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Abstract 

Standing at a workbench is required for manual work including sorting and assembly. When work 

heights and reach distances are not matched to stature or arm length, the trunk assumes a partially 

bent position, which increases the postural effort required to stand or to reach to far distances. As 

a result, the biomechanical load on the lumbar spine is raised, which contributes to a higher risk 

for back pain. In ergonomics, assistive devices are being developed to counter this effect.   

A new leaning device was tested in the laboratory with forward-bent standing and reaching where 

the trunk was bent forward and twisted to reach to a far target 45° from the center. This device 

supported the trunk at the upper chest. With leaning, back muscle activity decreased by ~ 60% 

with forward-bent standing and ~ 23-30% with the off-center reach, depending on reach height. 

Because leaning changed how standing remained balanced, ~12° less bending was required to 

reach the target. Therefore, upper-trunk support may be helpful for benchworkers when 

ergonomic design is not possible; some product development and testing is still needed to provide 

the right amount of support at the right time and to ensure there is no rib joint irritation. 

An interesting outcome from these previous studies was related to workers’ posture when they 

leaned against a workbench that was adjusted for heavier work (hip height). Low back muscle 

activity was unchanged with forward-bent standing, but decreased by ~ 23-30% with the off-

center reach. This reduction was accompanied by greater twist at the mid back as a way of 

compensating for a loss of hip rotation.  

Three different heights for bench leaning were compared in a third study: elbow height, hip 

height and below hip height.  The results showed that leaning at elbow height lowered the work 

demand by ~16-24% for far reach, partially due to changed motions consistent with greater mid 
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back movement and coincided with ~ 8% increase in work demands at the mid-back and greater 

scapular recruitment. Therefore, more research is needed to establish work height guidelines for 

use when leaning against a workbench.  
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Chapter 1 

Introduction  

The lifetime risk for low back pain (LBP) has been estimated between 49% and 80% (Maniadakis 

and Gray, 2000; Walker et al., 2003): this translates to at least one of every two workers 

experiencing one episode of LBP in their lifetime. While LBP can be related to causes external to 

the workplace, as much as 21- 41% is estimated to be attributed to biomechanical risk factors 

found in the workplace (Punnett et al., 2005). Therefore, ergonomic strategies that limit or 

prevent exposure to excessive biomechanical loading are important for workplace health and 

safety. Furthermore, these strategies represent a potential large savings for employers since 

indirect costs associated with lost productivity compose between 54 - 89% of the estimated total 

national cost of LBP, depending on the country and method used for cost allocation (Lambeek et 

al., 2011; Walker et al., 2003; Wenig et al., 2009).  

In 1981, the American National Institute of Occupational Safety and Health (NIOSH) introduced 

safe work limits for lifting based on lumbar spine compression (Waters et al., 1993). While the 

single limit approach does not account for individual factors that raise or lower the injury 

threshold, it has facilitated ergonomic hazard recognition in the workplace and promoted 

corrective actions, including automation, assistive lift technology and ergonomic design. These 

changes, in parallel with advances in production technology, have lightened the physical work 

demands in industry, contributing to the downward trend for indirect costs associated with LBP 

that was reported by Lambeek et al. (2011). However, the economic burden for LBP remains high 

(Dagenais et al., 2008); it is therefore important that researchers and employers continue to 

investigate and to adopt effective ergonomic strategies that mitigate the risk of work-related LBP.  
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The use of personal assistive devices to improve ergonomic work conditions in industry for 

physical work is a newly-evolving approach that targets the worker rather than the work. Being 

assistive, the devices lower the effort rather than the work demand. An assistive device can be 

worn (on-body) or leaned against (off-body). The Personal Lift-Assistive Device (PLAD) is an 

example of an on-body aid that assists with lifting and bending (Abdoli-E et al., 2006; Abdoli-E 

and Stevenson, 2008) using elastic elements organized into a harness; the elastic elements 

generate tension to counterbalance forward bending and recoil to assist with lifting. Since this is 

an on-body device, it is ideal for manual material handling (MMH) as workers are able to change 

workstations with ease. The Warrie™ back aid is an example of an off-body aid whose original 

application was sheep shearing. Workers lean on this aid while working in extreme forward 

bending: leaning counterbalances forward bending thereby, lowering the effort required to work 

in this position (Gregory et al., 2006; Milosavljevic et al., 2004).  

In this research, forward-placed leaning supports were investigated to determine if trunk support 

could be developed that matched ergonomic challenges associated with industrial benchwork. 

Some examples of benchwork include assembly, sorting, finishing, packaging or machine 

operation. Industrial benchwork differs from MMH and sheep shearing in the following ways:  

 work is performed above hip height, and therefore, extreme trunk postures are avoided, 

 loads are handled mainly in the horizontal direction, away from the body; therefore, 

postural balance is a critical work factor, and 

 loads are light, with the heaviest load normally being power hand-tools.  

As a result, a trunk support device would need to support mild and moderate forward-bent 

standing, whether this is due to work surfaces being poorly matched with individual 

anthropometrics, thereby requiring workers to stoop, bend forward while they work, due to far 

reach distances requiring additional reach from the trunk, or bend forward as part of a balance 
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strategy. At the time of this research, there was neither a forward leaning style of trunk support 

commercially available, nor research evidence demonstrating the effectiveness of this ergonomic 

approach for an industrial workbench application. A custom leaning device called the Dynamic 

Trunk Support (DTS) (Figure 1-1) was designed and built in a university laboratory. Since the 

device was fixed to the workstation, it also offered advantages for standing balance.  

 

 

 

 

 

 

 

 

Figure 1-0-1. Support from leaning against the Dynamic Trunk Support (DTS) prototype 
with the chest support resting against the upper portion of the ribcage. 

Yates and Karwowski (1992) suggested that leaning against the workbench while reaching was 

the reason that shoulder muscle activity was lower with standing reach since the trunk was 

positioned closer to the target. Epidemiology studies have overlooked leaning as a work factor; 

however, given the postural stability challenges associated with benchwork, leaning is likely 

commonplace. Leaning support from a workbench is included in this research to determine if 

changes are warranted to current ergonomic design guidelines.   

Benchwork has a high number of injuries despite lighter physical demands. In 2009, machine 

operators/assemblers in manufacturing accounted for 1.5 times more lost-time claims than 

laborers in Ontario (WSIB, 2010). The type of injuries will vary depending on the nature of the 

work. In an epidemiological survey of benchwork in a truck engine manufacturing plant, Hussain 

et al. (2004) reported that upper extremity pain was only 20% more prevalent than LBP, whereas 
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Chee et al. (2004) reported 50% more prevalent in a survey of 906 semiconductor assemblers. 

These findings show that LBP is common among benchwork employees.  The higher number of 

injury claims is also a result of a larger pool of workers compared to heavy manual labor (Xu et 

al., 1997), demonstrating further the need to introduce ergonomic strategies that specifically 

address LBP prevention with benchwork.   

The purpose of this research was to assess whether a forward leaning type of trunk support could 

be developed for an industrial workbench application to lower the risk of LBP when work 

involves forward-bent standing or reaching to far distances. In Chapter 2, the relevant injury 

pathways and traditional ergonomic strategies specific to benchwork were reviewed, followed by 

a description of the proposed trunk support. The research included two laboratory studies 

comparing no-support, leaning against an upper-trunk and a lower-trunk support with forward-

bent standing (Chapter 3) and with multi-segmental, asymmetric reach (Chapter 4).  These two 

studies were followed by a third laboratory study comparing three lean contact heights for lower-

trunk support with multi-segmental, symmetric reach, comparing kinematics (Chapter 5) and 

kinetics (Chapter 6). In chapter 7, the effectiveness of leaning support and the potential 

application in industry were discussed.  

1.1 References 

Abdoli-E, M., Agnew, M. J., & Stevenson, J. M. (2006). An on-body personal lift augmentation 
device (PLAD) reduces EMG amplitude of erector spinae during lifting tasks. Clinical 
Biomechanics, 21(5), 456-465.  

Abdoli-E, M., & Stevenson, J. M. (2008). The effect of on-body lift assistive device on the 
lumbar 3D dynamic moments and EMG during asymmetric freestyle lifting. Clinical 
Biomechanics, 23(3), 372-380.  

Chee, H. L., & Rampal, K. G. (2004). Work-related musculoskeletal problems among women 
workers in the semiconductor industry in peninsular Malaysia. International Journal of 
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Chapter 2 

Review of Relevant Literature 

More workers perform upright standing work than manual materials handling (MMH) work; 

hence, Xu et al. (1997) argued that better ergonomic controls directed towards standing work 

would result in cost savings to the employer, even though the risk of low back pain (LBP) is 

lower compared to MMH (Hussain et al., 2004; Chee et al., 2004).  One purpose of this review 

was to examine work-related factors that may lead to the development of back pain during 

standing work.  Since most of the research on causes of LBP stem from lifting studies and other 

MMH tasks, some inferences were made to apply the same knowledge to standing work.   

A second aspect of Xu et al.’s (1997) argument was the promotion of ergonomic controls to 

reduce injury rates.  Interestingly, few researchers have examined the ergonomics of standing 

work since 1969 when Grandjean first introduced recommendations related to bench heights for 

precision, light and heavy work. Therefore, a second purpose of this literature review was to 

examine ergonomic factors and recommendations related to standing work. 

2.1 Potential Injury Mechanisms for Work-related Low Back Pain 

Biomechanical risk factors associated with LBP include heavy lifting, bending, twisting, 

pulling/pushing, rapid and repetitive work pace, non-neutral postures, mechanical pressure, and 

vibration (NIOSH, 1997; Punnett and Wegman, 2004). A series of recent epidemiological 

reviews, however, have challenged the transferability of biomechanical evidence to many of the 

risk factors identified for lifting (Wai et al., 2010), standing (Roffey et al., 2010b) and awkward 

postures (Roffey et al., 2010a). Establishing causal links for LBP with occupational exposure is 
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difficult because methodologically, there is often inadequate differentiation between LBP 

conditions and work exposures. First, LBP is defined as a regional symptom without a definitive 

pathology (Griffith et al., 2007). Second, biomechanical exposure measures generally do not 

capture sufficient information on load, duration and work conditions to adequately differentiate 

between back loading conditions (Roffey et al., 2010b). Therefore, the sensitivity needed to 

establish causal links is not available for many epidemiological studies.  

In addition, both individual and psychosocial factors have demonstrated causal links for LBP that 

blur the relationship between occupational work exposure with the risk of LBP. Recent studies 

with twins showed a strong genetic influence for disc degeneration (Battie and Videman, 2006), 

suggesting that individual factors are important modulators of risk for work-related LBP. 

Psychosocial factors including job satisfaction, work relations, stress, perceived ability to work, 

and work pace have been shown to have strong or moderate evidence as causal factors for work-

related LBP (Linton, 2001). Furthermore, psychosocial and biomechanical factors have been 

shown to interact for LBP (Devereux et al., 1999), but are often not considered together in one 

study (Marras, 2005).  

The American National Research Commission (NRC) recognized biomechanical loading as the 

underlying root cause for work-related LBP based on the research evidence available (NRC, 

2001). For industrial benchwork, biomechanical loading of the low back is raised with awkward 

standing postures and far reaching. The epidemiological evidence for awkward postures is mixed: 

prolonged forward-bent standing (FBS) or twisted trunk postures were reported with elevated risk 

in both workplace and population epidemiological studies (Burdorf et al., 1991; Fjell et al., 2007; 

Kerr et al., 2001; Lund et al., 2006). Since the trunk angle was not specified in any of the studies 

referenced above, it is unknown if this risk is associated with mild, moderate or extreme trunk 
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flexion – the last being representative of lifting rather than benchwork. Other workplace studies 

show no difficulty with mild trunk flexion less than 20° (Aarås et al., 1988), only mild cases of 

LBP with FBS between 21° and 45° (Punnett et al., 1991), and more severe pain with extreme 

trunk flexion (Punnett et al., 1991). The lack of clarity makes it difficult for ergonomists to 

determine appropriate strategies for benchwork.  

Injury pathways or pathomechanisms serve as conceptual models for work-related LBP. In this 

next section, the three main injury pathways recognized in occupational biomechanics are 

considered in reference to industrial benchwork for the purpose of identifying potential gains in 

LBP prevention when trunk support is provided for benchworkers. The recognized injury 

pathways are:  

2.1.1 Peak loading from a single event,  

2.1.2 Cumulative loading from repeated exposure, and 

2.1.3 Loss of local spinal stability arising from a motor control error.  

2.1.1 Peak Loading 

Peak loading incidents, from single events in the workplace, are associated with heavy lifting or 

trauma. The compression force required to fracture the vertebral endplate varies, depending on 

bone mineral content and the diameter of the vertebral body (Brinckmann et al., 1989; Hansson et 

al., 1980) – both of which are affected by individual factors: age, history of trauma, disease, and 

genetic disposition. Hutton et al. (1979) reported an average injury threshold equal to 6.5 kN with 

in-vitro testing, with results ranging between 0.8 to 15.5 kN.  Hansson et al. (1980) reported a 

lower average threshold, equal to 3.9 kN, based on an average mineral bone content. In addition 

to individual factors, spinal joint orientation also influences the threshold for peak loading: 

Gallagher et al. (2005) reported that the injury threshold in flexion was lower compared to a 
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neutral orientation with lower thresholds occurring for moderate flexion compared to mild 

flexion.   

In upright standing, disc compression is well below the injury threshold for a peak overload 

injury: in-vivo measures show actual disc compression between 0.5 kN and 0.7 kN (Nachemson, 

1981; Takahashi et al., 2006; Wilke et al., 1999). Standing upright, with an extended reach, 

exposes the lower lumbar spine to higher compression levels because of the back muscle effort 

needed to counterbalance the moment created by the load, and to stabilize the spine. Depending 

on the load magnitude, reach distance and reach height, spinal loading may approach the lower 

limits of a peak injury threshold. For example, Nachemson et al. (1981) reported 1.9 kN spinal 

compression while holding a 5 kg load in an extended reach – the equivalent weight of a power 

hand-tool.  

Similar gains are seen with forward bending: Takahashi measured in-vivo, 2.3 kN compression 

with 30° FBS. Andersson et al. (1977) reported a linear increase in LES muscle activity and 

actual disc compression with FBS between 0° to 50°; peak activity corresponds to approximately 

50° flexion, after which, the hip extensor muscles assume greater responsibility in maintaining 

the trunk position (Sakamoto and Swie, 2003). At full flexion, the biomechanical load is 

experienced as tension in the passive tissues (Potvin et al., 1991a); as a result, the injury 

mechanism changes from compression loading to tension (McGill, 1997). For benchwork, trunk 

angles within 50° flexion are expected, based on work by Cavanaugh et al. (1999) who reported 

trunk angles of approximately 50° for maximal standing reach. Since this is well within maximal 

trunk range of motion, the lumbar spine is loaded in compression, making excessive compression 

the relevant injury pathway.  
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2.1.2 Cumulative Loading  

Cumulative loading was first proposed as an injury mechanism by Kumar et al. (1990) as a way 

of explaining work-related LBP when length of exposure to mechanical loading was the only 

identifiable risk factor for a group of homecare workers. In-vitro studies show evidence of a 

lower injury threshold with repeated loading: Brinkmann et al. (1989) reported an inverse 

relationship between load and number of cycles before failure for loads between 30% and 75% of 

the predicted maximal strength of the vertebrae. When healthy discs, with no evidence of 

degeneration, are selectively tested, the failure mechanism changes with lower compression 

magnitudes from endplate fracture to disc delamination followed by disc protrusion (Callaghan 

and McGill, 2001; Gordon et al., 1991; Parkinson and Callaghan, 2009). Since in-vitro studies do 

not account for restorative changes in the disc during rest periods, it is difficult to extrapolate 

cumulative injury thresholds from in-vitro studies to the workplace.  

Repeated twisting is frequently reported as a risk factor for LBP when twisting is part of lifting 

(Craig et al., 2003; Fjell et al., 2007; Mundt et al., 1993; van Nieuwenhuyse et al., 2004); twisting 

leads to disc failure by means of disc protrusion (Mundt et al., 1993).  In-vitro investigations 

confirm that rotational torque in combination with flexion and extension (Marshall and McGill, 

2010) or compression (Drake and Callaghan, 2009) results in disc injury with repeated exposure. 

Investigation by Liu et al. (1985) showed that rotational displacement appeared a more important 

variable for torsional disc injuries rather than torque. For benchwork that requires asymmetrical 

reach, this injury path may be important.   
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2.1.3 Spinal Stability  

The intrinsic stability of the ligamentous spine is lowest in a neutral orientation; in-vitro testing 

showed that as little as 90 N of compression is needed to buckle the spine (Crisco et al., 1992). 

The neutral zone defines that  portion of range of motion, either translational or angular, where 

little force is required to cause movement (Panjabi, 1992); this zone extends outward from 

neutral, by approximately one third of the available range		in lumbar spine joints that have no 

evidence of degeneration (Busscher et al., 2009). With degeneration, the size of the neutral zone 

increases, owing to the loss of disc height (Zhao et al., 2005) until the late stage of degeneration 

when bony spurs form on the vertebral bodies that act to stiffen the joint.  

The intrinsic stability within the neutral zone is supplemented by joint compression that is 

generated from muscular tension in excess of that required to counter the external moment; 

muscle co-activation was estimated to increase spinal stability by 36 - 64% (Granata and Marras, 

2000). The amount of muscle co-activity depends on a number of work factors including the 

magnitude and direction of external loading, as well as the speed of movement (Marras and 

Mirka, 1992). Muscle activity necessary for adequate stabilization in upright standing with no 

external loading was predicted to be as little 1.7%, doubling to 3.4% if the spine had degenerative 

changes (Cholewicki et al., 1997). This amount increases with lifting efforts (de Looze et al., 

1999; Granata and Orishimo, 2001) and is influenced by lift height, speed of lifting and by an 

unstable load (van Dieën et al., 2003). 

For sudden or unexpected perturbations, a reflex response results in greater, local muscle activity; 

in upright standing, Moorhouse et al. (2007) reported that the reflex muscle response provided 

42% of the joint stiffness necessary to respond to a disturbance in the postural stability, thus 

demonstrating the importance of this response. A delay in the neuro-motor response has been 
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shown to be a predictive factor for a future episode of LBP, although the reasons for this delay 

are not clearly defined (Cholewicki et al., 2005). Fatigue inhibits this reflex, increasing the risk of 

injury with a sudden loading that may occur from a slip or fall but also with an unexpected load 

shift (Magnusson et al., 1996). Van Dieën et al. (2003) have suggested that co-contraction is 

important in suppressing the noise in the neuromotor system and, thus, helps reduce the frequency 

of postural perturbations; in this way, kinematic disturbances are controlled and attenuated 

(Granata and Gottipati, 2008).   

The conditions for benchwork make this injury mechanism likely, perhaps more likely than the 

previous pathways of peak or cumulative loading. First, with far reach, postural stability is 

challenged when the body shifts forward with reach, displacing the center of pressure forward 

towards the limits of the postural base (Holbein and Chaffin, 1997), and therefore, workers may 

be more susceptible to a postural perturbation. Since trunk postures are mild to moderate and 

loads in hand are light to medium, additional co-contraction of the surrounding muscles may be 

required to stabilize the spine. If this co-contraction is inadequate because of muscle fatigue, the 

spine may be more susceptible to loss of spinal stability. Since benchwork is performed 

continuously for prolonged work periods, muscle fatigue may be an important confounding factor 

that influences both the ability to maintain a stable spine over the duration of work and to recover 

from a postural perturbation.   

2.1.4 Low Back Discomfort  

None of the previous pathways specifically addressed low back discomfort (LBD) arising from 

prolonged, static muscle effort. Postural LBD may be the primary determinant for ergonomic 

interventions with benchwork because of its effect on work productivity. Investigations of FBS 

show that LBD presents rapidly; the duration for standing in mild FBS is between 8 and 15 
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minutes, depending on arm position and/or activity (Boussenna et al., 1982; Keyserling et al., 

2005). For this reason, the central ergonomic objective with benchwork is to neutralize any static 

awkward standing position. It can be argued that LBD arising from prolonged static muscle effort 

is not pathological because it resolves with adequate recovery time; however, LBD intensity 

reported during a workday has been linked with a future episode of LBP (Hamberg-van Reenen et 

al., 2008), suggesting that preventing LBD arising from static muscle effort should be an 

objective of workplace LBP prevention.  

