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to execute an action against the resistance. In this type of pulling activity, the upper body remains 

relatively static, while the lower body provides the majority of the motive forces. Snook and 

colleagues (e.g. Snook and Ciriello, 1991) at the Liberty Mutual lab have probably contributed the 

most to developing work practice guidelines for cart type pulls, while others have examined this type 

of pulling activity both in laboratory (Andres and Chaffin, 1991~ Lee et aI., 1991; Lee et al., 1992~ 

de Looze et aI., 2000) and industrial settings (WinkeL 1983; de Looze et aI., 1995; Frings-Dresen et 

aI., 1995; van der Beek and Frings-Dresen, 1995; van der Beek et aI., 2000). 

(a) (b) 

Figure 2.1: Examples of how pull motions are operationalised either as a horizontal pull (a) or a pull 

directed towards operator (b). 

(a) (b) 

Figure 2.2: Cart type pulling motions (a) and fixed workstation pulling actions (b). 

The second type of pulling task commonly examined is typical of fixed workstation activities 

(Warwick et aI., 1980; Chaffin et aI., 1983~ Daams, 1993; Kumar, 1995a; MacKinnon, 1998). In 

this type of pulling activity, the lower body is fixed and reasonably stationary and the upper body 

musculature is mostly responsible for dispJacing the load (see Figure 2.2(b)) . While no robust 
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Figure 2.3: One-handed isometric pulling forces versus handle height (Data taken from Chaffin et al. 

1983; Daams, 1993; MacKinnon, 1998). 
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Figure 2.4: One-handed isometric pulling forces (% of body mass) versus handle height (% of 

stature) (Normalised data from Chaffin et al. 1983; Daams, 1993; MacKinnon, 1998). 
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Figure 4.1: Mean pulling frequency versus load condition 

Magnitude of Resultant Workload 
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Efficiency and productivity can often be two opposing factors with respect to the level of operator 

safety (Zhu and Zhang, 1990). In an industrial setting, an operator is expected to maximise output 

(i. e. workload) but must work at a capacity that will not precipitate injUl)' or poor performance. The 

primary goal of this research was to gain some insight into the manner in which subjects control the 

frequency of pulling actions. 

A repeated measures ANOVA was employed to assess whether the absolute volume of work 

per minute (i.e. load x average frequency of pulling per minute) was consistent across conditions for 

each subject. The volume of work for an individual subject across conditions was found not to be 

significantly different (p=O.2469). However, there was a significant difference in the volume of 

work performed between subjects, regardless of the load condition (p < .0001). The average volume 

of work performed over all the experimentaJ conditions ranged from 87 kg.min- l to 448 kg. min-I. 

Given the large mass differences in the subjects, it should be expected that the absolute volmne of 

work per minute would be different for each subject. 

Because the absolute magnitude of workload per minute was different between subjects, 

these data were normalised to assess whether there was a relative difference between the volume of 

68 
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B. Subjects Completing All Load Conditions 

Figure 4.3: Regression of relative load (% body mass) against pulling frequency (Pulls/min). Figure 

4.3(A) represents the regression plot for all subjects; Figure 4.3(B) represents the regression plot for 

all subjects who completed the entire experimental protocol; the blue lines represent the line of best 

fit; the red lines represent one standard deviation above and below the line of best fit. 
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(a) (b) 

(c) (d) 

Figure 6.1: Location of pull origins: (a) Elbow height/sagittal plane dissecting gleno-humeral joint, 

referred to as ''Elbow-In within text; (b) Eye height/sagittal plane dissecting gleno-humeral joint, 

referred to as ''Eye-In within text; (c) Elbow height/sagittal plane located laterally, referred to as 

"Elbow-Out within text; and (d) Eye height/sagittal plane located laterally, referred to as "Eye-Out" 

within text. 

In order to ensure the pull was executed in a horizontal plane, a freely hanging foam-padded 

target, with an auditory feedback mechanism, was appropriately positioned for each trial. Subjects 

were required to make contact with the foam pad with the dorsal aspect of the hand or the elbow at 

the end of each pull cycle. The foam target was lightweight and thought not to contain sufficient 

mass to influence the execution of the pull exertion. 

Subjects were free to choose the tempo at which the pull cycles were executed, although 

subjects were encouraged to maintain temporal consistency within a particular condition No 

auditory or visual prompt was given to the subject in this respect. The subject was requested to 
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Figure 6.3: Mean variability in the start (a) and finish (b) of thoracolumbar positions in the sagittal 
and twisting planes. 
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(a) (b) 

(c) (d) 

Figure 7.1: Location of Pull Origins: (a) Elbow height/sagittal plane dissecting gleno-hwneral joint 

(Elbow-In); (b) Eye height/sagittal plane dissecting gleno-humeral joint (Eye-In); (c) Elbow 

height/sagittal plane located laterally (Elbow-Out); and (d) Eye height/sagittal plane located laterally 

(Eye-In). 

Load displacement was also based on recommendations by MacKinnon (2002). A visual cue 

was clearly positioned at a distance of 20% of the subject's stature from the top most weight plate 

on the En-tree system (EnrafNonius B.V., Holland). Subjects were requested to pull the load as 

close as possible to the demarcated height without hesitation or movement interruption to attempt 

targeting correction. In order to ensure the pull was executed in a horizontal plane, a freely hanging 

foam-padded target, with an auditory feedback mechanism, was appropriately positioned for each 

trial. Subjects were required to make contact with the foam pad with the dorsal aspect of the hand 

or the elbow at the end of each pull action The foam target was lightweight and thought not to 

contain sufficient mass to influence the execution of the pull exertion 

Subjects were free to choose the tempo at which the pull actions were executed, although 

they were encouraged to maintain temporal consistency within a particular condition No auditory or 
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Figure 7.2: Mean (and standard error of the mean) EMG activities for each pull condition for four 

muscles acting on the tnmk. 
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Figure 7.3: Mean (and standard error of the mean) EMG activities for each pull condition for four 

muscles acting on the shoulder joint. 
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considering how EMG signals can be implemented in a model to predict individual or synergistic 

muscle forces, moments offoree and/or spinal loading. 

