the initial phase, while downhill pushing posed the greatest stress on the
musculoskeletal system during the ending phaseth®rsustained phase, hand forces
for both graded conditions were higher comparetkvel pushing. The general trend
indicated that level pushing is less physicallyingxthan the other two conditions,
hence it is recommended that level pushing is pabfe over graded pushing. This can
be explained by the external forces acting on daal; during level pushing only the
weight of the trolley provided resistance to moticantrastingly when pushing uphill

12
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or downhill, additional effort was required to ogeme the downward effect of gravity.
In essence, more effort was exerted by participent®ntrol the load during uphill and
downhill pushing. However, results were inconalasin determining which of uphill
or downhill pushing elicits the highest hand forcasd potentially the highest strain;
rather findings demonstrated that depending onptiese of motion, one or the other
will have a larger detrimental impact.

The finding that forces produced during the susidiphase of graded exertions may be
equivalent to, or higher than, those demonstratethg the initial phase has important
implications for task design. Results dictate tinat lower initial forces as opposed to
the higher sustained forces may be more suitalilge¢o upper limits for force exertion.
On the other hand, to determine the risk assocwatt#dgraded pushing, consideration
of higher sustained forces and the associated gostay be appropriate. Although
Ferreira et al(2004) argued that ending forces may surpass tbb#ee initial phase
during level pushing, this was not the case for ahthe conditions. In fact, for level
and uphill conditions, forces in the initial phasere significantly higher than those in
the ending phase. Contrastingly for downhill pughithere were no significant
differences between forces in these two phases.

5 Conclusion & Recommendations

To set suitable limits for push/pull activitiesplmechanical responses to a variety of
loads and gradients must be considered, while adedging the broader range of

factors associated with load movement. The curstotly showed that as load

increased, so did the hand forces exerted, witheai relationship existing between the
two. This allowed for the extrapolation of handckes once the relationship was known,
and thus one may calculate the hand forces requitedeavier loads to establish

acceptability. The initial phases during level pag/pulling required the highest hand

forces and are arguably most important to monitaelation to potential overexertion.

Although results were indeterminate in identifymgich of uphill or downhill pushing
is favourable, level pushing is preferable. Howeviegraded slopes are a requisite,
they should be kept as close as possible to thedmbal. The commonness of ramps in
industrial settings together with the present figdi infers that recommendations should
not be based solely on level exertions. Followtimg there is a need to investigate a
wider range of gradients to corroborate these t®suAdditionally, sustained forces
were found to equal or exceed initial forces dumpdill as well as downhill exertions,
implying consideration of sustained forces is nsags when recommending ceiling
limits and identifying excessive forces to prevéme worker from being overtaxed.
Future studies should investigate the combinedcefd¢ load and gradient on hand
forces. Finally, workers should ideally be edudads to the benefits of adopting a slow
controlled technique as a practical means of reduitie risk of push/pull activities.

13
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