The rapid buildup of local discomfort is not evident with dynamic trunk postures that are 

associated with repetitive reach. Unlike static awkward postures, dynamic trunk postures show 

increased oxygenation of the LES (Yang et al., 2007).  Keyserling et al. (2005) showed a longer 

onset for LBD when awkward trunk postures were intermixed with rest periods. Repeated trunk 

flexion, however, introduces risk variables identified with movement that contribute to increased 

spinal loading: dynamic loading with lifting adds as much as 40% to 42% to the static moment 

(de Looze et al., 1994; Freivalds et al., 1984).   

2.2 Ergonomic Controls for Industrial Benchwork 

Ergonomic controls directed at LBP prevention with benchwork center on preventing awkward 

trunk postures through the integration of work height guidelines and reach envelopes into the 

design of the workstation (Grandjean, 1988). To complement ergonomic design, ergonomic 

controls also address magnitude of loads being handled (Andersson and Örtengren, 1984) and 

duration of loading, the latter through the use of administrative controls such as job rotation and 

rest periods.  
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2.2.1 Work Height Guidelines 

In 1969, Grandjean first recommended three normalized work heights, according to the type of 

work: precision, light and heavy (Figure 2-1). For precision work, a work height above the elbow 

is recommended, thus the arm is supported on the bench while standing upright. With light work, 

the recommended height was at the elbow; at this height, arm elevation required to complete the 

task is neutral. For heavier work, a mid-pelvis work height was recommended, allowing the arm 

room to move through range and perform forceful actions under ideal muscle-length tension 

conditions. These height guidelines remain in effect today, although there has been little research 

into their effectiveness.   

Figure 2-1. Grandjean (1969) recommended workbench heights for (A) precision, (B) light 
and (C) heavy work (Modified from Grandjean’s text “Fitting the Task to the Man”). 

 

Implementing ergonomically correct work heights can be challenging when the workstation is 

shared among workers, or integrated into the production process, making it difficult to adjust the 

height. Without height adjustment, administrative controls are relied on which can contribute to 

lost work productivity.   

 

 

Precision work          Light work           Heavy work 
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2.2.2 Reach Envelope 

A reach envelope is a three-dimensional space defining where a worker can reach. Traditionally, 

ergonomists considered trunk recruitment to be a function of anthropometry with trunk 

recruitment occurring when reach distances exceeded the length of the extended arm; therefore, 

ergonomists recommend placing work objects within the reach envelope for upright standing. 

However, recent evidence demonstrates that trunk recruitment occurs with shorter reach distances 

and may be a part of a movement strategy to shift loads between the upper extremity and the low 

back (Gagnon and Smyth, 1991; Holman et al., 2008; Madeleine et al., 2003). Load sharing is 

possible by trading arm reach with trunk reach (Figure 2-2). With trunk recruitment, less arm 

elevation and elbow extension is required, thus reducing the external moment at the shoulder. 

Furthermore, since shoulder strength envelopes show that maximal lift strength diminishes 

towards the outer limits of the reach envelope (Kumar, 1991; Weisman et al., 1992), shortening 

the arm reach helps optimize work effort, further encouraging a load sharing arrangement 

between the low back and shoulders.  

Trunk recruitment with reach may not simply be a function of load or anthropometrics: With 

lighter loads, Holman et al. (2008) reported both trunk and scapular movement with reach when 

distances were within the standing reach envelope; scapular protraction also assists with forward 

reach. Zhang and Chaffin (1997), observed that vertical and lateral arm movements were largely 

isolated to the upper extremities, whereas forward and backwards reach movement tended to 

involve the trunk. Kaminski et al. (1995) reported a trade-off between scapula and trunk motion 

with less scapular protraction at farther distances, which was thought to be a reflection of the 

higher demand for scapular stabilization with farther reach distances. 
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Figure 2-2. Reach movement pattern shown for (A) arm only and (B) multi-segmental reach 
involving the trunk with arm movement.  

 

The postural balance strategy influences the size of the reach envelope. Horak and Nasher (1986) 

describe two balance strategies: hip and ankle (Figure 2-3). A hip strategy displaces the lower 

body in the opposite direction to reach as a way of counterbalancing the outwards displacement 

of the body’s center of mass (CM). The use of this strategy diminishes the effect of trunk motion 

for reach distance. The ankle strategy involves the whole body bending forward from the ankle; 

in this case, the postural strategy does not oppose the reach action; however, the standing position 

becomes less stable as the center of pressure displaces outwards towards the boundaries of the 

base of support.  

 
Upper 

extremities 

A. Arm reach

Trunk

Pelvis

Lower 
extremities

B. Multi-segmental reach
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Figure 2-3. Balance strategy with reach for (A) hip strategy and (B) ankle strategy.  

 

2.3 Proposed Ergonomic Solution: Trunk support  

Trunk support is an alternate strategy to use when the traditional approach of matching the work 

demands to the worker cannot be achieved due to the size of products being manufactured or 

shared workspaces. In this approach, the weight of the trunk is supported, allowing the postural 

muscle effort required to maintain a balanced forward-bent position or an extended reach to be 

reduced without a change in the work demands. The Personal Lift-Assistive Device (PLAD) is an 

example of a device that has application for a broad range of MMH tasks. The PLAD is an on-

body harness that uses elastic springs to assist with lifting and bending. However, because PLAD 

is a self-contained on-body device, it offers little advantage in terms of postural stability. Since 

postural stability is an important component of benchwork, a form of leaning support, where the 

body stabilizes against a fixed structure, is important.  
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The support from leaning forward is experienced as an upwards and backwards reaction force, 

although the exact angle or magnitude is unknown because it has not been reported in the 

literature. The leaning reaction force (LRF) acts as an extension moment at the lower lumbar 

spine joints when the contact for leaning is above the respective lumbar spine joint. For industrial 

benchwork, this will occur when the bench height is adjusted for light work. As a result, support 

from leaning forward lowers the net external moment experienced at the lower lumbar spine 

joints when the individual is positioned in forward bent standing. This effect is expressed as 

Equation 2-1, using a global method described by Hof (1992) to calculate joint moments; the 

flexion moment is referenced as the negative moment while the extension moment is referenced 

as a positive moment. The equation is adjusted to correct for the negative direction of the y 

component of the LRF. The first term in Equation 2-1 represents the static flexion moment 

created by each of body segments located above L5-S1. The second and third terms represent the 

static extension moment from leaning. Figure 2-4 illustrates this relationship when the lean 

contact is at the mid abdomen consistent with leaning against a workbench adjusted to elbow 

height. 

Equation 2-1:	

/ 	 	 ∗ ∗ 	 / 	 	 ∗ / 	 		

 

	 ∗ 	 / 	 	 		
 

Where:  
M= Moment, 
m=mass, 
n=number of segments  
CM=center of mass, 
g=gravity acceleration = -9.8m/s2, 
d=distance, and 
LRF=leaning reaction force. 
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Figure 2-4. Illustration of forces with forward bending and/or reaching forward and  
leaning against a bench that is positioned above the L5-S1 joint. 

The use of a workbench for trunk support is an efficient way of delivering support because of the 

short lever arm. By repositioning contact for leaning to the upper trunk, the extension moment 

created by leaning is greater simply by improving the mechanical efficiency (Figure 2-5).  Since 

no commercial devices were available that supported the trunk at the ribcage in mild and 

moderate forward-bent standing (FBS) positions, a prototype device was built in a Ryerson 

University laboratory. The device was designed to accommodate a variety of FBS positions 

dynamically; therefore, the device was called the Dynamic Trunk Support (DTS). The DTS as 

illustrated in Figure 2-5 has five main components that are described next. 
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Figure 2-5. Conceptual drawing showing a worker leaning against the Dynamic Trunk 
Support that attaches to a workbench. 

1. Cushioned chest support.  Constructed with memory foam layered over a rigid plate, the 

chest support was shaped to fit against the upper half of the anterior aspect of the ribcage. 

The uppermost limit is 1-2 cm below the sternal notch at the superior border of the sternum 

and inferior to the clavicle, necessary to avoid interfering with the accessory movement at the 

sterno-clavicular joint with shoulder motion (Figure 2-6). The shape of the plate is angled 

laterally in order to avoid compression of the thoracic outlet because this is where the axillary 

neurovascular bundle exits the upper body. Compression of this neurovascular bundle may 

lead to thoracic outlet syndrome, characterized by numbness and tingling in the hands and 

weakness of the upper extremity muscles. The angled border should also allow adequate 

space for shoulder protraction.   
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Figure 2-6. Chest support with Dynamic Trunk Support. 

 

The 4th rib is the approximate lower limit; compression from leaning below this level may 

interfere with inspiration. A longer plate may also shift the center point of the leaning force 

downwards, compromising the mechanical advantage from leaning at this height. The 

theoretical point of force application is the center of the manubrium. 

The size and fit of the support plate is important in terms of evenly distributing the reaction 

force and increasing the number of ribs that the plate covers. The former is achieved by the 

contour while the latter is determined by the vertical length. Increasing the width of the 

support plate will not reduce joint load but may be more comfortable as a result of a reduction 

in contact pressure with the support plate. It is obvious that considerable design work is 

needed to optimize this aspect of the device; the success in making leaning comfortable will 

be central to the commercial success of this device. In this body of research, the emphasis 

was on determining the biomechanical gain that is possible from leaning at this height.  

2. Connector. The chest support is connected to the post by a pivot joint. By swiveling, the 

chest support has greater capacity to accommodate individual differences in anthropometrics 

Sterno-clavicular joint  

Chest support 

Center of leaning reaction force 
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and allows some relative mobility of the upper thoracic spine segment to flex forward relative 

to the lower thoracic spine (Figure 2-7). 

 Figure 2-7. Dynamic Trunk Support (DTS) with (A) neutral spine and (B) flexed spine. 

3. Post. An adjustable height post connects the chest support to the mechanism located at the 

base of the device. The post shortens, allowing the device to accommodate both a neutral and 

curved trunk orientation. 

4. Mechanism. Two spring-loaded versions were developed: hinge joint and a ball joint. The 

first prototype was built using a hinge joint, thus restricting the motion of the post and 

support plate to the sagittal plane. A second prototype was built using a ball joint, thus 

removing any restriction to trunk mobility. For both prototypes, the mechanism is positioned 

at hip height in order to mimic forward bending at the hip. The amount of support resistance 

is adjusted to match with individual anthropometrics and subjective preference.  

5. Clamp. This attaches the device to the workbench.  

 

LRF

Workbench  

LRF 

Workbench  

A. Full length DTS with neutral trunk B. Shortened DTS with curled or flexed trunk 
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The DTS supports the trunk by resisting only a portion of the upper body weight; as a result, 

forward bending is active-assisted: the muscles recruited for bending and reaching remain 

unchanged, only the amount of work is altered. The optimal amount of support is unknown for 

the following reasons:  

 The physiological load tolerance for LRF is unknown. With leaning contact on the ribcage, 

the LRF is experienced as a compression force at the posterior rib joints from the force being 

transmitted posteriorly through the ribs underlying the chest support.  Since there are no other 

applications in which a low-magnitude compression is experienced for prolonged durations, a 

load tolerance is difficult to predict. Because the posterior rib joints are cartilaginous, they 

will respond to prolonged loading by means of tissue creep; with repeated exposure, leaning 

could result in tissue damage and possibly a painful joint disorder.  

 The amount of resistance required to lower the risk of work-related LBP remains poorly 

defined for cumulative loading or for spinal instability injury pathways. In the latter case, the 

amount of resistance should be set such that the muscle activity of the lower back remains 

high enough to meet the requirement for spinal stability.  

Identifying the optimal load parameters requires long-term testing; for the purpose of this 

investigation, the support resistance was set at a ‘comfortable’ level.  

As stated, a workbench at a height above the L5 also generates an extension moment at the lower 

lumbar spine. However, because of the short distance between the LRF and the joint center, 

leaning against the bench for trunk support is not expected to generate any meaningful gain in 

terms of postural work demands. Leaning against a workbench, however, changes how postural 

stability is realized: with leaning, a hip-balance strategy is no longer required. With benchwork, 

because of the reach requirements, leaning would be a normal strategy since it helps control 

against a loss of balance. Leaning against the workbench, however, may be contributing to 
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workplace injuries depending on how the body adapts to the workbench; for example, if leaning 

acts as a barrier to sequential recruitment of the trunk segments into the reach motion pattern. 

Since the trunk acts as a “series of segments in a mechanical system” (Hsu et al., 2008), a change 

in one segment will lead to compensatory changes in another. Larivière et al. (2000) reported an 

adaptive compensation in the thoracic spine secondary to lumbar spine stiffness, thereby shifting 

the biomechanical load proximally. If the height of the table blocks lumbar spine involvement in 

trunk flexion as part of multi-segmental reach involving upper extremities and trunk, then 

increased thoracic motion would also occur with leaning – potentially shifting the injury site 

proximally.  

Figure 2-8. Reaching forward with (A) no support, (B) leaning against a workbench 
adjusted to the mid pelvis, and (C) adjusted to the mid abdomen. 

2.4 Summary and Research Hypotheses 

Using an off-body trunk support to improve ergonomic conditions with industrial benchwork, for 

the purpose of preventing work-related LBP, is based on scientific reasoning and has not been 
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tested until now. Industrial benchwork is lighter work compared to MMH and as a result, the risk 

for LBP is lower. However, for work tasks that require forward-bent standing or reach, the risk of 

work-related LBP is elevated because of the heightened biomechanical load on the lower lumbar 

spine. Furthermore, static postures with forward bending rapidly become painful as a result of 

static muscle work. 

The principle behind trunk support is simple: support from leaning creates a counterbalancing 

moment at the lower lumbar spine that lowers the external moment. This reduction lowers the 

muscle work required for posture control of the trunk. In addition, leaning is expected to be 

beneficial for balance by changing the postural-balance strategy: the hip-balance strategy is 

replaced with leaning. When this occurs, less trunk flexion is required to reach to a target, thereby 

indirectly lowering the external moment. The lower postural effort required for benchwork by 

leaning will interrupt each of the three injury pathways discussed: Both cumulative and peak 

loading are lowered and muscle fatigue is delayed, the extent depending on the amount of support 

provided. These effects should lower the risk of work-related LBP for benchwork that involves 

awkward standing positions and extended reach distances. Moreover, lower muscle activity levels 

will translate to a slower buildup of back discomfort. If trunk support proves effective, employers 

will have access to a relatively inexpensive tool to help prevent workplace injuries. 

In this research, two heights for trunk support by leaning were considered: upper-trunk support 

(UTS) with contact for leaning at the upper ribcage and lower-trunk support (LTS) with contact 

for leaning at the lower trunk. Since there were no available UTS devices, this height of support 

is in the early product development phase; because of this, the research questions are quite 

simple: How effective is UTS for lowering the spinal load at the lower lumbar spine, and is 

leaning against the UTS associated with an adverse response.  
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Hypothesis 1. Upper-trunk support has no effect on lumbar spinal loading under static or 

dynamic reach conditions that involve trunk recruitment into the reach position. 

Hypothesis 2. No adverse response occurs from leaning with contact at the upper ribcage.  

To test these hypotheses, UTS was compared to both LTS and no support with static FBS and 

with asymmetrical reach, using a repeated measures experimental design. Testing was 

constrained to instantaneous postures and single reach repetitions based on the average value of 6 

repetitions. This short-term testing limited the extent for testing hypothesis 2; therefore, 

hypothesis 2 was partly addressed; follow up studies are needed to determine the physiological 

response to cumulative/prolonged exposure to the leaning reaction force. By limiting testing to 

instantaneous response, independent variables were added: Multiple trunk angles were tested in 

the first study comparing static trunk postures between trunk support conditions, while reach 

height and load in hand were added as dependent were tested in the second study comparing trunk 

supports during asymmetrical reach. The outcomes used to test the first hypothesis were lumbar 

extensor muscle activity and low back discomfort.  The latter variable was included as a way of 

estimating lower lumbar spinal loading based on static muscle effort; however, it was recognized 

that the validity of this measure was poor given the short duration of testing. To determine if any 

adverse response occurs for the second hypothesis, trunk kinematics  were monitored looking for 

changes in movement patterns that may increase the risk of local joint pain or injury, and 

perception of pressure at the ribcage that could indicate excessive pressure with long-term 

loading leading to local discomfort.  

On completion of the two laboratory studies, it is expected that adequate data will be available to 

determine if the prototype is ready for the next stage of testing that will involve longer use by 

workers in their workplace. Longer term testing is required to determine the influence of leaning 
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for muscle fatigue and comfort as well as the potential adverse effect of rib joint irritation. The 

findings from this first stage of testing, looking at instantaneous postures and single reach 

repetitions without the influence of fatigue, are valuable predictors for long-term effects and will 

identify and direct design changes to enhance the effectiveness at lowering the lower lumbar 

spinal load, and the usability of the device.  

LTS is arguably in place and used by benchworkers in the form of a workbench. However, little 

information is available on the advantages of leaning for posture stability, nor if adverse effects 

occur as a result of the workbench interrupting normal reach kinematics. The research objectives 

are therefore, to review the influence of leaning and to determine if ergonomic design guidelines 

need  to be adjusted to accommodate for the influence of leaning.  

Hypothesis 3. Lower-trunk support has no effect on lumbar spinal loading with dynamic reach 

conditions that involve trunk recruitment into the reach position. 

Hypothesis 4. No adverse response occurs from leaning against a lower-trunk support. 

To test these hypotheses, two types of comparisons were completed. First LTS was compared to 

no support as part of the investigation into the effectiveness of UTS. The first study addressed 

static trunk postures while the second study compared dynamic trunk postures as part of 

asymmetric reach. The two studies included only one lean contact; therefore, a follow-up study 

was completed, comparing two lower- trunk contacts for leaning with a lean contact at the 

proximal thigh for the purpose of identifying optimal lean contact heights when workers use their 

workbench for a lower-trunk support. The outcomes used to test hypothesis 3 and 4 were the 

same as those identified for UTS. On completion of the three laboratory studies, it is expected 

that adequate data will be available to determine if ergonomic design guidelines for benchwork 
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need adapting and to confirm potential injury pathways for benchwork based on the presence of 

adverse changes in trunk kinematics and spinal joint loading.    
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Chapter 3 

Comparison of Two Heights for Forward-placed Trunk Supports 

Abstract  

Awkward trunk postures in standing present an ergonomic challenge that cannot always be 

corrected through work design. In this study, a new device for trunk support, customized for 

benchwork, was tested to determine if changes in trunk muscle activity demonstrated its 

effectiveness in lowering the postural work demands associated with forward-bent standing. Ten 

male participants from the university stood in 10° increments of trunk flexion between 0 and 40° 

under three conditions: no support, leaning against a workbench, and leaning against a prototype 

device designed to support the trunk at the upper chest. Low back and hip extensor muscle 

activity was reduced by an average 60% across trunk angles while leaning against the upper chest 

support; whereas, leaning against a workbench produced no significant change in muscle activity. 

There were no changes in kinematics to indicate that leaning altered the contribution of the pelvis 

and spine segments to the forward-bent standing position. Leaning, however, resulted in further 

forward displacement at C7 by a magnitude of two-fold. These findings suggest that leaning 

could be beneficial for work involving forward-bent standing and/or extended forward reach.  
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3.1 Introduction 

Standing is a common work posture (Tissot et al., 2005) across a broad range of occupations. In 

industry, a standing work posture is often used for benchwork and is associated with a longer 

reach distance (Sengupta & Das, 2000) and lower shoulder muscle activity with reach (Yates & 

Karwowski, 2002; Aarås et al., 1988). Standing becomes an awkward trunk posture both when 

work heights are too low, requiring workers to bend forward while they work, and when reach 

distances are too far, requiring workers to bend forward to reach the target. In awkward standing 

postures, the compression load on the lower lumbar spine increases. Using direct measurements, 

Takahashi et al. (2006) reported a two-fold increase in L4-L5 compression at 10° trunk flexion 

and a 3.5 increase at 30° flexion, demonstrating that even small postural changes from the upright 

standing position  magnifies lumbar spinal compression loading.  Cumulative loading has been 

identified as a risk factor for non-traumatic low back pain (Andersson et al., 1996; Kumar, 1990; 

Kumar, 1994; Norman et al., 1998) and, therefore, ergonomic strategies are used to minimize this 

source of spinal loading; they include table height adjustment, work placement within reach 

envelopes, rest intervals, and work rotation. However, these strategies can be difficult to 

implement when workspaces are shared, work structures have limited adjustability, close 

attention is required for fine work for long durations, and there is low availability of highly 

skilled workers for job sharing.  