Load Force 
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Load Velocity 
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Figure 7.4: Variability, expressed as one standard deviation above and below the mean, of the time 

at which peak EMG activity occurred in during the pull exertion (expressed as a percentage of 

movement time). The numbers within the figure indicates the mean value. 

Others have suggested that submaximal activations might be better suited for normalization 

purposes as this might reduee the variability in subject sincerity or motivation, as well as provide a 

more suitable methodological approach in studying persons with histories of musculoskeletal pain 

(Marras and Davis, 2001). Another under-explored approach would be to normalize to some 

baseline value, perhaps to one of the conditions thought to maximize or optimize performance under 

the specific experimental conditions (Bauer and Wittig, 1998). This could eliminate potential 

postural or movement speed effects although it could also limit the robustness of the data when 

attempting to compare it to previously published data In consideration of these facts, employing 

these EMG data for inference of individual muscle loading would be overstating the empirical value 

of these experimental results. However, the normalization approach employed in this study does 
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Table 8.2: Subject-relative experimental variables. 

Variable 
12% Load (kg) 

Load Displacement (cm) 
Distance Increment Between Conditions (cm) 

Toe-to-Toe Distance in Sagittal Plane (cm) 
Toe-to-Toe Distance in Frontal Plane (em) 

Left Foot Angle Relative to Right Horizontal (deg) 
Right Foot Angle Relative to Right Horizontal (deg) 

Mean 
8.4 

81.7 
9.1 

45.4 
18.2 
55.0 
35.0 

SD 
0.9 
1.9 
0.2 
1.0 
0.4 

(a) Distance of 10% from frontal plane (b) Distance of 40% from frontal plane 

Figure 8.1: Representative postures for the nearest (a) and furthest (b) reach distance. 

Muscular Activity 

A ME3000P (Mega Electronics Ltd, Kuopio, Finland) unit was employed to collect the 

electromyographic (EMG) activity of the following muscles: left and right erector spinae (at the 

level of the fourth and fifth lumbar vertebrae), left and right external obliques and the trapezius, 

latissimus dorsi, deltoid and biceps brachii from the right side of the body. The EMG unit was 

connected to the communications port of a personal computer, via an optic cable, for online data 

collection Each channel was sampled at 1000 Hz, band-pass filtered between 20 Hz and 500 Hz, 

amplified (differential amplifier, common mode rejection ratio 2 130 dB, gain x 1000, noise ~ 1 
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Figure 8.2: Mean (and standard error of the mean) EMG data, expressed as a percentage of 
maximum voluntary contraction (%MVC), compared for seven different reach distances 
(expressed as a percentage of stature). When performing post hoc comparisons with a. = 0.05, 
the following differences were found for the four muscles: (1) Left ES - 10%115% different to 
40%; (2) Right ES - 10o/JI5%/20% different to 40%; (3) Trapezius - 10%115o/J 20% 
different to 40%; (4) Deltoid - 10o/JI5%/20% different to 30o/J35%/40%; 25% different to 
40%. 
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Reach Distance 

• Trapezius 
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Figure 8.3: Mean (and standard error of the mean) time of maximum EMG activity (% of the 
puU cycle). When performing post hoc comparisons at a. < 0.05, the following within muscle 
differences were found: (1) Trapezius - 10% reach distance was significantly earlier than the 
rest of the conditions; (2) Deltoid - 10% reach distance was significantly earlier than the rest 
of the conditions, otherwise all conditions were significantly different except when compared 
to the next closest or furthest reach distance. 

T /-:. 

TT .Y .I.. 

~l.. 

~~ 

.I.. 

o 10 20 30 40 50 60 

lime of Maximum Trapezius EMG Activity (% Cycle) 

Figure 8.4: Linear correlation (with standard errors of the means for each coordinate) of 
maximum EMG activity (% of the pull cycle) between the trapezius and deltoid muscles. 
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Figure 8.6: Linear correlation (with standard errors of the means for each coordinate) of time of 
maximum trunk extension velocity (% of the pull cycle) and the maximum EMG activity (% of the 
pull cycle) of the (a) trapezius and (b) deltoid muscles. 
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Figure 9.3: Sagittal and twisting plane velocities from a representative subject over 4 related 

conditions. 

Figure 9.4 integrates the temporal sequencing of peak load, lumbar motion monitor and tnmk 

muscle EMG activities reported in Chapters 6 and 7. These data were originally collected 

concurrently. These data represent a clear picture of how neural activations precede segment 

motion. More importantly, load force appears to be at a maximum prior to maximum trunk segment 

motion. Maximum load velocity and power reach peak values after the peak forces. Perhaps 

identifying which segments have the greatest velocities in the horizontal directions at theses times 

will resol ve what are the most influential segments contributing to the movement. The impulses 

necessary to meet load demands reflect combined contributions from the ground reactions between 

the floor and foot interface, the function of the arm and should complex musculature and the 

motions of the trunk. Future research must collect whole body kinematics to develop a 

comprehensible picture of segment interactions and sequencing and use these data to assess the 

kinetic interactions between segments (Putnam, 1991). Trend analysis of the time-records of 
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