The challenges for implementing ergonomic design into benchwork led to the consideration of 

whether an external trunk support, used to transfer weight by leaning, could be beneficial in the 

workplace as an alternate means of reducing spinal loading associated with forward-bent work 

postures. This strategy has been applied to lifting and carrying using the Personal Lift Assistive 

Device (Abdoli et al., 2006; Abdoli & Stevenson, 2008) and to extreme forward bending using 
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the Warrie Back Aid™ (Gregory et al., 2006). However, since benchwork involves stationary 

standing, a device was designed to fit onto the bench itself. To optimize the biomechanical 

advantage of leaning, a prototype device called the Dynamic Trunk Support (DTS) (Figure 3-1) 

was designed to support the upper chest – the maximal distance from L5 without interfering with 

the joint mechanics of the shoulder complex.  

The DTS was constructed using three components: a cushioned support, a post and a spring-

loaded hinge mechanism that allowed the support plate and post to move in the sagittal plane 

against resistance. The support resistance was adjustable: the device was intended to partially 

support the upper body so that the resistance moment is less than the moment created by the 

weight of the upper body in forward bending. With partial support, trunk flexion remains under 

active control of the back and hip extensor muscles and therefore, does not change the muscles 

recruited, only the amount of effort required to perform the same action. The purpose for the 

device is therefore, to reduce the postural work demands of these muscles, which will translate to 

lower compression loads on the lower lumbar spine joints with forward bending; in the long term, 

the risk of low back pain may be lowered because of the cumulative effect.  
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Figure 3-1. Three trunk support conditions with forward-bent standing: (A) no support, (B) 
lower-trunk support and (C) upper-trunk support.  

Leaning against the workbench is another form of trunk support and depending on the height, the 

bench may act as a trunk support, if the distance between L5 and the contact for leaning is large 

enough. In this study, three trunk support strategies were examined: no support, lower-trunk 

support using the bench for leaning, and upper-trunk support using the DTS to support at the 

upper chest.  The purpose was to determine if leaning against a support lowered the postural work 

demands associated with forward-bent standing without changing the trunk kinematics or the 

muscle recruitment of the trunk flexors versus extensors. The hypothesis was that the design of 

the upper-trunk support would not influence either. The bench support was used as a comparative 

condition for leaning, but since the bench height tested was at the height of mid-pelvis, no change 

in postural muscle activity was expected. This bench height matches the ergonomic guidelines for 

work heights with heavy work provided by Grandjean (1988), but it is lower than the height 

recommendation for light work. The pelvis was chosen so that the force transferred by leaning 

was through the bony pelvis rather than through the soft tissues of the abdomen, which would be 

A. No support B. Lower-trunk support C. Upper-trunk support 

DTS

Support plate 

Post  

Mechanism  
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the case if a higher bench height had been chosen. This condition, therefore, does not represent all 

work conditions found in industry. 

3.2  Methods 

3.2.1 Participants 

Ten healthy males, from the university population with no recent history of musculoskeletal 

injury or symptoms, participated in this study. The participant group had an average age of 25.9 

yrs (SD 3.8), average height 1.8 m (SD 0.5 m), and average mass equal to 86.0 kg (SD 6.6 kg).  

Ryerson University Ethics Committee approved the methodology, and all participants provided 

written informed consent. Refer to Appendix A and B.  

3.2.1 Set-up and Procedures  

For testing, a standing workstation was used with the height of the table adjusted to the height of 

the anterior superior iliac spine (ASIS) landmark located on the anterior pelvis (Figure 3-3).  For 

all test conditions, participants stood in a comfortable position; tape markings were used to 

maintain the same foot position between test conditions. Participants were instructed to bend 

forward from an upright standing position until they reached the target trunk angle using the 

biofeedback displayed on a computer screen positioned directly in front, to hold this position until 

data collection was completed (10 seconds), and, upon command, return to the upright standing 

position. Four static forward-bent trunk positions in standing were tested: 10°, 20°, 30° and 40° 

flexion from upright standing, as well as upright standing. Trunk angles were measured using the 

motion-capture sensor that was overlying the approximate position of T9.  



 39

 

Figure 3-2. Experimental set-up viewed from behind. 

To standardize the trunk posture, participants were taught to bend forward at the hips while 

keeping the back straight. This methodology was used by Saha et al. (2007) to standardize the 

forward-bent standing position between participants, eliminating the variability in the back 

muscle activity that would arise when an alternate motion strategy of  nodding (slight flexion) of 

the upper back was employed to achieve the mild forward-bent trunk postures. Studies have 

shown that kyphosis shifts the spinal joint loading from the lumbar spine to the spinal level 

proximal to the peak of the kyphotic curve (Briggs et al., 2007).  

Three trunk support conditions were tested: no support, lower-trunk support and upper-trunk 

support. For no support, participants were instructed to bend forward without contacting the 

bench. With low-trunk support, participants were instructed to lean against the bench for support 

while bending and standing in a forward-bent position. For upper-trunk support, the prototype 

DTS chest support was positioned one finger width below the sternal notch so that leaning 

contact was over the manubrium, the uppermost portion of the sternum. The resistance was 

adjusted to a level that was low enough that the participant was able to bend forward without 

 

Fastrak™
source
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actively recruiting his abdominal or hip flexor muscles, but high enough to provide a comfortable 

support. This amount was determined prior to testing based on comfort perception. Participants 

were instructed to lean on the device as they bent forward and stood in a forward-bent position. 

Since arm activity was not addressed, participants were instructed to fold their arms across their 

chest or below the support plate of the DTS. Prior to testing, participants were provided with 

adequate practice time to become familiar with these procedures and the two types of trunk 

support.  A 30-second rest was provided between trunk positions and a 7-10 minute rest was 

provided between trunk support conditions.  

Subjective rating of low back comfort was collected using a 10-point visual analog scale 

anchored by no discomfort and extreme discomfort. A similar scale was used to record subjective 

values of contact stress on the chest with the visual analog scale anchored by no pressure and 

extreme pressure. Refer to Appendix C for scales. 

3.2.2 Instrumentation and Data Processing  

Surface electromyography (EMG) was used to record muscle activity from the following sites: 

cervical erector spinae (C4), lumbar erector spinae (L4), rectus abdominus, external oblique, 

gluteus maximus, hamstring, and upper trapezius; all muscles sampled were on the right side. 

Disposable EMG adhesive gel (Ag–AgCl) electrodes ((Bortec Biomedical Ltd, Edmonton, AB, 

CAN) were used with a 3-cm distance between electrodes. The EMG signals were conditioned 

using a Bortec AMT8-channel differential amplifier (Bortec Biomedical Ltd, Edmonton, AB, 

CAN) with variable gains of 100–5000 times, 10 G input impedance, preset frequency response 

of 10-1000Hz at -6dB and CMMR of 115 dB (Appendix D). The EMG signals were digitally 

captured at 1024 Hz using a 12-bit A/D card (National Instruments, Austin, TX, US), and then 
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stored for processing using custom software (LabView 8.2.1, National Instruments, Austin, TX, 

US). 

All raw EMG trials were band-pass filtered at 20-450 Hz, DC offset was removed by subtracting 

the average from the each data point and then EMG resting levels were subtracted.  Then, all 

trials were rectified and low-pass filtered using a 2nd order Butterworth filter with a cut-off 

frequency of 2.7 Hz (Potvin, 1996) using a custom program in LabView 8.2.1. For comparison, 

the EMG results were normalized to the 100% maximal voluntary contraction (MVC) following 

SENIAM guidelines for electrode placement and testing as available. Muscle testing was 

manually resisted for an isometric hold with the muscle positioned in a neutral or shortened 

position. Refer to Appendix D for details on EMG instrumentation, data processing, and MVC 

testing.   

The Fastrak™ motion-capture system (Polhemus, Colchester, VT, US) was used to record the 3-

dimensional position of 8 sensors located on the head (baseball cap), C7, T9, L4, anterior pelvis, 

right thigh, right lower leg at a sampling rate of 60 Hz. The angular orientation of the body 

segments represented by a sensor located at the approximate mid position (lengthwise) was 

calculated using a custom program in Labview 8.2.1.  The orientation reported for all segments 

was global with reference to upright standing with the arms held at the side. Refer to Appendix E 

for details on motion-capture instrumentation and data processing. 

The angular orientation derived from the sensor overlying T9 was used to provide continuous 

biofeedback of the trunk angle to participants for cueing via a computer monitor located on a 

workbench in front of the participant. The data collection systems were integrated by a custom 

computer program in LabView 8.2.1.  A common switch was used to signal the start and end of 
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10 seconds of data collection. The switch was manually activated when participants gained and 

held the target forward-bent trunk position. 

3.2.3 Experimental Design and Statistical Analysis  

The order of testing was randomized for trunk support conditions with trunk angles nested within. 

A two-way repeated measures analysis of variance was performed by SPSS 11.0 statistical 

software (SPSS, Corporation, IL, U.S.), testing for differences between support conditions (no 

support, lower-trunk support and upper-trunk support) and forward-bent standing (10°, 20°, 30°, 

and 40°). The dependent variables included angular orientation and peak muscle activity. The 

Bonferroni test was used to correct for multiple comparisons. An alpha level of 0.05 was used as 

the minimum level of significance.  

3.3 Results 

3.3.1 Kinematics  

The average trunk angle at the target angle of 10°, 20°, 30°, and 40° across trunk support 

conditions was 9.7° (SD 1.5°), 19.9° (SD 0.5°), 29.9 (SD 0.8°), and 40.1° (SD 0.5°). These results 

demonstrated that the target trunk angles were obtained with little variation between conditions 

and participants. The orientation of the pelvis changed as the trunk angle increased (Table 3-1) 

with significant differences across trunk support conditions (P=0.001); however, this was with a 

significant interaction from trunk angle (Table 3-2). These findings demonstrated that neither 

support blocked the pelvis from contributing to trunk flexion. Similar findings occurred for 

lumbar segment flexion.   
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Overall, a more neutral spine alignment was seen with leaning support as demonstrated by the 

greater consistency between angular orientations of each segment from upright standing. With a 

more neutral spine, the flexion orientation of the pelvis contributed a greater percentage to trunk 

flexion. The average percentage of pelvis flexion compared to trunk flexion was 69.4% (SD 1.6% 

across trunk angles), 75% (SD 10.2%) and 94.7% (SD 9.0%) for no support, lower- trunk support 

and upper-trunk support, respectively (calculations were based on the average values).  The 

percentage gain in angular orientation in reference to the highest trunk angle tested, reported as 

percentage of range of motion (ROM) in Table 3-2, showed differences that emerged in terms of 

incremental increases for both the pelvis and lumbar segments. With no support, the pelvis and 

lumbar spine segment flexion increased in equal increments of 25% of the actual range across 

forward-bent trunk positions; whereas, with support, a larger percentage (32%) was gained at 10° 

forward-bend, suggesting an earlier recruitment of the pelvis and lumbar spine with supported 

standing and mild trunk angles.  
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Figure 3-3. Kinematics for (A) no support (B) lower-trunk support and (C) upper-trunk 
support shown using a standardized stickman with each body segment representing the 
average flexion angle from upright standing. Standard deviation is shown when it was 
larger than 5 degrees.  
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Table 3-1. Average (SD) flexion orientation of the trunk and trunk segments relative to 
upright standing and percentage ROM of the highest trunk angle condition. 

 
Trunk 
flexion   

No support Lower-trunk support Upper-trunk support 
 

Average 
 

SD 
 

% ROM 
 

Average 
 

SD 
 

% ROM 
 

Average 
 

SD 
 

%ROM 
Trunk (Thoracic segment) 

0 0.2 0.3 0 0.2 0.7 0 0.1 1.2 0 
10 9.8 0.9 25 9.2 2.5 23 10.1 0.4 25 
20 19.7 0.5 49 19.8 0.2 49 20.0 0.6 50 
30 30.1 0.1 75 29.5 1.4 73 30.0 0.4 75 
40 40.1 0.2 100 40.2 0.7 100 40.2 0.5 100 

Lumbar segment 
0 0.9 2.0 0 -1.1 3.8 0 - 0.4 1.3 0 

10 7.2 6.3 25 7.1 6.4 33 11.1 5.6 32 
20 13.6 7.3 51 13.0 7.2 56 20.0 7.4 57 
30 19.6 10.2 75 19.4 7.9 86 28.8 7.9 87 
40 25.6 12.8 100 24.1 13.0 100 35.2 7.4 100 

Pelvis 
0 0.7 1.9 0 0.1 3.9 0 0.2 0.8 0 

10 6.7 4.4 23 8.2 5.0 32 10.5 4.4 32 
20 14.1 4.9 50 14.7 5.8 57 19.7 4.3 59 
30 21.1 8.1 76 21.1 6.2 82 28.0 4.3 84 
40 27.3 10.0 100 26.1 9.6 100 33.4 3.7 100 

 

 

Table 3-2. Two-way ANOVA analysis for body segment orientation and upper trunk 
displacement. 

The angular orientation of the lower leg differed significantly across trunk support conditions 

(P=0.001) with a significant interaction from trunk angle. With leaning, the average dorsiflexion 

was 3.6° (SD 3.8) across trunk angles with the two support conditions; without support, the 

average plantar flexion was 5.4° (SD 4.9°) across trunk angles. This difference was explained by 

 Forward-bent posture Support Posture * Support 
 F  p F  p F  p 

Body segment (flexion 
orientation) 

      

   Cervical spine     24.4 0.001   1.9 0.149   2.1 0.019 

Trunk    965.4 0.001   3.0 0.047   1.2 0.260 

Lumbar spine     83.6 0.001 18.8 0.001   7.9 0.001 
Pelvis   200.1 0.001   9.4 0.001   4.6 0.001 

Thigh      11.2 0.001 15.9 0.001 35.0 0.001 

Lower leg       6.4 0.001 20.3 0.001 25.7 0.001 

(Displacement)        

    Upper trunk      91.0 0.001 26.3 0.001 30.0 0.001 
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changes in the balance strategy, shifting from a hip-balance strategy where the pelvis displaces in 

the opposite direction to leaning with no displacement (Horak & Nasher, 1986). Similar changes 

were reported by Kingma and van Dieën (2004) where subjects leaned through an extended arm 

resting on the table.   

The effect of these differences in angular orientations was seen in the horizontal position of the 

upper trunk, based on the sensor location overlying C7 (Figure 3-4). The forward position 

differed significantly across trunk support conditions (P=0.001) with a significant interaction with 

trunk angle. This forward displacement was 2.1 times greater while leaning against the 

workbench compared to no support and 2.7 times greater while leaning against the DTS (Figure 

3-4). Functionally, this forward shift translates to a longer forward reach distance compared to 

no-support condition when the forward-bent trunk position is controlled.  

     Figure 3-4. Average (SD) displacement at C7.   

 The cervical segment also flexed forward with trunk support having a significant influence 

(P=0.001) with dependency on the trunk angle. Differences emerged at higher trunk angles (Table 

3-3); however, the variation was high as shown by the large standard deviations.  
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     Table 3-3. Average (SD) flexion orientation of the cervical segment.  

 

 

 

3.3.1 Electromyography 

The postural muscle activity for the back extensors showed a significant influence for both trunk 

angle and trunk support with interaction effects (Table 3-4, Figure 3-5). Muscle activity of the 

LES increased as the trunk angle increased; trunk support had a significant influence (P=0.001), 

with the results demonstrating that this response was isolated to the upper-trunk support. The 

muscle activity of both gluteus maximus and hamstring were also significantly influenced by 

trunk support (P=0.001), with an interaction effect from trunk angle for hamstring muscle 

activity. With upper-trunk support, the muscle activity of the gluteus maximus was no longer 

sensitive to trunk angle; similar findings were seen for the hamstring. The percentage difference 

between the average values for upper-trunk support and no support for these trunk and hip 

extensor muscles, across trunk angles, was 62.8% for LES, 59.6 % for gluteus maximus, and 

60.3% for hamstring.  Larger values were seen with the higher trunk angles.  

The trunk flexor muscles showed no meaningful effect from trunk support. The rectus abdominus 

was active (between 5 and 12% MVC), but with no significant influence from trunk support or 

trunk angle (not shown). The external oblique was influenced significantly by trunk support 

(P=0.012); however, the influence was slight.  

 
Trunk flexion   

No support Lower-trunk 
support 

Upper-trunk 
support 

 
Average 

 
SD 

 
Average 

 
SD 

 
Averag

e 

 
SD 

0 4.3 4.7 0.1 2.6 2.6 7.6 
10 14.0 9.7 15.3 10.9 12.9 13.5 
20 21.5 11.5 24.7 13.1 17.6 11.2 
30 25.9 15.7 32.2 16.5 18.4 12.9 
40 28.5 17.1 32.3 18.8 20.6 15.0 
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Last, the neck extensor muscles were influenced by trunk support but the upper trapezius was not. 

The CES muscle activity generally increased as the trunk flexion angle increased; trunk support 

was a significant factor (P=0.001); but the results demonstrated the effect was from the lower-

trunk support. The upper trapezius effort was not influenced by trunk support, as expected, since 

the arms were not loaded.   

  Table 3-4. Two-way ANOVA analysis for muscle activity. 

 

 

 

 

 

 

 

 

 

 

 

 Forward-bent posture Condition Posture * Condition 
 F factor P F factor P F factor P 

CES   141.570 0.001 34.652 0.001   5.253 0.001 

Upper trapezius       0.380 0.821   1.429 0.259   0.547 0.878 

LES     19.458 0.001 30.395 0.001   1.632 0.093 

Gluteus maximus       5.381 0.002 19.088 0.001   1.203 0.290 

External oblique       3.726 0.012   2.536 0.078   0.289 0.990 

Rectus abdominus       1.910 0.130   0.800 0.505   1.548 0.118 

Hamstring     31.298 0.001 25.571 0.001   2.716 0.003 

Rectus femoris     16.319 0.001 10.972 0.001   3.430 0.001 
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Figure 3-5. EMG activity shown for  muscles with significant difference between trunk 
postures (*),  conditions(!), and an interaction effect (^). 
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3.3.2 Psychophysical  

Participants were asked to rate their discomfort following each test condition; however, 

participants reported difficulty assigning a value due to the short duration of testing. The small 

differences in trunk angle may have also have contributed to this difficulty. Therefore, these 

results were not reported. Generally, the impression was less discomfort in the low back while 

leaning against the DTS. All participants reported that they would use the DTS to help with future 

forward-leaning work postures.  Participants were also asked to rate the perceived pressure on the 

chest; the values ranged from 1 to 4 on a 10-point scale, but, again, they reported difficulty with 

rating because of the short duration and multiple conditions.  

3.4 Discussion  

The findings showed that transferring weight through the sternum using the DTS reduced the 

postural muscle activity of the LES, gluteus maximus, hamstring, and rectus femoris by an 

approximate 60%. Since lumbar spine joint compression loading has been shown to relate directly 

with LES muscle activity within the trunk angles tested (Andersson et al., 1977; McGill, 1992), 

leaning against the upper-trunk support also lowered lumbar spinal loading. Leaning on the 

workbench was ineffective at reducing muscle activity with the exception of rectus femoris; 

however, in work situations, the postural work demands may be lowered indirectly because of 

being closer to the work.  

Leaning on a support shifted the trunk further forward when trunk angle was controlled. This 

effectively increased the reach envelope when the envelope is defined as the maximal distance 

with trunk involvement. In work situations, this could be translated into a new reach motion with 

less trunk flexion or less outwards extension of the arm. The former could lower back muscle 

activity depending on the magnitude of this change. The latter could lower the external moment at 
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the shoulder, which would be helpful since shoulder pain is also reported for industrial 

benchwork (Chee and Rampal, 2004; Hussain, 2004). Since leaning against the DTS resulted in 

greater forward displacement of the trunk compared to the workbench and lowered the postural 

muscular effort, it demonstrated greater advantage for leaning compared to the workbench. 

Further testing to validate these hypotheses is needed.  

The kinematic findings suggested that forward leaning could be advantageous in terms of spinal 

positioning. While leaning against the DTS, a neutral spine alignment was maintained with most 

of forward bending gained at the hip. In comparison, this neutral alignment diminished with no-

support and workbench support, especially in higher forward-bent trunk positions even when 

participants were cued to bend at the hips, keeping their back straight. In a real work situation, the 

alternate strategy of thoracic nodding for mild trunk postures would result in even greater 

differences in the spinal alignment. Since spinal flexion patterns shift the spinal loads upwards 

(Briggs et al., 2007), this benefit may be more beneficial for the upper back.  

Trunk kinematics showed no evidence that either support functioned as a local barrier to angular 

displacement of the pelvis. For the workbench, this finding may not apply to all work conditions. 

With light work, the recommended bench height is above the pelvis; therefore, leaning against the 

workbench may restrict pelvis flexion, leading to changes in the trunk posture; if this occurs, the 

lumbar and thoracic spine segments may be required to compensate for the loss of pelvis flexion. 

Since the recommended workbench height is higher for light work (Grandjean, 1988), leaning 

should be further investigated with higher bench heights to determine if additional spinal motion 

occurs at work heights used in the workplace.  

Leaning against the DTS also showed no changes in the angular orientation of the trunk segments 

as expected, since the DTS constrains the inter-segmental motion of the trunk. With this type of 
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support, the body segment proximal to the support was the cervical spine. Examples of an adverse 

change in kinematics may include excessive chin poking or cervical flexion as a way of 

compensating for altered spinal positioning or obstruction of the visual field by the support 

plate/pillar. No evidence of these changes was seen; however, test conditions did not include 

visual demands at the workbench.  

The support on the DTS is adjustable to accommodate individual differences in anthropometrics 

and perceived comfort. Partial support does not eliminate postural muscle work requirements. 

The advantages of this approach include wider work application with inclusion of both static and 

dynamic trunk postures and avoidance of problems associated with static positioning (McGill et 

al., 2000). In this study, the level of support was set according to the participant’s preference, 

based on comfort and ability to move into each test position. Given the significant reduction in 

muscle activity of the back and hip extensors, partial support appears effective. Long-term testing 

is needed to determine whether this reduction will be sufficient to reduce the risk of low back 

injuries with stationary standing work. In addition, it is important to investigate the long-term 

effect with rib joint loading.   

An important limitation of this study was the use of participants from the university setting, who 

may not have adequately reflected how workers may respond. This population was chosen 

primarily because it was a sample of convenience. However, because the conditions for testing 

were highly constrained, this limitation was not considered important. Because the posture was 

constrained, and there was no arm activity or visual work requirements, these results may not 

represent the actual benefit of leaning in the work situation; further study is needed.  
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3.5 Conclusion  

Offloading through a mechanical device that supports workers through the ribcage reduces 

muscle activity of the low back and hip extensors needed to sustain a balanced posture in mild 

trunk flexion, whereas leaning through a workbench does not reduce postural effort.  While the 

DTS was more effective at reducing LES activity at the higher forward-bent trunk positions of 

30° and 40°, it was still effective with mild flexion angles of 10° and 20°.  Because of the reduced 

muscle activation, lumbar spinal loading was lowered when using the DTS compared to 

unsupported and workbench-supported reaching.  Leaning forward against a support (workbench 

and DTS) increased the potential forward reach distance, and this may be beneficial for shoulder-

injury prevention by reducing the moment at the shoulder.  
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Chapter 4 

Testing of Three Support Strategies with Asymmetrical Reach 

Abstract 

Reach envelopes identified for standing work postures are often poorly matched with work 

requirements resulting in dynamic awkward trunk postures when the trunk is recruited into the 

reach movement. To address this ergonomic challenge, two forward leaning trunk supports were 

compared to no trunk support during far reaching. No trunk support was compared to leaning 

against a worktable and to the Dynamic Trunk Support (DTS) device to determine the effect on 

trunk positioning at terminal reach, trunk extensor muscle activity, and subjective rating of both 

comfort and effort. Ten females completed 3 repetitions of a far distant reach: they lifted 0 and 

5kg load from a symmetrical position at hip-height to a 45º asymmetric position at both hip 

height and shoulder height. Motion capture showed that trunk flexion decreased by 12º ± 10 with 

both trunk supports, but only at hip-height reach. The table blocked axial rotation of the pelvis 

with both reach heights, which was compensated by an additional 8º ± 6 rotation at the thoracic 

segment. At shoulder-height reach, surface EMG of the lumbar erector spinae, contralateral to 

reach, showed that using the DTS to be almost twice as effective as leaning against the 

workbench: the reduction in activity was 30% ± 18 with DTS and 16% ± 22 with leaning against 

the table. With hip-height reach, leaning against the DTS was less effective: only a 23% ± 27 

reduction, while leaning against the workbench had no effect. Further investigation is needed to 

determine optimal performance parameters for trunk support with complex, dynamic trunk 

postures and whether altered kinematics arising from leaning against the workbench is associated 

with a higher risk of mid- and upper-back discomfort.  
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4.1 Introduction  

Whether it is reaching for a tool to assemble components, sorting materials from a conveyor, or 

using power hand-tools such as sanders, grinders or polishers, forward reaching is a part of light 

and moderate stationary standing work when hand tools or material handling are involved. When 

reach distances extend beyond the length of the extended arm, the trunk is recruited into the reach 

movement resulting in mild and moderate forward bent standing, depending on the reach 

distance. Ergonomic reach envelopes and work heights are used in the design of standing 

workstations and work tasks as a way of restricting trunk involvement; however, they can be 

difficult to implement especially with shared workspaces commonly found with conveyor and 

assembly line work.   

Trunk support is an alternate approach that is being developed for the workplace as a way of 

preventing work-related low back pain with lifting and carrying (Abdoli-E et al., 2006) and for 

static forward bent standing postures (Damecour et al., 2010). The objective for trunk support is 

to lighten the load of the trunk rather than restrict trunk posture. For benchwork, the 

epidemiological association of low back pain with mild and moderate forward bent standing is 

mixed (Aarås et al., 1988; Punnett et al., 1991); however, spine compression rapidly increases in 

this range (Takahashi et al., 2006). Therefore, supporting the trunk in mild and moderate trunk 

flexion would substantially reduce cumulative loading - an injury path identified for low back 

disorders (Kumar, 1990; McGill, 1997). 

Static forward-bent standing using an off-body, self-standing trunk support device was reported 

to reduce trunk extensor muscle activity by 60% (Damecour et al., 2010). However, these results 

apply to static, precise work; it is unknown whether this type of trunk support is helpful with the 

dynamic trunk postures required for far reaching. The off-body device tested was a cushioned 
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metal structure attached to a spring-loaded hinge joint. An on-body lift assistive device reported 

by (Abdoli-E et al., 2006) demonstrated 16% reduction in the average lumbar erector spinae 

(LES) muscle activity during dynamic lifting of a 5kg load from the floor to a table, 

demonstrating the effectiveness of this approach. However, a self-standing device may be better 

suited to constrained standing workstations due to convenience of use.   

Forward reaching to far distances differs from lifting in that trunk recruitment helps displace the 

shoulders forward rather than vertically. Without external support, any forward displacement of 

the body’s center of mass must remain within the base of support by the use of a hip and/or ankle 

balance strategy. With the hip strategy, the lower body shifts away from the target (Holbein and 

Redfern, 1997; Lee and Lee, 2003), working against the reach action; with the ankle strategy, the 

body leans in the same direction as the reach, adding to the reach action but requiring active 

muscle control by the ankle plantar flexor muscles. The off-body support would be advantageous 

for reach as it would not only support the trunk, but also brace the pelvis in a neutral horizontal 

position, reducing the need for either a hip- or ankle-balance strategy.  

In this study, trunk extensor muscle activity was compared when trunk support was used with 

complex, dynamic trunk postures. The goal was to determine if trunk support lowers the postural 

work demands. Three trunk support conditions were tested: no trunk support (NTS), a lower-

trunk support (LTS) using an adjustable height workbench, and an upper-trunk support (UTS) 

using an updated prototype version of the off-body device called the Dynamic Trunk Support 

(DTS) (Figure 4-1). Testing involved a fixed reach distance as a way to determine if bracing 

changes trunk recruitment as a result of a change in postural balance strategy. Both LTS and UTS 

braced the pelvis, but only UTS supports the trunk; therefore, a change in back muscle activity 

can be attributed to either posture bracing or trunk support.   
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Figure 4-1. Reaching with (A) no support, (B) leaning against the bench, and (C) leaning 
against the Dynamic Trunk Support for upper-trunk support.  

4.2 Methods   

4.2.1 Participants 

Ten females with an average age of 30.5 ± 9.2 years, height 1.67 ± 0.05 m and weight of 61.6 ± 

10.3 kg participated in this study – recruited from the university population. Nine participants 

were right hand dominant. The methodology was approved by the university ethics committee 

(Refer to Appendix B). No recent musculoskeletal injuries were reported that would influence 

reach movements under light load conditions. Written informed consent was provided (Refer to 

Appendix E). Females were chosen for the participant group because of the potential for 

increased discomfort with leaning against a chest support.  

A B C 
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4.2.2 Set-up and Procedures 

Testing took place in the laboratory while standing at a workbench where the height was adjusted 

to the hip. For all test conditions, participants stood in a comfortable lateral stride position (feet 

shoulder width apart and knees straight). Tape markings were used to keep the foot position 

constant between test conditions. Starting in upright standing with the hands resting on the 

worktop, participants were instructed to reach forward to a target that was located between 0.50 – 

0.55 m forward at a 45º angle to the left. These targets were located on the work surface for hip-

height reach or on a series of stacked boxes with the height adjusted to shoulder height for 

shoulder-height reach. Two load sequences were used: forward reach with no weight held in the 

hand /return reach with 5 kg and forward reach with 5 kg in hand/return reach with 0 kg in the 

hand. The order was alternated between repetitions for a total of 6 complete reach repetitions. The 

pace for reaching was self-controlled with instruction to move at a slow, comfortable pace.  

Three trunk support conditions were tested: NTS, LTS, and UTS. For NTS, participants 

completed the reach sequence for each reach height without leaning for trunk support. In upright 

standing, the participant was positioned approximately 40 mm from the edge of the workbench to 

avoid leaning as the reach lengthened. For LTS, a small wooden ledge was attached to the 

tabletop as a way of raising the bench height for leaning – the contact height for leaning was 

adjusted to approximately 30 mm below the anterior superior iliac spine landmark located on the 

pelvis. To do this, the height of the bench was adjusted. The wooden edge for leaning was 20mm 

thick with no padding.   

The third trunk support condition used the DTS prototype; this was fixed to the tabletop with the 

mechanical joint that allowed the position of the chest support to change angles as the trunk 

moved to help with reach, positioned at hip height. This version of the DTS used a spring loaded 
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ball- joint mechanism that allowed for three-dimensional movement; however, the support was 

only in the sagittal and coronal plane. The length of the post was adjusted so that the upper edge 

of the chest support was positioned 20 mm below the sternal notch.  The resistance for trunk 

support was fixed since construction was rudimentary; therefore, the same resistance was 

provided for all participants. The amount of resistance was low to moderate with trunk motion 

remaining active-assisted (i.e. the back muscles continued to actively control forward bending 

and extending but with less work. Prior to testing, participants were asked if the support was 

comfortable and that they were not pushing the support forward by tightening their abdominals.  

4.2.3 Instrumentation and Data Processing 

4.2.3.1 Motion Capture  

The Fastrak™ (Polhemus, Colchester, VT, US) electromagnetic motion-capture system was used 

to record the angular orientation of the pelvis, lumbar and thoracic segments of the trunk, and the 

right thigh. The trunk was divided into three segments: pelvis, lumbar and thoracic. A motion 

sensor was positioned overlying the approximate midpoint of the segment on the posterior aspect; 

the locations were: posterior left ilium, L3, T9 and the posterior mid-thigh. Sampling frequency 

was 60 Hz. Sensors were attached to the skin using spray adhesive, secured with tape. A custom 

program in LabView 8.2.1 (National Instruments, Austin, TX, US) was used to extract the 

angular orientation, expressed as a rotation matrix, by converting to Euler angles in the order of 

flexion, side flexion and rotation.The segment angles were normalized to upright standing. For 

reporting, the pelvis, thigh and thoracic segment angles were reported as an absolute orientation 

(global reference); the global thoracic angle was described as the total-trunk angle. In addition, 

the lumbar and thoracic segments were reported as relative or joint angles; the lumbar segment 
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angle was relative to the pelvis and the thoracic segment angle was relative to the lumbar 

segment. Refer to Appendix E for details on motion capture and models used.    

4.2.3.2 Electromyography 

Surface electromyography (EMG) was used to record muscle activity from the bilateral erector 

spinae at L4, gluteus maximus, and right hamstring. Disposable EMG adhesive gel (Ag–AgCl) 

electrodes (Bortec Biomedical Ltd, Edmonton, AB, CAN) were used with a 3-cm distance 

between electrodes. The EMG signals were conditioned using a Bortec AMT8-channel 

differential amplifier (Bortec Biomedical Ltd, Edmonton, AB, CAN) with variable gains of 100–

5000 times, 10 G input impedance, preset frequency response of 10-1000Hz at -6dB and CMMR 

of 115 dB (Appendix D). The EMG signals were digitally captured at 1024 Hz using a 12-bit A/D 

card (National Instruments, Austin, TX, US), and then stored for processing using custom 

software (LabView 8.2.1, National Instruments, Austin, TX, US). All raw EMG trials were band-

pass filtered at 20-450 Hz, DC offset was removed by subtracting the average from the each data 

point and then EMG resting levels were subtracted.  All trials were then rectified and low-pass 

filtered using a 2nd order Butterworth filter with a cut-off frequency of 2.7 Hz (Potvin, 1996  

using a custom program in LabView 8.2.1. For comparison, the EMG results were normalized to 

the 100% maximal voluntary contraction (MVC) following guidelines by the Surface 

Electromyography for the Non-Invasive Assessment of Muscles Project (SENIAN) for electrode 

placement and testing as available. Muscle testing was performed with manual resistance for an 

isometric hold with the muscle positioned in a neutral or shortened position (Appendix D). An 

amplitude probability distribution frequency (APDF) was completed and the results for the 90th 

percentile were extracted for comparison. The 90th percentile was chosen to represent muscle 

activity levels corresponding to terminal reach where muscle work demands are highest. 
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4.2.3.3 Psychophysical  

Subjective ratings of low back discomfort, effort and pressure under the chest support were 

collected at the completion of each test condition. Low back discomfort was rated using a 10-

point visual analog scale (VAS) anchored by no discomfort and extreme discomfort. Effort was 

rated using a modified Borg scale. Pressure under the chest support, while leaning against the 

DTS, was rated using a 10-point VAS anchored by no pressure and extreme pressure. Refer to 

Appendix C for VAS scales for back discomfort, effort and chest pressure.  

4.2.4 Experimental Design 

A randomized, repeated measures design was used to test for trunk support  (NTS, LTS, UTS);  

reach height (hip and shoulder) and load (0 and 5kg) were also tested as independent factors. The 

dependent variables fell into three categories: kinematic, muscle activity and subjective. The 

findings for kinematics were reported for terminal reach defined as the instantaneous position 

corresponding to peak trunk flexion. The kinematics included global orientation of the thigh, 

pelvis and trunk as well as the relative angles of the lumbar and thoracic segments.  Muscle 

activity was reported for the 90th percentile representing peak work demands. Last, the subjective 

responses for low back discomfort and effort were compared across conditions.  

4.2.5 Statistical Analysis 

Prior to the comparison of trunk support types, the repeatability of the reach movement was 

assessed for repeatability using intraclass correlation (ICC) (2,1) (Denegar and Ball, 1993). Then 

both kinematic and EMG results were tested for a normal distribution using the Kolmogorov-

Smirnov (K-S) test. All the findings conformed to a normal distribution with the exception of the 
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flexion orientation of the thigh due to a strong central tendency for both trunk support conditions 

consistent with the thigh being constrained or fixed by the trunk support device.  

The effect of trunk support was tested using repeated measures analysis of variance (ANOVA), 

with paired contrasts used for post-hoc testing – the comparison condition was NTS. Sphericity 

was confirmed using Mauchly’s test; when sphericity was significant, the Greenhouse-Geisser 

correction was used. The Friedman test was used as a non-parametric test for subjective findings 

since these findings also did not meet the normality requirement. SPSS 17.0 (SPSS, Corporation, 

Chicago, IL, US) was used for all statistical testing, and statistical significance was accepted 

when p<.05.  

4.3 Results and Discussion 

4.3.1 Preliminary Statistical Results 

The ICC (2,1) for flexion, side flexion and rotation of the total trunk, pelvis, lumbar and thoracic 

segments ranged from 0.47 to 0.97 with an average value of 0.82 ± 0.10, indicating good to 

excellent reliability between repetitions (Shrout and Fleiss, 1979).  Values below 0.7 occurred 

four times, three of which occurred with rotation or UTS. This is consistent with subjective 

comments from some participants that the chest support tended to swing outwards in the 

transverse plane and was sometimes difficult to control.  

The between-participant test for total trunk, pelvis, lumbar and thoracic segment angles in each of 

the three planes (sagittal, coronal and transverse) were significant (p<.005), indicating that the 

terminal-reach posture varied between participants. The co-efficient of variation ranged between 

24% and 112% for kinematic findings with higher values seen for the lumbar and thoracic 
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segments and with rotation. Because of the variability between participants, the average (standard 

deviation) change in angle for each trunk support condition in comparison to NTS was reported 

when statistical comparisons demonstrated a significant difference. This approach for reporting 

provides greater detail in terms of the responsiveness to trunk support conditions.  

To develop a reporting framework, the findings for total-trunk flexion were first tested for 

significant difference using three-way repeated measures ANOVA looking for main effects from 

trunk support, reach height and load. The results showed a main effect for both trunk support, 

F(2,18)=6.0, p<.02, and reach height, F(1,9)=58.0, p<.001, but not for load, F(1,9)=0.5. The 

difference between the average values according to reach height was 25.1° - this magnitude 

suggests that hip-height reach and shoulder-height reach represented two different reach patterns 

based on trunk flexion at terminal reach. Therefore, to simplify reporting, the results were 

analyzed and presented as distinct reach conditions: hip-height reach and shoulder-height reach. 

Since load was not a significant factor, findings were pooled for load.  

Only the LES muscle activity was reported since trunk support had no influence on either 

hamstring, or gluteus maximus muscle activity. A three-way repeated measures ANOVA 

revealed a main effect for trunk support, F(1.2,11.2) = 7.8, p< .005, side of body, F(1,9) = 16.5, 

p<.005, but no effect for reach height, F(1,9) = 0.0, and no significant interactions. For 

convenience, the statistical results for LES muscle activity were also reported using one-way 

repeated measures ANOVA for trunk support. 
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4.3.2 Hip-height Reach 

4.3.2.1 Kinematics  

At terminal reach, the total-trunk orientation without support (NTS) was complex with the trunk 

bent and twisted in three dimensions. The terminal-reach position was 52.1º ±12.7 flexion, 28.5º 

±7.0 side flexion and 33.5º ±16.4 rotation (Figure 4-2). The major effect from support was in the 

sagittal plane followed by the transverse plane; the side flexion angle appeared consistent 

between trunk support conditions. Trunk support had a main effect on total-trunk flexion with 

paired contrasts showing both supports having an effect, F(LTS)(1,9)=18.3, F(UTS)(1,9)=55.4, p<.01. 

Refer to Appendix G statistical results for kinematic findings. Both trunk supports showed similar 

reduction in total-trunk flexion (Figure 4-2); the average difference was 12.2º ±7.9 across trunk 

support conditions. For total-trunk rotation, trunk support showed a main effect F(1,9)=3.7, 

p<.05; however, paired contrasts showed no significance for either support. The average 

reduction was 7.1° ±10.7 across trunk support conditions. These findings demonstrated that trunk 

support altered trunk kinematics; the contributions from the pelvis, lumbar and thoracic trunk 

segments and from the lower extremities to the terminal reach posture, were analyzed next 

looking at flexion, rotation and then side flexion.  
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Figure 4-2. Absolute orientation of the total trunk (absolute orientation of the thoracic 
segment that represents the cumulative flexion from the pelvis, lumbar and thoracic 
segments) for terminal reach in 3 dimensions; results pooled for load. Significant 
relationships shown were based on results from paired contrasts.  

With NTS, the flexion component of the terminal-reach posture was multi segmental with the 

pelvis, lumbar and thoracic segments contributing towards the total-trunk posture: the average 

contribution by the pelvis was 38% ± 22, by the lumbar segment was 36% ± 24 and by the 

thoracic segment was 27% ± 15. These findings demonstrated that each segment contributed 

approximately equal to total-trunk flexion. At terminal reach with no support, the average flexion 

angle was 16.9° ± 8.8 for the pelvis (Figure 4-3), 19.7° ± 16.0 for the lumbar segment (Figure 4-

4) and 13.7° ± 6.8 for the thoracic segment (Figure 4-5). Trunk support had no main effect on 

pelvis flexion, indicating that neither trunk support constrained pelvis flexion. Trunk support had 

a main effect on lumbar flexion, but this did not carry over to paired contrasts. The variability in 

response was high as demonstrated by the large standard deviations. The average reduction in 

lumbar flexion was 3.5° ± 7.4 for LTS and was 6.3° ± 9.0 for UTS, indicating that not all 

participants demonstrated this effect. Trunk support also had a main effect on thoracic flexion: 

paired contrasts showed this effect was from the UTS, F(1,9)=11.1, p<.01. The average reduction 

for thoracic flexion was 5.9º ± 5.6 for UTS. These findings suggested that the trunk support 

0

10

20

30

40

50

60

70

NTS LTS UTS NTS LTS UTS NTS LTS UTS

Flexion Side flexion Rotation

An
gl

e 
(d

eg
re

es
)

*
*



 68

reduced the recruitment of the spinal segments into the flexion component of the terminal reach 

posture. 

In flexion, the average orientation of the thigh was -5.9° ± 5.0 with 90% of participants standing 

with -5° to -10° flexion. This backwards orientation was consistent with a posterior shift of the 

pelvis that is associated with a hip-balance strategy. 

 

Figure 4-3. Absolute orientation of the pelvis for terminal reach in 3 dimensions; results 
pooled for load. Significant relationships shown were based on results from paired 
contrasts. 
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Figure 4-4. Absolute orientation of the lumbar segment for terminal reach in 3 dimensions; 
results pooled for load. Significant relationships shown were based on results from paired 
contrasts.  

Figure 4-5. Absolute orientation of the thoracic segment for terminal reach in 3 dimensions; 
results pooled for load. Significant relationships shown were based on results from paired 
contrasts.  

The rotational component of the terminal-reach posture with NTS also involved multiple 

segments. At terminal reach with no support, the average rotation was 11.3° ± 8.4 at the pelvis, 

4.2° ± 3.4 at the lumbar segment and 9.1° ± 5.2 at the thoracic segment. The average contribution 

to total-trunk rotation was 32% ± 26 from the pelvis, 11% ± 10 from the lumbar segment, and the 

thoracic segment contributed 33% ± 25. The remaining rotation was derived from the lower 
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extremity joints: the average rotation of the thigh was 13.7° ± 6.4 corresponding to an average 

contribution from the lower extremities to trunk rotation was 47% ± 27.  

Trunk support had a main effect on pelvis rotation with paired contrasts showing that this effect 

was for LTS only, F(1,9)=19.4, p<.005. Under the LTS condition, pelvis rotation decreased by 

8.8º ± 9.4 degrees, consistent with pelvis rotation being constrained or blocked by leaning against 

the bench. A similar change was seen for thigh rotation although this effect occurred for both 

trunk supports: the average rotation across trunk support was 4.4° ± 5.5, while the average 

reduction was 9.3° ± 8.5.  

Two compensatory changes were noted for effect of LTS on pelvis rotation: First, total-trunk 

rotation decreased as previously described. The total-trunk rotation decreased by an average 7.9° 

± 10.7 with LTS compared to NTS. The large variability indicates that this was not a consistent 

response between participants. As previously stated, paired contrasts showed that this effect was 

not significant and therefore only a trend. The second effect from constrained pelvis rotation was 

increased thoracic rotation. Statistical comparison of thoracic rotation showed LTS to have a 

significant influence based on paired contrasts, F(1,9)=10.9, p<.005, indicating that the thoracic 

segment compensated by increasing its contribution to trunk rotation. The average increase in 

thoracic rotation was 6.7 º ± 4.8.  Statistical comparison of lumbar rotation at terminal reach 

showed no effect for lumbar rotation, and therefore, the lumbar segment played no role in 

adapting to a constrained pelvis in the transverse plane with LTS. The net effect from LTS was a 

change in the percentage contribution of the trunk segments to trunk rotation: with LTS, the 

pelvis contributed 11% ± 19, the lumbar segment contributed 15% ± 16 and the thoracic segment 

contributed 66% ± 34. The higher contribution from the thoracic segment describes the change in 

reach motion pattern. 
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The side-flexion component of the terminal-reach posture with NTS was also multi segmental 

with the pelvis contributing 35% ± 13, lumbar 40% ± 32 and thoracic 29% ± 21. Trunk support 

had no effect on total-trunk side flexion but had a main effect on pelvis side flexion with paired 

contrasts showing that UTS, F(1,9)=16.7, p<.005. Pelvis side flexion decreased by 4.9º ± 3.8 with 

UTS, but no consequential changes were seen in the proximal segments.  

To summarize the kinematic changes from leaning, the cumulative contributions from the pelvis, 

lumbar and thoracic segments are shown in Figure 4-7. This figure illustrate the three main 

findings: 1) leaning against the DTS resulted in a small reduction in pelvis side flexion with no 

compensatory changes; 2) leaning against the workbench restricted pelvis twist, resulting in 

higher thoracic rotation; and 3) trunk support lowered the amount of trunk flexion needed to 

reach the target.  

Figure 4-6. Kinematic results stacked to illustrate the overall change in trunk kinematics.  
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4.3.2.2 Muscle Activity 

Trunk support had no significant effect on the 90th percentile muscle activity of the left LES, 

F(1,9) =4.2, p>.05 only on the right side (Figure 4-7). Paired contrasts showed a significant effect 

for the UTS, F(1,9)= 6.2, p<.05, with a 5.8 %MVC ± 7.5 decrease in muscle activity - equal to a 

23% ± 27 reduction in muscle activity.  

  Figure 4-7. Average (SD) muscle activity for left and right LES. 

 

4.3.2.3 Psychophysical     

The participants’ average rating of low back discomfort with NTS was 3.5 ±2.9 based on a 10-

point VAS.. With LTS, low back discomfort decreased by 1.8 ±1.9 intervals; with UTS, the 

reduction was larger; the average reduction with UTS was equal to 3.5 ±2.8 intervals. With UTS, 

the actual discomfort rating was 0.7 ±1.3 suggesting that participants had no discomfort while 

leaning against the DTS. Statistical analysis showed that trunk support had a significant effect; χ2 

=11.8, p <.005 (paired contrasts were not performed.  

Effort was rated an average 4.0 ± 2.4 when no support was provided. Effort decreased by 1.6 ± 

1.7 intervals with LTS and by 1.5 ± 1.4 intervals with UTS. Statistical testing showed trunk 

support to have a significant effect, χ2 =6.4, p <.05.  
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The third subjective measure was chest compression rated for the UTS condition, based on a 10-

point VAS. The average perceived pressure under the chest support was 3.2 ± 2.4.  Several 

participants reported an uncomfortable ‘digging’ sensation from the lateral edge of the chest 

support.   

4.3.3 Shoulder-height Reach 

4.3.3.1 Kinematics  

At terminal reach, the total-trunk orientation without support (NTS) was complex with the trunk 

bent and twisted in three dimensions. The terminal-reach position was 22.7º ± 6.3 flexion,      

17.4º ± 5.4 side flexion and 22.5º ± 8.4 rotation (Figure 4-8). In comparison to hip-height reach, 

total-trunk flexion was 53% ± 20 of that achieved with hip-height reach, while side flexion was 

34% ± 33 and rotation was 17% ± 52.  As a result, the trunk position at terminal reach had a 

higher ratio of side flexion/flexion and rotation/flexion with shoulder-height reach compared to 

hip-height reach - this was interpreted as greater asymmetry. The major effect from support was 

in the coronal and transverse plane; unlike hip-height reach, trunk support had no real influence 

on trunk flexion. Trunk support had a main effect on total-trunk rotation with paired contrasts 

showing only LTS having a significant effect, F(LTS)(1,9)=15.3, p<.005. The average reduction in 

total-trunk rotation from LTS was 7.3º ± 5.9. To investigate causes for the effect of leaning on the 

terminal-reach posture, the contribution of the trunk segments and lower extremities to the 

terminal reach, trunk position were considered next looking at flexion, rotation and then side 

flexion.  
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Figure 4-8. Absolute orientation of the total-trunk (absolute orientation of the thoracic 
segment that represents the cumulative flexion from the pelvis, lumbar and thoracic 
segments) for terminal reach in 3 dimensions; results pooled for load. Significant 
relationships shown were based on results from paired contrasts. 

 

With NTS, the flexion component of the terminal-reach posture was multi segmental with the 

pelvis, lumbar and thoracic segments contributing towards the total-trunk posture: the average 

contribution was 67% ± 38 from the pelvis, was 51% ± 40 from the lumbar segment and the 

contribution from the thoracic segment was -1% ± 43. These findings demonstrated that the 

pelvis contributed the major portion of movement with the thoracic segment having almost no 

role in flexing the trunk forward. At terminal reach with no support, the average flexion angle 

was 13.6° ± 4.6 for the pelvis (Figure 4-10), 25.4° ± 10.0 for the lumbar segment (Figure 4-11) 

and 0.7° ± 8.0 for the thoracic segment (Figure 4-12). Trunk support had no main effect on pelvis 

flexion indicating that neither trunk support constrained pelvis flexion. Trunk support no 

significant influence on pelvis, lumbar or thoracic flexion. Furthermore, only 30% of participants 

had a thigh orientation consistent with a hip-balance strategy. 
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Figure 4-9. Absolute orientation of the pelvis segment for terminal reach in 3 dimensions; 
results pooled for load. Significant relationships shown were based on results from paired 
contrasts. 

 

 

Figure 4-10. Absolute orientation of the lumbar segment for terminal reach in 3 
dimensions; results pooled for load. Significant relationships shown based on results from 
paired contrasts. 
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Figure 4-11. Absolute orientation of the thoracic segment for terminal reach in 3 
dimensions; results pooled for load. Significant relationships shown based on results from 
paired contrasts. 

 

The rotational component of the terminal-reach posture with NTS also involved multiple 

segments. At terminal reach with no support, the average rotation was 11.8° ± 4.7 at the pelvis, 

4.0° ± 2.5 at the lumbar segment and 7.3° ± 7.7 at the thoracic segment. The average contribution 

to total-trunk rotation from the pelvis was 51% ± 23, from the lumbar segment 23% ± 21, and the 

thoracic segment contributed 43% ± 59. The remaining rotation was derived from the lower 

extremity joints: the average rotation of the thigh was 10.5° ± 4.7. The average contribution from 

the lower extremities to trunk rotation was 45% ± 19.  

Trunk support had a main effect on pelvis rotation with paired contrasts showing that this effect 

was for LTS only, F(1,9)=13.5, p=.005. Under the LTS condition, pelvis rotation decreased by 

11.1º ± 3.7. As previously noted, the change in total-trunk rotation was not significant for LTS 

based on paired contrasts; however, the average reduction was 7.9° ± 11.7 indicating some 

participants compensated for the loss of pelvis rotation with less twist. Thigh rotation was also 

reduced: the average rotation was 4.4° ± 5.5 and the average reduction was 9.3° ± (8.5). The 
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findings for the pelvis and thigh were consistent with the LTS constraining pelvis rotation. With 

LTS, the pelvis contribution to trunk rotation decreased to 1% ±33. This blocking effect was also 

seen with hip-height reach. Under shoulder-height reach conditions, participants compensated for 

this loss with decreased total-trunk rotation (7.3º ± 5.9), this time with a significant difference, 

F(1,9)=15.2, p<.005, and/or increased thoracic segment rotation (8.3º ± 7.2) with paired contrasts 

showing this to be a significant effect, F(1,9)=13.5, p<.01.  

The side flexion component of the terminal-reach posture with NTS was also multi segmental 

with the pelvis contributing 39% ±14, lumbar 49% ±41 and thoracic 46% ±24. Trunk support had 

a main effect on pelvis side flexion, similar to hip-height reach. Paired contrasts revealed that this 

effect was largely from the UTS, F(1,9)=16.7, p<.005, with a 2.5º ± 1.6 average reduction in side 

flexion with UTS. LTS also demonstrated a significant influence, F(1,9)=24.0, p=.001; however, 

the average reduction was negligible: 1.3º ± 3.3. 

To summarize the kinematic changes from leaning, the cumulative contributions from the pelvis, 

lumbar and thoracic segments were shown in Figure 4-12. This figure clearly demonstrates the 

following key findings: 1) leaning against the DTS resulted in a small reduction in pelvis side 

flexion with no compensatory changes; 2) leaning against the workbench restricted pelvis twist, 

resulting in higher thoracic rotation; and 3) trunk support had no influence on trunk flexion. In 

comparison to hip-height reach, 1) a hip strategy was not apparent with shoulder-height reach, 

explaining the lack of effect for trunk flexion with trunk support; 2) trunk orientation had greater 

asymmetry; and 3) the pelvis contributed the largest proportion of movement for reach in 

comparison to the other trunk segments. Overall, the effects from leaning were similar for the two 

bench heights: small reduction of side flexion from leaning on the DTS with no apparent 
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compensatory changes and blocked pelvis rotation from leaning against the workbench with 

compensatory increase in thoracic rotation.   

Figure 4-12. Kinematic results stacked to illustrate the overall change in trunk kinematics.  

 

4.3.3.2 Muscle Activity 

Paired contrasts revealed that both trunk supports had a significant effect on the left side LES, 

F(LTS)(1,9)=9.3, F(UTS)(1,9)=9.2, p<.05. The results in Figure 4-13 indicate this effect was similar 

between both supports: the average reduction across trunk support was 4.3%MVC ± 4.3, equal to 

a 27% ± 18 reduction. On the right side, both trunk supports had a significant influence, 

F(LTS)(1,9)=5.8, F(UTS)(1,9)=11.5, p<.05, with the UTS having a larger effect. With LTS, muscle 

activity decreased by 3.5%MVC ± 4.5, equal to a 16% ± 22 reduction, while UTS decreased 

muscle activity by 6.3% MVC ± 5.9, equal to a 30% ±18 reduction.  
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Figure 4-13. Average (SD) muscle activity for left and right LES.  

 

4.3.3.3 Psychophysical  

The average rating of low back discomfort with NTS was 2.6 ± 2.5, based on a 10-point VAS. 

This was lower than hip-height reach by an average 0.9 ± 1.7 intervals, suggesting that discomfort 

was not sensitive to reach height. With LTS, low back discomfort decreased by 1.1 ± 1.4 

intervals.  With UTS, the reduction appeared similar to LTS; the average reduction with UTS was 

equal to 1.6 ± 2.5 intervals. The actual rating with UTS was 1.4 ± 2.1. In comparison to hip-

height reach, leaning against the UTS, the reduction in discomfort was approximately half; 

however, the endpoints were similar: both suggested that leaning against the DTS was associate 

with no or little back discomfort. Statistical analysis showed that trunk support had a significant 

effect; χ2 =7.0, p <.05 (paired contrasts were not performed).  

Effort was rated an average 3.5 ±1.7 when no support was provided. Effort decreased by 1.5 ±1.4 

intervals with LTS and by 1.6 ±1.1 intervals with UTS. Statistical testing showed trunk support to 

have a significant effect, χ2 = 7.0, p<.05.  
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The third subjective measure was chest compression rated for the UTS condition, based on a 10-

point VAS. The average perceived pressure under the chest support was 3.0 ± 2.4, similar to that 

reported for hip-height reach.  

4.4 General Discussion 

With NTS, the flexion component of the terminal reach trunk posture differed by more than half 

between reach heights. This was consistent with the methodology since the forward reach 

distance was not adjusted to account for a greater contribution from the outstretched arm to 

forward reach at shoulder-height reach.  Zhang and Chaffin (1997) reported similar findings with 

sitting reach.  

Both the LES muscle activity and the subjective responses were insensitive to the difference in 

the terminal-reach posture with NTS at the different reach heights. One reason may be related to 

the curvilinear relationship between trunk flexion and LES muscle activity. Sakomoto and Swie 

(2003) reported that the peak LES muscle activity corresponded to 45º trunk flexion for maximal 

bending to touch the floor with muscle activity declining, starting at 60º flexion. With NTS and 

hip-height reach, 70% of participants had a trunk flexion angle greater than 45º, while the average 

trunk flexion angle with shoulder-height reach was 23º. This may explain why the LES muscle 

activity was similar although the trunk angles differed by an average 25°.  

The complex trunk posture may also explain the similarity in LES muscle activity under NTS if 

the LES muscle activity response was more sensitive to side flexion and/or rotation compared to 

flexion. Under these reach conditions, the differences in the side flexion and rotation components 

were much smaller than the differences in trunk flexion between reach heights, especially rotation 

that differed by less than a 25%. Because LES muscle activity differed between the left and right 
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side, with the right side greater than the left side, the posture asymmetry was high enough to 

influence LES muscle activity. In the workplace, trunk asymmetry may be more important to 

correct than flexion angle, but further study is needed.  

A hip-balance strategy was not evident for shoulder-height reach with NTS. The lack of a hip 

strategy is consistent with the model of dynamic posture control proposed by Stapley et al. (1999) 

where the horizontal trunk position shifts toward the reach target as long as postural balance is 

maintained. With shoulder-height reach, the average total-trunk flexion was less than 23°, 

corresponding to a small displacement for the center of mass and, therefore, there was less need 

for a hip-balance strategy. This finding may vary under other conditions since both individual and 

work factors have been shown to influence displacement of the center of mass during reach; such 

factors include: age (Kozak et al., 2003; Row and Cavanagh, 2007), reach distance (Kaminski et 

al., 1995; Stapley et al., 1999; Tyler and Karst, 2004), load magnitude (Gagnon and Smyth, 

1991), speed of motion (Lee and Lee, 2003), and foot placement (Holbein and Chaffin, 1997).  

Since a hip-balance strategy was used only for hip-height reach with NTS, bracing for posture 

stability had no apparent translation to muscle activity because LES muscle activity was 

unchanged with LTS. However, trunk flexion was sensitive to the change in balance strategy as 

demonstrated by the average 12° reduction in trunk flexion for LTS. With shoulder-height reach, 

the LTS lowered muscle work demands of the LES through a different mechanism. The LTS 

acted to block axial rotation of the pelvis that appeared to have consequential effects on the 

positioning of the proximal spinal trunk segments. The consequential reduction in total-trunk 

rotation would act to reduce LES work demands by decreasing rotational torque. Also, the 

consequential increase in thoracic rotation would shift the biomechanical load away from the LES 

to passive structures as the spinal joints approached their end range for rotation (Marras and 
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Davis, 1998; McGill, 1992; Pope et al., 1986). However, both consequential changes occurred for 

both reach heights, the difference being the amount of trunk flexion. Further study is needed to 

identify why LTS influences LES muscle activity.  

Since the LTS did not produce benefit back muscle effort by means of bracing and the UTS did 

not alter trunk rotation, the change in muscle activity with UTS should be fully attributable to 

weight transfer. With UTS, right side LES muscle activity decreased by 23 and 30% with hip- 

and shoulder-height reach respectively, indicating that UTS has potential benefit as an ergonomic 

strategy when ideal work heights and reach envelopes cannot be implemented. Subjectively, low 

back discomfort was reduced to 0 for 70% of participants with hip-height reach and 50% for 

shoulder-height reach after six reach repetitions when using the UTS. Although the tests’ short 

duration limits the validity of these subjective findings, the results are encouraging, and when 

considered along with the reduction in postural work demands, make further product testing 

reasonable. Interestingly, the variability in response indicates that UTS could be highly effective 

for some individuals, but further investigation is needed to understand who would benefit. Prior 

to recommending the use of UTS in the workplace, longer term testing is required to determine 

how the posterior rib joints will respond to sustained low-level compression from leaning. The 

trade-off between unloading the lower back with loading the posterior rib joints still remains to be 

determined.  

The UTS was able to match trunk motion as demonstrated by the similar terminal trunk posture as 

NTS condition with the exception of reduced thoracic segment flexion. This exception may be 

beneficial for individuals who experience upper back discomfort while working, as a way of 

immobilizing the thoracic spinal joints. The UTS however, appeared to be less successful in 

supporting the trunk for the two following reasons: First, the smaller effect on LES muscle 
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activity with waist-height reach suggests that weight transfer may have diminished effectiveness 

as trunk flexion increases; second, participants reported an unbalanced support between the 

rotation and forward flexion component of the reach motion.  Based on findings for NTS at 

different reach heights, improving the balance of resistance between the three components of 

motion and increasing resistance at higher flexion angles may improve the performance of the 

UTS with complex trunk postures. A harness-type attachment would overcome the limitations of 

the flat shape and unsecured nature of the chest pad to support trunk motion into side flexion.  

Since the LTS also reduced LES muscle activity, it is tempting to promote this type of trunk 

support, but the results likely underestimated the change in postural work demands. Swie and 

Sakamoto (2004) reported that muscle activity was greater at L2 than L5 with trunk rotation. 

Since EMG was only collected at L4, changes in muscle activity secondary in response to the 

greater thoracic rotation were not captured. More concerning is that the height of contact tested 

for LTS was based on anatomical consideration for the absorption of the leaning reaction force 

rather than the recommended work heights. The tested height was lower than that recommended 

for light work. With a higher leaning contact height, the table is more likely to obstruct forward 

flexion as well as rotation of the pelvis, leading to greater compensatory changes in the upper 

back. Larivière et al. (2000) reported a similar compensation by the thoracic spine with forward 

bending when there was lumbar spine stiffness secondary to low back pain. The positive 

subjective response for both discomfort and effort shows that trunk support is favoured and most 

likely used in the workplace when there is a fixed worktable, ledge, or equipment nearby that is 

suitable for leaning against. Although bracing had no measureable change in LES muscle activity, 

it may have other benefits not captured in this methodology that may result in a discounting of the 

increased thoracic rotation. A longer-term study may show different results.  
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Sources of variability in this study included fixed amount of support leading to differences in 

proportion of weight transfer between participants, fixed forward reach distance leading to 

differences in the amount of trunk recruitment, anatomical differences in coupling, and available 

spinal range of motion in the thoraco-lumbar region (Gercek et al., 2008) leading to differences in 

trunk segment recruitment. In addition to variability, the actual changes in kinematics and muscle 

activity between trunk support conditions were small and, therefore, sensitive to error arising 

from movement of sensors/electrodes or their leads independent of the segment. Despite these 

influences, trends in movement patterns were apparent, although changes in muscle activity were 

harder to understand. Investigation into the effectiveness of trunk support was largely based on 

LES muscle activity; given these results, further investigation should be carried with additional 

EMG sites on the mid and lower back.  

4.5 Conclusion  

The UTS was the most effective trunk support to reduce dynamic postural work demands based 

on postural muscle activity, trunk posture, and low back comfort during asymmetric forward- 

reaching tasks. Further investigation for optimal support delivery is needed, followed by a longer- 

term use study. Leaning against the LTS is of more immediate concern because of the altered 

trunk kinematics that occurred from leaning, which caused greater movement at the mid back; the 

greater movement demands may be associated with mid-back pain. Current work height 

guidelines do not address the influence of leaning when the workbench is used as a support; given 

the results from this study with asymmetric reach, these guidelines should be reviewed to 

determine if the ergonomic design of a workbench requires modification to adapt for leaning.  
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Chapter 5 

Reach Kinematics with Three Lower-trunk Lean Contact Heights  

Abstract 

When reach distances are within the reach envelope, the interaction between work height and 

leaning is not important since the trunk remains upright. However, the workspace within the 

reach envelope is often insufficient, whether this is for product assembly, finishing, packaging or 

repair. The purpose of this study was to examine the kinematics of the pelvis, trunk and arms 

when leaning against a high, medium and low bar while executing three forward reaches under 

two load conditions. The hypothesis was that higher lean heights, corresponding to bench heights 

adjusted for light and sedentary work, would interrupt the recruitment of the pelvis into the reach 

motion pattern, resulting in altered reach kinematics. While instrumented with sensors for motion 

capture, fifteen males repeated near and far reaches to shoulder-height and hip-height targets with 

loads of 5% and 10% of body weight in their hands. The tasks were standardized by placing the 

targets at a location that elicited mild and moderate trunk flexion. The results demonstrated that 

the trunk movement differed according to lean height with far reach. With a low bar, trunk 

motion was hip-dominant, resulting in a relatively neutral spine orientation. The movement 

changed to a spine-dominant pattern when the lean height was raised, with the lower thoracic 

trunk segment being the major contributor to trunk flexion. Accompanying this change was 

increased scapular involvement. Based on these findings, some modifications are warranted when 

a worker uses the workbench as a leaning bar. 
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5.1 Introduction 

A workbench acts to stabilize the standing work posture when workers lean or brace against it. 

This has been shown to be valuable for reach because of the change in balance strategies. With 

leaning, the body moves closer to the reach target, thereby diminishing trunk involvement for 

reach displacement (Kingma and van Dieën, 2004; Damecour et al., 2012; Damecour et al., 

2010). Without support, a hip-balance strategy reverses the shift of the body away from the reach 

target as the trunk bends forward to assist with reach, to maintain the center of gravity centrally, 

within the base of support (Crenna et al., 1987; Horak and Nashner, 1986). Therefore, when a 

hip-balance strategy is used to maintain balance, additional trunk flexion is required to reach to a 

target outside a normal reach envelope (Stapley et al., 1999). Because leaning eliminates the hip-

balance strategy, it would appear to be a good ergonomic strategy for industrial benchwork as a 

means of minimizing awkward trunk postures in standing.  

It is unknown if leaning is an ideal strategy for all work conditions involving reach because of 

potential influences on reach kinematics. Reach direction was shown to be an important factor for 

reach kinematics when leaning against a workbench; with asymmetrical reach, the contribution of 

the pelvis to complex trunk postures associated with far asymmetrical reach was altered, resulting 

in increased rotation at the mid back (Damecour et al., 2012). Changes with pure sagittal-plane 

reach have not been addressed, however, leaning against a workbench did not result in changes to 

pelvis flexion with static forward-bent standing (Damecour et al., 2010) or in the sagittal 

component of the complex trunk motion with asymmetrical reach (Damecour et al., 2012). These 

studies did not address different workbench heights for leaning, which may disrupt reach 

kinematics by constraining hip flexion when the bench height is above the height of the pelvis.  
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The current ergonomic guidelines used for standing work heights recommend higher worktables 

for precision and light work with the height being elbow height, chosen to support the forearm 

while maintaining a neutral upright standing position; a lower table is used for heavy work to 

allow space for the arms to exert heavy forces (Grandjean, 1988).  The purpose of this 

investigation was to determine if lean contact should be separated from the workbench height in 

the ergonomic design of standing workstations to avoid altering reach kinematics, while 

benefiting from the shift in postural strategy from a hip-balance strategy to leaning.  

Benchwork heights at the waist, lower abdomen, and mid pelvis correspond to Grandjean’s 

(1988) guidelines for precision, light, and heavier work, respectively. As a result, when workers 

lean against the workbench, the contact for leaning will differ in terms of body segment (Figure 

5-1): For precision and light work, the contact for leaning is the abdomen corresponding to the 

upper and lower lumbar spine; whereas, with heavier work, the contact is at mid-pelvis. In prior 

investigations, according to Grandjean (1988), the bench height for leaning was set for heavier 

work, based on the assumption that the sacroiliac joints were suited to absorb the reaction force 

from leaning. In light and sedentary work conditions, the height of the bench is higher, and, 

therefore, leaning should result in altered kinematics because of the bench blocking forward 

rotation of the pelvis.  

In this study, reach kinematics were compared for lean contact heights corresponding to light and 

heavier work as described by Grandjean (1988), and a lean height below the hip joint, at the 

proximal thigh (Figure 5-1), which is not recommended as a work height. The thigh lean height 

was chosen as the comparison condition because at this height, leaning occurs below the trunk 

segments, and, therefore, offers the greatest freedom of movement for multi-segmental reach. The 
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hypothesis was that higher lean heights would interrupt pelvis recruitment into the reach motion 

pattern, resulting in altered reach kinematics. 

Figure 5-1. Lean contact heights: (A) low, (B) mid, and (C) high. 

 

5.2 Methods  

5.2.1 Participants  

Fifteen healthy males were recruited from the university population to participate in this study. 

The Ryerson University ethics committee approved procedures (Appendix H) and participants 

provided informed, written consent (Appendix I). The average age, stature, and weight was 25.1 

years (SD 4.6 years), 1.76 m (SD 0.07 m) and 757.5 N (SD 142.1 N), respectively.  
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5.2.2 Experimental Design 

A repeated measures design was used to test for the main effect of lean contact height (low, mid, 

high) on positional and dynamic reach kinematic variables, taking into consideration reach height 

(hip, shoulder), forward distance (near, far) and load in hand (light, medium). The dependent 

variables included i) angular orientation of four trunk segments (pelvis, lumbar, upper and lower 

thoracic spine segment, and the arm), and ii) linear displacement of the trunk, shoulder, scapula, 

and load in hand. These variables were extracted for regular intervals of the reach cycle.  The 

dynamic variables included the initiation and termination of angular motion and the average 

angular velocity while the segment was in motion. Testing was randomized, with the independent 

reach variables nested within the independent lean variable. The three reach factors (distance, 

height and load) were tested because of their potential influence on reach kinematics.  

5.2.3 Set-up and Procedures 

Testing took place in the laboratory, with participants standing in front of an adjustable-height 

workbench (Figure 5-2). A 50 mm wide, rounded wooden bar, positioned horizontally, was used 

for contact with leaning. Both Velcro™ and clamps at the undersurface of the force plate on 

either side attached the bar to a vertical force plate. The low lean height was at the proximal 

thigh, between 100 and 150 mm below the greater trochanter landmark; the mid lean height was 

against the pelvis, between 20 and 50 mm below the anterior superior iliac spine (ASIS), and 

above the greater trochanter; the highest lean height was against the mid-abdomen, between 50 

and100 mm above the ASIS, and below the lowest point of the anterior ribcage. Participants 

adjusted the height of the bar within these parameters according to comfort. The latter two heights 

corresponded to work height suggestions by Grandjean (1988).  
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Figure 5-2. Experimental set-up for leaning from (A) posterior view and (B) side view. 

The reach tasks varied according to distance, height and load. To avoid variation in trunk angles 

arising from individual differences in arm and trunk length, reach distances were set based on 

mild and moderate trunk posture, with the former labeled as ‘near’ and the latter as ‘far’.  For 

each participant, a theoretical maximal forward reach at hip-height reach was calculated using a 

Pythagorean thereom, based on the lengths of the arm and trunk, and target trunk angles of 15° 

and 45° for the near and far reaches, respectively, less 30 mm (Appendix J).  The model assumed 

trunk flexion originated at the hips with a neutral spine, no shoulder protraction, and no 

backwards displacement of the hips for balance. The average target distance was 0.51m (SD 0.06 

m) and 0.90 m (SD 0.06 m) for the near and far reaches, respectively.  

The two reach heights tested were hip-height reach (HHR) and shoulder-height reach (SHR). For 

HHR, the workbench top was adjusted to hip height, and for SHR, the taped target line was 
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placed on top of boxes stacked to approximately shoulder height in upright standing. The same 

target reach distances were used at both reach heights; therefore, the average trunk angle differed 

between heights: the average angle relative to upright standing was 10.8° (SD 1.2°) and 43.2° 

(SD 3.2°) with HHR at the near and far reaches, respectively. At SHR the average trunk angle 

was -3.4° (SD 0.8°) and 26.2° (SD 2.9°) for the near and far reaches, respectively. Two loads 

were tested: 5% and 10% of body weight, labeled as light and medium load, respectively. The 

average loads were 37.0 N (SD 4.5) for the light load and 72.7 N (SD 11.5) for the medium load, 

respectively.  In total, there were 24 test conditions, and each condition consisted of three 

repetitions.  

5.2.1 Instrumentation, Sensor Locations, and Calculations 

The orientation and position of seven body segments were recorded using an 8-channel Fastrak™ 

motion-capture system (Polhemus, Colchester, VT, US) at a frequency of 60Hz. Sensors were 

placed at the approximate midpoint on the posterior aspect of each of the following segments: 

pelvis (mid sacrum), lumbar (L3), lower thoracic (T10), upper thoracic (T3), scapula, upper arm 

and lower arm; only the right side upper extremity segments were monitored. An exception for 

sensor placement was for the sensor overlying the scapula, which was located on the bony 

prominence of lateral aspect of the spine of the scapula. The thoracic spine segment was 

monitored as two segments: upper and lower, with T6 used as the divider. The T6 spinous process 

was landmarked by the researcher by first finding the spinous process in line with the lowest tip 

of the scapula and then confirming by palpation and counting. The sensors were attached using 

Kryolan medical adhesive (Kryolan Corp., San Francisco, CA, US) to ensure a secure contact 

between the sensor and the skin.   
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A custom program in LabView 8.2.1 (National Instruments, Austin, TX, US) was used to extract 

and store the 3-dimensional location and angular orientation, the latter expressed as a rotation 

matrix. A custom Matlab 2011a program (Mathworks, Natick, MA, US) was used to normalize 

orientation to upright standing and convert the raw data to Euler angles with flexion extracted 

first. The global orientation of the pelvis was reported as hip flexion, the flexion angles reported 

for the spinal segments were inter-segmental relative to the proximal segment.  Velocity was 

calculated using Equation 5-1 (Winter, 2005), where t refers to time and T to time interval.  To 

minimize error arising from the noise, the results for velocity were filtered using a 2nd order 

Butterworth filter with a cut-off frequency of 4.0 Hz.   

	 .			 	
∗

  

Prior to the test trials, a digital map was created for each participant in upright standing. This map 

included sensor locations on the body, anatomical landmarks and the center for leaning for each 

lean height. The map was then used to measure linear displacement of joint centers as part of the 

reach measurements. Refer to Appendix E for more detail on motion capture, calibration map and 

Appendix K for joint center locations.   

The forward reach distance was measured as the distance between the load and the starting 

position of the shoulder joint, which was estimated using the sensor located on the upper arm 

based on de Leva (1996). This distance was also divided into three components: reach 

contribution from the trunk, from the upper extremities and from the scapula. Trunk reach 

contribution was calculated as the difference between the actual horizontal position of the 

shoulder and the horizontal start position of the shoulder joint, while arm contribution was 

calculated as the difference between the actual horizontal load position and the actual horizontal 
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shoulder joint position. The difference between the total and the combined arm and trunk 

contribution was allocated as scapular contribution.   

To understand how the scapula moved with reach, two measures were compared: First, linear 

displacement was calculated for the tip of the acromion in the combined horizontal and vertical 

plane. This displacement was intended to capture protraction and elevation. To remove the 

influence of trunk displacement on scapula displacement, the actual displacement path of the 

acromion was compared to a hypothetical path that was calculated assuming no independent 

motion of the scapula with the trunk, using the sensor overlying the trunk to estimate the 

hypothetical path and the sensor overlying the scapula to estimate the actual displacement path. 

The second measure of scapular movement was medial tipping of the scapula in the transverse 

plane as an indicator of protraction. Tipping was measured as an absolute measure, using the 

sensor located on the spine of the scapula.   

5.2.2 Data Analysis and Statistical Testing 

The raw data for each task condition including three reach repetitions was calibrated to 1000 data 

using the digital signals that were manually activated for start and stop of the task trials.  Each of 

the repetitions was then normalized to 100 data representing one percentile of the reach 

movement using the sensor located on the forearm to identify the start, terminal reach defined as 

the midpoint of peak displacement, and stop of the reach sequence. The average value of the three 

normalized repetitions corresponding to the 12th, 25th, 37th, terminal reach (50th), 62nd, 75th, and 

87th percentile used for comparison. 

To capture differences in the dynamic properties of reach, the reach cycle was divided into a 

static and a dynamic phase; an instantaneous velocity greater than 5 °/sec was defined as dynamic 
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(Gatton and Pearcy, 1999). The start and end of a dynamic phase was chosen when 80% of 

participants showed an instantaneous angular velocity greater than or less than this threshold, 

depending on the end point.  

An intraclass correlation (ICC) (2,1) analysis was used to test for consistency between repetitions. 

These results were based on the average value of six repetitions – the results for load were pooled 

since load was not a significant factor for kinematics.  The lowest ICC(2,1) was 0.902, p<.001 for 

peak hip flexion indicating excellent reliability between repetitions (Shrout and Fleiss, 1979). 

This continued for all segments indicating that the multi-segmental reach motion pattern is stable 

over the short term.   

Statistical significance for lean height was measured using repeated measures (RM) analysis of 

variance (ANOVA); the Bonferroni test was used to correct for multiple comparisons, and the 

Greenhouse-Geisser test used when Mauchly’s test was significant. All findings were first 

checked for a normal distribution using the Kolomorov-Shapiro test. Simple paired contrasts were 

used for ad hoc testing to determine whether either of the higher lean heights differed from the 

lowest lean height. All statistical tests were completed using SPSS v. 19.0 (IBM, Armonk, NY, 

US), and alpha was set at 0.05.  

5.3 Results and Discussion 

5.3.1 Influence of Leaning on Hip Flexion  

The orientation of the pelvis was determined to be central to the assessment for altered 

kinematics. It was presumed that lean contact heights above the pelvis would block hip flexion, 

changing multi-segmental reach kinematics. The bell-shaped angular displacement data for the 



 98

pelvis demonstrated that this did not occur under near or far reach conditions; rather, the results 

showed the hip contributing to reach for all lean heights (Figure 5-3). The average peak hip 

flexion ranged from 4.5° to 25.4° across conditions, with smaller angles occurring with near 

reach.  Statistical tests confirmed that lean height was a significant factor (Table 5-1), but with an 

interaction effect from distance. Furthermore, simple paired contrasts showed that both mid and 

high lean differed significantly from low lean. Load was not a significant factor: the average 

difference between light and medium load was 1.4° (SD 0.6°). Henceforth, the results have been 

pooled for load. 

The between-participants test was significant for peak flexion, indicating that the participants 

recruited their pelvis in different amounts even though total-trunk flexion was standardized. For 

near reach, the variability was especially high: the average CV was 55.6%. With far reach, the 

variability was approximately half: the average CV was 24.5%. The high variability for near 

reach may have masked differences; however, with peak flexion being less than 10°, any 

influence from leaning would be small and inconsequential. Therefore, it was assumed that lean 

height has no influence on multi-segmental reach motion pattern involving approximately 15° 

trunk flexion. Further analysis was restricted to far reach conditions 
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Figure 5-3. Average (SD) hip flexion through reach, relative to upright standing, shown for 
A) near and B) far reach; results pooled across load. The dashed line illustrates the reach 
cycle; the reach cycle is shown for each test condition. 
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     Table 5-1. Statistical findings for hip flexion at terminal reach. 

At far HHR, the average reduction of hip flexion at terminal reach was 4.8° (SD 5.2°) at mid lean 

and 10.7° (SD 6.6°) at high lean, in comparison to the low lean. The large standard deviation 

showed that the response was not uniform. A closer examination showed that at least 10 

participants presented with at least 3° less hip flexion at terminal reach, indicating that the pelvis 

was restricted at the higher lean heights for the majority of participants.  

At far SHR, the average reduction in peak flexion was smaller: 1.8° (SD 4.9°) and 7.7° (SD 7.6°) 

for mid lean and high lean, respectively. The variability remained high at SHR. At mid-lean, less 

than half the participants showed less flexion, but almost a third presented with a small increase, 

indicative of a different kinematic response. At high lean, the response was more consistent, with 

nine participants demonstrating a reduction in peak hip flexion.  

In summary, the majority of participants demonstrated restricted hip flexion from leaning at 

higher lean heights. The dynamic interval for hip flexion, based on a cut-off angular velocity of 

5°/second, showed the hip flexing at the start of both forward and return reach; for both 

directions, hip flexion also terminated early with high lean heights, with reach height interacting 

for mid lean (Figure 5-4). These differences corresponded to a lower average angular velocity at 

higher lean heights. The early termination was consistent with a change in movement pattern.  

RM ANOVA: 4-way 
  Lean  

 
F(1,20) = 13.9  p <.001 

  Lean * height F(2,28) = 10.9, p <.001 
  Lean * distance F(2,28) = 27.4, p <.001 
Between-participants test  F(1,14) = 7618, p <.001 
Paired Contrasts at far reach  
  Mid lean  

 
F(1,14) =   7.2, p =.018 

  High lean  F(1,14) =   7.3, p =.017 

Lowest intra-class correlation 
across far reach condition  

ICC(2,1)(14,70) = 0.902,  
p<.001 



 101

 

Figure 5-4. Dynamic involvement of the pelvis through reach for (A) SHR and (B) HHR, as 
shown by the black bars. Average (SD) angular velocity (°/sec) shown by the numbers 
located on the black bars.   

 

5.3.2 Adaptive Changes  

The second step of this analysis was to examine the consequential effects from restricted hip 

flexion on multi-segmental reach. To evaluate changes in trunk motion, the relative motion of the 

lumbar, lower thoracic and upper thoracic segments were investigated. 

5.3.2.1 Lumbar Segment  

The lumbar segment was of interest because of differences in the relative location of the lean 

contact: the lumbar segment was above the lean contact for low and mid lean and was the 

segment with contact for leaning with the high-lean height. It was hypothesized that peak flexion 

would be highest with mid lean, to compensate for restricted hip flexion, and the lowest with high 

lean since the contact at the abdomen at this lean height should continue to restrict flexion. The 
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results showed that the lumbar segment had greater involvement in trunk flexion with both mid 

and high lean in approximately equal amounts. 

The angular displacement data showed the involvement of the lumbar segment in reach across all 

conditions (Figure 5-5), although its involvement with low lean was slight, particularly with 

SHR. Statistical results showed that lean height was a main factor for peak flexion with no 

interaction from reach height (Table 5-2). Paired contrasts showed that both mid and high lean 

differed significantly from low lean.  

 

Figure 5-5. Average (SD) relative lumbar segment flexion through reach cycle; results 
pooled across load. The dashed line illustrates the reach cycle; the reach cycle is shown for 
each test condition. 
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Table 5-2. Statistical findings for relative lumbar flexion at terminal reach. 

 

 

 

 

 

With mid lean, the increased flexion supported the hypothesis that the lumbar segment would 

compensate for restricted hip flexion.  With high lean, lumbar flexion also increased, disputing 

the hypothesis that high lean would continue to restrict lumbar flexion.  The average gain in 

flexion across both mid and high lean was 5.1° (SD 5.0°). The large CV and significant between-

participant test showed that the results were highly dependent on participants; some of this 

variability was carried forward from the hip.  

The dynamic intervals for the lumbar segment confirmed differences in recruitment in the motion 

pattern (Figure 5-6); at low lean, the lumbar segment remained in a relative neutral orientation. 

The findings for forward reach are of greatest interest, demonstrating late recruitment of the 

lumbar segment with mid and high lean, with interaction from height with mid lean, suggestive of 

a sequential recruitment of the lumbar segment in relation to the pelvis and towards end range. 

 

 

 

 

 

RM ANOVA: 3-way 
  Lean ^ 

 
F(2,28) = 15.7, p <.001 

Paired Contrasts  
  Mid lean  

 
F(1,14) = 22.4, p <.001 

  High lean  F(1,14) = 17.5, p <.001 

Between-participants test  F(1,14) = 25.5, p <.001 

Lowest intra-class 
correlation  

ICC(2,1)(14,70) = 0.967,  
p<.001 

^no interactions 
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Figure 5-6. Dynamic involvement of the lumbar segment through reach for (A) SHR and 
(B) HHR, as shown by the black bars. Average (SD) angular velocity (°/sec) shown by the 
numbers located on the black bars.   

 

5.3.2.2 Low Thoracic Segment 

The low thoracic segment also contributed to trunk flexion, as demonstrated by the angular 

displacement data (Figure 5-7); lean height was a significant factor for peak flexion with no 
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Figure 5-7. Average (SD) relative low thoracic segment flexion through reach cycle; results 
pooled across load.  

 

Table 5-3. Statistical findings for relative low thoracic flexion at terminal reach. 

 

The amount change in peak flexion for the low thoracic segment in comparison to the three other 

trunk segments was greater, indicating that the low thoracic trunk segment was most responsive 

to the influence of the contact height for leaning. The increase in low thoracic peak flexion  

manifested as a 100% increase in the average angular velocity  for the dynamic intervals of both 

forward and return reach at HHR when the lean height was raised from low lean to high lean 

RM ANOVA: 3-way 
  Lean ^ 

 
F(2,28) = 39.3, p <.001 

Paired Contrasts  
  Mid lean  

 
F(1,14) = 19.6, p <.001 

  High lean  F(1,14) = 48.9, p <.001 
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p<.001 
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(Figure 5-8). At SHR, the gain in angular velocity was similar in magnitude as HHR. The timing 

for onset also appeared to change from a late to early reach for both forward and return reach at 

HHR as the lean height was raised. 

Figure 5-8. Dynamic involvement of the low thoracic segment through reach for (A) SHR 
and (B) HHR, as shown by the black bars. Average (SD) angular velocity (°/sec) shown by 
the numbers located on the black bars.   
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Figure 5-9. Average (SD) relative upper thoracic segment flexion through reach cycle; 
results pooled across load. 
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              Figure 5-10. Contribution to peak trunk flexion for (A) HHR and (B) SHR. 
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5.3.4 Reach Contribution 

Since spine-dominant flexion is less effective than hip-dominant flexion for reach displacement 

because of the shortened trunk length above the lean contact, the contribution by the trunk to 

forward reach decreased with the higher lean heights (Figure 5-11). At HHR, the average 

reduction in forward reach was 27.3 mm (SD 27.0 mm) with the mid lean and 76.5 mm (SD 38.6 

mm) with the high lean. With SHR, the reduction was smaller: 16.5 mm (SD 36.2 mm) and 69.1 

mm (SD 54.3 mm) for mid and high lean, respectively; the smaller change was likely due to the 

smaller trunk angles. Statistical comparison showed lean height to be a significant factor; 

however, this effect was dependent on several interactions. Paired contrasts showed that each of 

the higher lean heights differed significantly from low lean.   

Figure 5-11. Average (SD) contribution to horizontal reach from the trunk, upper 
extremities and scapula using the starting shoulder joint position for reference is shown for 
A) HHR and B) SHR, with results pooled across load. 
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          Table 5-5. Statistical findings for reach contribution at terminal reach. 

 

 

 
^ interaction with load, F=4.5, p=.020;  
* interaction with reach height, F=8.7, p=.001.;  
! interaction with reach height, F=4.3, p=.02. 

 
To compensate for a loss of the trunk displacement with reach, three options exist either alone or 

in combination: 1) the upper extremity elevation changes to become closer to the horizontal, 2) 

scapula aids by protracting the shoulder joint forward, or 3) the reach distance is shortened.  The 

findings demonstrated that each of these changes occurred. The arm contribution was 

significantly increased at HHR with an average increase of 27.6 mm (SD 26.3 mm) at mid lean 

and 42.6 mm (SD 37.9 mm) at high lean; paired contrasts showed both higher lean heights were 

significantly different to the low-lean height. This gain was due to an average 4.5° (SD 4.9°) 

increase in peak arm elevation at mid lean and 11.8° (SD 12.1°) at high lean.   

Since the arm contribution did not compensate for the total reduction in trunk contribution, both 

the total reach distance decreased and the scapular contribution increased with the high lean 

height. The reduction in reach distance was only significant for high lean at SHR, owing to the 

interaction between lean and reach height. The average reduction in reach distance was 52.6 mm 

(SD 47.6).   

Scapular contribution was calculated based on the contribution from the arms, trunk, and total 

reach; as such, the findings were subject to cumulative error. The difference between arm and 

trunk contribution from the total reach was allocated as scapular contribution; the findings 

showed that lean height was a significant factor for scapular contribution to reach for both lean 

 RM ANOVA  Paired Contrasts 
Mid lean 

 
High lean 

 F 
(df:2,28) 

p F 
 (df:1,14) 

p F  
(df:1,14) 

p 

Trunk  45.5^ <.001 8.7 .003 7.3 .017 
Arm 30.2* <.001 15.4 .002 9.6 .008 
Scapula  15.7 <.001 22.4 <.001 17.5 <.001 
Total  10.2! <.001 N.S.  7.1 .018 
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heights: the average reduction was 11.8 mm (SD 20.9) and 19.7 mm (SD 27.9) at HHR for mid 

lean and high lean, respectively. Smaller differences were evident at SHR: 8.3 mm (SD 36.9) and 

6.2 mm (SD 15.8) for mid lean and high lean, respectively.  

Since scapular compensation has important consequences for benchwork, given that it alters the 

alignment of the rotator cuff muscles, two additional calculations were completed to confirm 

additional scapular involvement. Both the resultant linear displacement of the acromion and the 

medial tipping of the scapula demonstrated similar trends as those reported for scapular 

contribution to reach (Figure 5-12).  

Figure 5-12. Average (SD) net scapular displacement at the tip of the acromion (A) and 
medial tipping of the scapula (B); results pooled for load. 
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the average far reach distance was 0.90 m from standing posture to target location. The changes 

in reach kinematics were consistent with an altered movement pattern: at low lean, trunk flexion 

was hip dominant, and at high lean, trunk flexion was spine dominant. The changes in timing for 

dynamic involvement at high lean height indicate that these changes were not due to the bench 

blocking hip flexion, but, rather, were due to a change in movement strategy. While the amount 

of hip flexion that was restricted was small, significant differences emerged in trunk kinematics 

because of lost effectiveness with forward reach. 

The findings for low lean confirmed that this lean height allowed the greatest amount of hip 

flexion. This translated to a neutral alignment of the lumbar spine and upper thoracic spine 

throughout reach, least amount of low thoracic flexion, and least scapular involvement. At high 

lean, hip flexion was most restricted; this translated to increased spinal segmental recruitment, 

increased scapular involvement, and with HHR, less reach. Furthermore, the angular velocity of 

the three segments was greatest and showed a higher sensitivity to lean heights. Based on these 

properties, the reach movement pattern associated with the low lean contact height is preferred 

because the spine positioning is closest to neutral.  

It is unclear if the movement strategy with low lean represents typical reach kinematics in 

standing without support. Forward bending for toe-touch involves earlier and greater involvement 

of the lumbar spine (Anderson et al., 1986; Hsu et al., 2008; Lee and Wong, 2002). With 

outwards reach, Thomas et al. (2007; 1998; 2003) also reported spine-dominant trunk movement; 

however, in these studies, the reach movement also involved knee and ankle flexion. Since the 

pelvis rotates in the opposite direction with knee flexion (Anderson et al., 1986), this would bias 

the movement towards lumbar flexion. In 2007, Thomas et al. added shoulder-height reach, 

eliminating knee flexion however, trunk motion remained spine dominant. In the earlier study 
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involving lean with asymmetrical reach, trunk flexion was also spine dominant even though the 

lean contact was at mid pelvis – this was likely biased by the complex trunk postures (Damecour 

et al., 2012), given that rotation is greater with a flexed spine (Hindle and Pearcy, 1989). The 

spine-dominant pattern appears to be the typical flexion pattern; therefore, by introducing the 

proximal thigh (low) lean height, the reach movement is manipulated towards a movement 

pattern with a neutral spine orientation.  

The findings at high lean demonstrated that leaning did not restrict lumbar flexion since the 

amount of flexion was similar between mid lean and high lean. This is consistent with previous 

findings comparing the mid lean contact with no support; in these studies, the pelvis was assumed 

to have pivoted on the edge of the bench while bending forward (Damecour et al., 2010; 

Damecour et al., 2012). The same effect appeared to have occurred with high lean. The 

consequences, however, of pivoting at the mid lumbar spine is of great concern since pivoting 

may result in localized inter-vertebral joint strain, depending on the orientation of the vertebral 

body, the direction of the leaning reaction force, and how this force was transferred through the 

anterior-placed soft tissues of the abdomen. Because lumbar motion was tracked as a single 

segment in this and the earlier studies, it is not known if there was a hinge-type effect at the inter-

vertebral joint immediately above the contact height for leaning. Since epidemiology studies have 

not captured leaning as a work variable for standing work, this injury pathomechanism cannot be 

confirmed at present.  

The pattern of segmental involvement with trunk flexion appeared to follow a caudal-to-cranial 

direction, dependent on trunk angle. Because of the methodology used in this study, the trunk 

angle increased progressively from SHR to HHR with an approximate 17° difference between the 

two categories. At low lean, the lumbar spine segment was not involved at SHR but was invovled 
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at HHR. At mid lean, both the lumbar and low thoracic segments were recruited into the reach 

motion at both heights. At high lean, the upper thoracic segment was added to trunk flexion with 

HHR, corresponding to the highest trunk angle. Because full segmental mobility was not 

measured, it is unknown if this pattern reflects a sequential ordering based on the available range 

of motion. The timing for dynamic recruitment with the lumbar spine suggests that this was the 

case because it was recruited towards the terminal reach. Furthermore, with the highest trunk 

angle and most recruitment, the total reach distance was shorter than with the other similar 

conditions. Even so, peak flexion under this condition was less than a third of the maximal range 

reported by Gatton and Pearcy (1999) and Anderson et al. (1986). Therefore, the additional 

segment recruitment does not appear to be related to angular range of motion limits. Limits in 

translation, however, may have contributed since the trunk movement involved as much forward 

displacement as angular displacement. This is important because repeated or sustained end-range 

loading of the ligaments, whether protecting angular or translational strain, causes temporary 

instability secondary to an increased laxity from creep (Claude et al., 2003). Disc fibers would 

also protect against anterior strain; this exposure may exacerbate tissue breakdown from 

cumulative loading. Both are potential mechanisms for lower back pain. Further study is needed 

to see if translational limits played a role in the recruitment of proximal spinal segments; if so, a 

lower bench height for leaning would take precedence over any other considerations.  

Table 5-6. Segmental involvement in trunk flexion (>5°). 

 Shoulder-height reach Hip-height reach 
 
Average trunk 
flexion  

Low lean 
22.6° 

Mid lean 
27.0° 

High lean 
28.8° 

Low lean 
39.4° 

Mid lean 
43.6° 

High lean 
46.4° 

Upper thoracic      X 
Lower thoracic  X X X X X 
Lumbar  X X  X X 
Hip X X X X X X 
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By using a four-segment trunk model, it was evident that the upper thoracic segment played no 

role in reach transport, with the exception of high lean at HHR. This differed from the lower 

thoracic segment, which was involved in reach transport across all conditions. Burgess et al. 

(2009) reported similar results with the upper segment moving parallel to a box, as the box was 

lifted from the bench to a high shelf, whereas the lower thorax assisted with reach transport. The 

findings here suggest that this function is limited at end reach.  

The scapula appeared to play an important role in reach with greater involvement at higher lean 

heights; its recruitment was assumed to be required in order to gain additional reach distance. 

Holman et al. (2008) also demonstrated early and active contribution to reach by means of 

shoulder protraction. However, contrary to the findings in this study, Kaminski et al. (1995) 

reported less scapular protraction with farther reach distances in comparison to closer. Scapular 

involvement was included in the current investigation because benchwork or is associated with a 

high prevalence of shoulder discomfort (Chee and Rampal, 2004; Hussain, 2004), suggesting that 

lean height could play an indirect role in these types of pain disorders for benchworkers.  

An important limitation in this study was the placement of the motion sensor over L3, this may 

have resulted in an underestimation of the lumbar spine motion, if the lumbar spine had unfolded 

sequentially in a caudal direction. Using this approach may explain why the lower thoracic 

segment appeared to play a greater role in trunk flexion because the physiological range of 

flexion is greater for L1-L4 compared to T9-T12 (Busscher et al., 2009). While Chen et al. (2000) 

reported a stepwise inclination from the upper to lower spinal levels in the first 60° of trunk 

flexion, Gatton and Pearcy (1999) reported an inconsistent sequence, and Tehyen et al. (2007) 

reported a simultaneous initiation of angular motion at all levels of the lower lumbar spine during 
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the first 15% of flexion. It is, therefore, unlikely that using only a single sensor over the lumbar 

segment caused any systematic error. 

To capture differences in timing of segmental recruitment, the reach cycle was divided into static 

and dynamic phases. To avoid too much interference from individual differences in dynamic 

recruitment, an 80% target was used for the number of participants who had reached a threshold 

of 5° per second. Conducting the analysis in this manner provided a better picture of the reach 

kinematics compared to extracting instantaneous velocities at different points of the reach cycle 

or static relative angles, but doing so introduced error by including findings from participants 

with later onset. While this approach is imperfect, it nevertheless permitted the qualitative 

differences seen on the angular displacement paths (steep versus flattened curves) to be reported 

quantitatively and concisely.  

The results demonstrated a high variability between participants although the participants were 

consistent in their reach movements. To limit variability, trunk flexion was standardized between 

participants by constraining the reach to symmetrical lifts and making reach distances a 

proportion of the participant’s anthropometrics; even so, individual differences were evident. By 

reporting the average and standard deviation of the change in value, it was apparent that lean 

height can have a substantial influence on trunk kinematics for some individuals. Reasons for 

individual differences in reach kinematics, when otherwise normalized to anthropometrics, can 

arise with differences in flexibility, strength, or willingness to shift the center of mass towards the 

outer limits of the base of support (Cavanaugh et al., 1999). In this study, the last two reasons 

were unlikely since load had no influence on reach kinematics and the standing posture was 

stabilized by leaning. By eliminating these two factors, individual differences in flexibility, 

specifically spinal or scapular were left; neither of these was captured in this methodology. 
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Overall, changes in the pelvis and low thoracic orientation characterized the general response to 

different lean heights. This participant group was a fairly homogenous group in terms of age, 

gender, occupation, and no history of pain or injury, but these findings may differ with others. 

Participants were given enough time to avoid muscular fatigue; the results of this study might 

alter in fatiguing workplace conditions. 

5.1 Conclusion 

Based on this study’s kinematic findings, the ergonomic bench height and reach envelope 

recommendations of Grandjean (1988) do not cover all of the possibilities for working at a bench. 

Some modifications are warranted when a worker uses the workbench or worktable as a leaning 

bar. Based on the results of a kinematic analysis for extreme reach distances, a lower-placed bar 

at the height of the proximal thigh is recommended when reaching to hip or shoulder height with 

loads that are 5% to 10% of body weight.  These percentages translate into loads of 3.5 to 7.0 kg 

for an average 70 kg male worker.  The reasons for this low-height support is that it results in less 

of a tendency to switch from a hip-dominant strategy to a spine-dominant strategy when reaching 

forward with such loads, and less of a tendency to involve the scapula into the reach motion. 

Although the actual restriction of pelvis flexion was relatively small, compensatory changes in 

the movement of the spinal segments were particularly evident in terms of segmental velocity and 

kinematic changes in range of motion during the tasks.  The lower lean heights were favorable to 

the high lean height in terms of angular velocity, timing of recruitment of the spinal segments, 

and scapular positioning.  
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Chapter 6 

Reach Kinetics with Three Lower-trunk Lean Contact Heights 

Abstract 

The current ergonomic design practices for industrial benchwork may be shortcoming for some 

work conditions because the influence of  leaning against the bench for support is not addressed. 

The purpose of this study was to examine the kinetics at L5-S1, T12-L1, and shoulders when 

leaning against a high, medium, and low bar while executing six forward reaches under two load 

conditions.  It was hypothesized that standing work posture might be improved by leaning with 

lean heights above L5 as a result of a counterbalancing moment to trunk flexion. While 

instrumented with sensors for motion capture, fifteen males repeated near and far reaches to 

shoulder-height and hip-height targets with loads of 5% and 10% of body weight in their hands. 

The tasks were standardized by placing the targets at a location that elicited mild and moderate 

trunk flexion. Using a global approach, dynamic moments were compared. The high-lean height 

reduced the L5-S1 moment by an average 24% at the farthest reach distance for hip-height reach 

(HHR) and 16% for shoulder-height reach (SHR) under far-reach conditions, but this was with an 

average increase of 8.3% of T12-L1 moments and 9.9% of the shoulder moments when reach was 

at HHR. These findings were in contrast to the low-lean height that presented with favorable 

findings in kinematics and scapular positioning. The mid-lean height, corresponding to work 

height recommendations for heavy work, proved to be a neutral contact with neither benefits for 

offloading the lower lumbar spine joints nor higher loading the upper back and rotator cuff. Until 

further investigation clarifies the change in relative risk of injury to the whole body from leaning, 

the neutral mid-pelvis height is recommended for benchwork with work involving far distant 

reach at hip height with moderate trunk involvement. 
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6.1 Introduction  

Grandjean (1988) recommended three work heights for an industrial workbench based on work 

intensity: for precision and light work, he recommended a work height slightly above and below 

elbow height, respectively, with the former high enough to support a static arm position. For 

heavier work, Grandjean (1988) recommended 120 mm below the elbow height as a way of 

providing adequate space to exert downward pressure. Precision and light worktable heights 

correspond to the mid abdomen, and the heavier worktable height corresponds to the mid pelvis. 

In Chapter 5, these heights were compared to the proximal thigh for lean contact points during 

extended reach. The proximal thigh was included since it has the least constraint on trunk 

kinematics, being below the hip.  

Leaning is a natural strategy to counteract reach motion that causes the center of mass (CM) to 

fall outside a base of support. Moreover, leaning creates three points of solid contact (lean plus 

both feet) that help maintain a safe margin without relying on postural effort. Since a common 

activity of industrial benchwork is horizontal reach, whether it is reaching to sort materials from a 

conveyor, grasping components for assembly, or using power tools such as a grinder, leaning is 

expected to be commonplace. Furthermore, leaning has been identified as an ergonomic strategy 

to lighten the load on the trunk by positioning the trunk closer to the reach target (Damecour et 

al., 2010; Damecour et al., 2012). Without leaning, the hip-balance strategy shifts the trunk away 

from the target, thereby requiring greater trunk flexion to reach targets (Kingma and van Dieën, 

2004; Saha et al., 2007).  

While leaning is considered commonplace, very little is understood regarding its influence on the 

lower lumbar spine. In Chapter 5, lean height was shown to influence reach kinematics with 

extreme reach distances; the recommendation was to add a low bar, when possible, to the 
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workstation that would allow workers to lean with contact at the proximal thigh for work 

involving far reach. This recommendation was based on the greater tendency to adopt a hip-

dominant trunk flexion motion pattern corresponding to a neutral spine alignment and lesser 

tendency to recruit the scapula into the reach motion The recommendation did not account for 

any changes in spinal joint loading as a result of load transfer or from changes in the CM 

displacement.  

Figure 6-1. Leaning against the workbench at (A) proximal thigh and (B) mid abdomen. 

A workbench adjusted for precision or light work places the lean contact at mid abdomen 

(Grandjean, 1988) and, therefore, leaning has the potential to unload this joint by creating an 

opposing moment to forward bending. This could be important for low back comfort, low back 

muscle fatigue, and potential risk of back injury. In this case, a high lean height would be 
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              dominant trunk flexion 
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     dominant trunk flexion 
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preferred for reach distances involving mild as well as moderate trunk recruitment into the reach 

motion.  

Spine-dominant flexion may also favor L5-S1 joint loading because the trunk has less 

contribution to forward reach, thereby reducing the forward displacement of the trunk relative to 

L5-S1. The higher angular velocity of the spinal segments, however, may negate any gain from 

trunk displacement before and after terminal reach when dynamic factors substantially increase 

spinal joint loading (McGill and Norman, 1985). Considering the short distance between lean 

contact point and the L5-S1 joint, it is unlikely that leaning will amount to a large reduction in the 

external moment. Rather, the benefits for leaning are postural stability and preventing a loss of 

balance by containing the CM within a safe limit. In this case, a lean height below L5 will likely 

perform equally well without the kinematic trade-offs associated with a spine-dominant flexion 

pattern seen with the high lean height. To examine this premise, it is important to look at 

biomechanical changes in lean situations above and below the L5-S1 joint. 

To compensate for the loss in reach effectiveness from trunk flexion when a spine-dominant 

pattern is used, the reach movement pattern demonstrated greater thoracic and arm flexion and 

increased scapular elevation and/or protraction (Chapter 5). It was assumed that differences in 

multi-segmental reach pattern would not only influence the external moments at L5-S1 but also at 

the shoulder and lower thoracic intervertebral joints. As a result, the potential advantages of 

different lean heights at the lower lumbar spine should be considered within a broader context.  

One purpose of this analysis was to compare the kinetics of the three lean heights to determine 

which of the low, mid, or high lean contacts places the least demand on the L5-S1 joint.  It was 

hypothesized that the high lean should have the lowest L5-S1 moment because the lean contact 

point is above the lumbar spine.  A second purpose was to examine the effect of lean height on 
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the moments of the T12-L1 joint and shoulder joints. It was hypothesized that the T12-L1 joint 

and shoulder joints would experience larger external moments because the high lean height 

prevented the trunk from remaining close to the load at terminal reach. These findings will be 

used to explore alternate workbench designs. 

6.2 Methods  

6.2.1 Participants  

Fifteen healthy males were recruited from the university population to participate in this study. 

The Ryerson University ethics committee approved procedures; participant provided informed, 

written consent. The average age, stature and weight was 25.1 years (SD 4.6 years), 1.76 m (SD 

0.07 m) and 757.5 N (SD 142.1 N), respectively. The average trunk and arm length were 0.44 m 

(SD 0.03 m) and 0.63 m (SD 0.14 m), respectively. Refer to Appendix L for details on 

anthropometrics. 

6.2.2 Experimental design 

A repeated measures design was used to test for the main effect of lean height (low, mid, high) on 

the dependent variables related to forward displacement and 2-D dynamic, external moments, 

taking into consideration the additional independent variables of reach height (hip, shoulder), 

forward distance (near, far), and load in hands (light, medium). Two types of dependent variables 

were compared: the net external 2-D moments (L5-S1, T12-L1, shoulder ) and horizontal 

displacement (thoracic CM, load, shoulder joint position, and T12-L1 joint position). Testing was 

randomized, with the independent reach variables nested within the independent lean variables.  
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6.2.3 Procedures 

While standing, participants completed a two-handed symmetrical reaches to a forward target 

distance that was far enough to require mild and moderate trunk motions equal to 15° and 45° of 

flexion, respectively. The target reach distances were determined using a mathematical model for 

maximal forward reach at hip height with arms extended, hips flexed, and the spinal trunk 

segments held straight (described in more detail in Chapter 5). The average near target was 506.7 

mm (SD 57.2 mm) and the average far target distance was 898.0 mm (SD 55.5 mm).  

Throughout reach, participants leaned forward against a 50 mm wooden board with rounded 

edges that was adjusted to one of the three lean heights.  For low lean, the bar was positioned 

100-150 mm below the greater trochanter surface landmark. For mid lean, the bar was positioned 

20-50 mm below the anterior superior iliac spine (ASIS) located on the pelvis while remaining 

higher than the greater trochanter. For high lean, the bar was adjusted to 50-100 mm above the 

ASIS while remaining below the lowest point of the anterior ribcage. The order for leaning was 

randomized in no specific sequence.  

The reach tasks began with the participants standing in front of the table, with the trunk 

positioned close to the table so that the lower extremities remained in an upright orientation while 

leaning. On cue, participants reached forward to the target, held the load at the target distance 

without placement and, then on cue, returned to the start position. Two loads were tested: 5% and 

10% of body weight; the average light weight was 37.0 N (SD 4.5) and the average heavy weight 

was 72.7 N (SD 11.5) Reach was paced using a metronome set at 1.4 seconds to complete each 

portion of reach with an equivalent hold at terminal reach without placing the load.  In total, there 

were 24 test conditions, with each condition consisting of three repetitions. 
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6.2.4 Instrumentation  

An 8-channel Fastrak™  motion-capture system  (Polhemus, Colchester, VT, US) set at a 

frequency of 60 Hz was used to record positional and orientation data at a frequency of 60Hz. 

Sensors were positioned in an upright position, with the cable hanging downwards, on the 

posterior aspect of the trunk at the approximate midpoint of each segment monitored. The seven 

sensors used to track body position were placed on the pelvis, lumbar spine segment, lower 

thoracic segment, upper thoracic segment, right scapula, right arm and right forearm (detailed in 

Chapter 5). While the thoracic spine was divided into two segments for kinematics, it was 

modeled as a single segment for this kinetic analysis; the sensor overlying the upper thoracic 

segment was used to represent the thoracic segment. The sensors on the trunk were attached using 

Kryolan medical adhesive (Kryolan Corp., San Francisco, CA, US) and reinforced by tape; the 

sensors on the upper extremity were attached using straps.  

Prior to testing, a digital calibration map was created for each participant for upright standing. 

This map included the sensor locations, anatomical landmarks to identify joint center locations 

(Appendix K) and the lean contact height and was created using a motion sensor that was 

attached to an L-shaped ruler and held at each of the above mentioned sites for 0.1667 seconds of 

data collection (10 data) for the X,Y,Z coordinates.   

A force plate (AMTI, Waterton, MA, US) positioned vertically was used to collect leaning 

reaction forces (LRF) at a sampling rate of 100 Hz and then filtered prior to processing with a 2nd 

order Butterworth filter at a cut-off frequency of 30 Hz.  Software developed in Labview 8.2.1 

(National Instruments, Austin, TX, US) was used to reset and calibrate the force plate each time 

in order to subtract the weight of the wooden board.  The signal from the force plate was 
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synchronized with the motion capture using a manually-operated-digital signal to identify the 

start and finish of each trial.   

The subjective preference for lean contact height was evaluated using a questionnaire that was 

administered verbally on completion of testing. Participants were asked to rank the lean contact 

heights in order of preference and then describe the reasons for their ranking.   

6.2.5 Calculations  

A 2-dimension model, using the global method described by Hof et al. (1992) (Figure 6-2), was 

used to estimate the net external quasi-dynamic moments (excluding the inertial moments) at L5-

S1, T12-L1 and the shoulder as described in Appendix K. It was assumed that upper extremity 

motion was symmetric and load sharing was equal between the upper extremities. The mass, CM 

location and joint centers were located using the calibration digital map based on references 

reported in Appendix K.  The inputs for moment calculations were derived as follows: The mass 

proportions were provided by Winter (2005); distances were calculated using the estimated joint 

centers and CM locations using vectors identified from the calibration digital map to convert 

sensor locations (Appendix E), and linear accelerations at the CM were calculated using Equation 

6-1 (Winter, 2005), where t refers to time and T to time interval.    
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Figure 6-2. Two-dimensional model used to estimate the joint moments. 
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6.2.6 Data analyses and Statistical Testing  

The results were normalized according to the time domain, with the furthest point of the reach 

defined as terminal reach. Findings for the 12th, 25th, 37th, terminal reach (50th), 62nd, 75th, and 87th 

percentile were then extracted and averaged across three repetitions for statistical comparison and 

reporting. Flexion moments have been reported as positive. 
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All findings were confirmed to have had a normal distribution using the Kolomorov-Shapiro test. 

Statistical testing was limited to three-factor repeated measures analysis of variance (ANOVA) 

with lean height (low, mid, high), reach height (HHR , SHR) and load (5% BW, 10% BW) used 

as independent variables; a separate analysis was completed for near and far reaches. The 

Bonferroni test was used to correct for multiple comparisons and the Greenhouse-Geisser test 

used when Mauchly’s test was significant. The post hoc testing was simple paired contrasts, with 

high lean used as the comparison condition. All statistical tests were completed using SPSS v. 

19.0 (IBM, NY, US), and an alpha level of 0.05 was used as the minimum level of significance. 

6.3 Results and Discussion  

6.3.1 External Moment at L5-S1 

At terminal reach, the average moment ranged between 29.6 and 114.3 Nm: an approximate 4-

fold increase. Each of the independent factors had a significant influence; however, the 

interactions between variables were multiple. Since reach distance had the largest effect on the 

average values, equal to 42.7 Nm, the analysis was divided according to reach distance.  

6.3.1.1 Near Reach  

Since the results for kinematics demonstrated that reach movement pattern was unchanged 

between lean heights (Chapter 5), only weight transfer, by means of leaning at high lean, should 

explain any differences in external moment between lean heights. With near reach, the average 

moment at terminal reach varied from 29.6 to 56.7 Nm (Figure 6-3). Lean was a significant factor 

but with a dependency on load (Table 6-1). The interaction between lean height and load was 

explained by the lack of effect from lean with the light load. The effect of lean with the heavy 
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load, however, was contrary to that anticipated: the net external moment increased by a small 

amount with the higher lean heights, rather than an expected decrease from weight transfer. The 

reason that leaning did not lower the L5-S1 moment as expected was due to the small resultant 

lean reaction force (rLRF) and the almost horizontal force application (Table 6-2). 

  

Figure 6-3. Average (SD) L5-S1 moment, at terminal reach, with near reach. 

 

Table 6-1. Three-way repeated measures ANOVA f L5-S1 moment, at terminal reach, with 
near reach – influence from lean. 
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Table 6-2. Average (SD) rLRF and force angle, at terminal reach, with near reach; 
results pooled for lean height. 

 

 

 

 

 

6.3.1.2 Far reach 

At terminal far reach, the net L5-S1 external moment showed a marked reduction according to 

lean height with both light and medium loads (Figure 6-4). The influence of lean height was 

significant depending on reach height (Table 6-3); the effect was greater with HHR than SHR. 

Paired contrasts revealed that high lean differed significantly from both low lean and mid lean.  

Figure 6-4.  Average (SD) L5-S1 moment, at terminal reach, with far reach. 

 

 

 

 Light load Medium load 
Reach rLRF  

(N) 
Angle  

(°) 
 

rLRF  
(N)  

Angle  
(°) 

HHR 53.3  (19.8) 9.5  (9.8) 65.1 (19.9)  8.1   (8.1) 
SHR  35.2  (16.4) - 9.8  (16.5) 54.7 (16.4) - 7.0 (10.6) 
Angle was measured relative to the horizontal  
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Table 6-3. Three-way repeated measures ANOVA on L5-S1moment, at terminal 
reach, with far reach – influence of lean. 

 F p df 
Lean height  23.7 <.001 (1,15) 
Interactions with lean  
Lean*height 7.9 .002 (1,17) 
Lean*load  - - - 
Lean*height*load 4.0 .029 (1,17) 
Paired contrasts* 
Low lean & high lean 8.7 .02 (1,14) 
Mid lean & high lean  8.2 .02 (1,14) 
*based on the interaction  

 

In comparison to the low-lean height, the external moment for HHR decreased by an average 

24.4% (SD 16.4%) (pooled across load). At SHR, the average percentage reduction was almost 

10% less at 15.6% (SD 12.6%). One reason for this difference was the rLRF, with HHR, the 

average rLRF was larger than SHR by approximately 30N (Table 6-4).  

Table 6-4. Average (SD) rLRF and force angle, at terminal reach, with far reach; 
results pooled for lean height. 

The largest moment of those extracted from the reach cycle (increments of 12 percentiles of 

reach), did not correspond to terminal reach for all conditions (Figure 6-5). With SHR, the largest 

moment happen at late forward and early return reach because of the influence of dynamic 

loading. The average difference between the moment at terminal reach and at the 37th and 62nd 

percentile was equal to 13.5% (SD 12.0%) across lean heights. This effect was not as evident 

with HHR; however, the dynamic variables acted to flatten the peak of the bell curve.  

 Light load Medium load 
Reach rLRF  

(N) 
Angle  

(°) 
 

rLRF  
(N)  

Angle  
(°) 

HHR 183.5  (69.5) 32.7  (17.9) 221.7 (80.9) 33.8   (18.0) 
SHR  163.1  (64.6) 27.5  (13.3) 190.3 (66.8) 26.5 (12.4) 
Angle was measured relative to the horizontal  



 133

 

 

 

Figure 6-5. Average (SD) L5-S1 moment, through the reach cycle, for each lean condition; 
HHR shown on the left, and SHR shown on the right. The results show medium load only.  

The effect from dynamic loading with SHR was a reduction in the effectiveness of unloading the 

L5-S1 joint from leaning at the high-lean height:  the average percentage reduction of the L5-S1 

joint moment decreased by approximately 5% only. At late forward reach (37th percentile), the 

percentage reduction was equal to 9.8% (SD 18.2%), and at early return reach (62nd percentile), 

the average reduction was 10.8% (SD 10.0%).  Statistical comparison for lean height showed that 

high lean continued to be significantly different compared to both low lean and mid lean (Table 

6-5). 
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Table 6-5. Three-way repeated measures ANOVA on L5-S1 moment, with far reach for lean 
height. 

 Late forward reach  Early return reach 
 F p df F p df 
Lean height  14.9 <.001 (1,16) 13.9 <.001 (2,28) 
Interactions with lean  
Lean*height 6.5 .005 (2,19) - - - 
Lean*load  - - - - - - 
Lean*height*load - - - - - - 
Paired contrasts * 
Low lean & high lean 7.6 .016 (1,14) 12.2 .004 (1,14) 
Mid lean & high lean 6.3 .026 (1,14) 16.6 .001 (1,14) 
*takes into consideration significant interactions with height for late forward reach

At HHR, the peak moment occurred at terminal reach for both low and mid lean, but was delayed 

with high lean, occurring later at early return reach. The reason for this delay was due to a change 

in the temporal pattern of the rLRF. As seen in Figure 6-6, both the amount of force and the force 

angle rapidly diminished at early return reach (62nd reach percentile). When the influence of lean 

was compared at this point in the reach cycle, the average percentage reduction with high lean 

decreased compared to terminal reach: at early-return reach, the reduction was only equal to 

12.6% (SD 12.7%).   
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Figure 6-6. The average (SD) of (A) force angle and (B) rLRF,  with far reach; results show 
medium load only. 

The forward displacement of the thoracic CM and the total reach distance were both influenced 

by lean height: At high lean, these changes were consistent with a reduction in external moment. 

The spine-dominant trunk flexion with high lean resulted in less forward displacement of the 

thoracic CM for both HHR and SHR(Figure 6-7); the effect was significant in comparison to both 

lower lean heights (Table 6-6.). Lean height was a significant factor, and paired contrasts showed 

that high lean differed significantly from both low lean and mid lean. The average reduction was 

73.9 mm (SD 32.7 mm) between low and high lean with results pooled for load and reach height.  

The difference between mid lean and high lean was smaller at 39.6 mm (SD 23.7 mm).  
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Figure 6-7. Average (SD) forward displacement of thoracic CM at terminal reach; results 
pooled across load.  

 

Table 6-6. Three-way repeated measures ANOVA on forward displacement, at terminal 
reach, with far reach – influence of lean. 

 

 

A second difference between lean heights that contributed to a reduction in the external moment 

at high lean was a shorter reach distance when reaching to the same target distance at hip height. 

This difference was significant with no interactions; paired contrasts showed that both lower lean 

heights differed significantly from high lean (Table 6-6.). The average reduction in reach distance 

between low and high lean was equal to 39.9 mm (SD 53.4 mm); between mid and high lean it 

was 31.1 mm (SD 57.4 mm).  The large standard deviation associated with the average change 

demonstrates that this effect was not recorded for all participants.  

 Thoracic CM Load CM 
 F p df    
Lean height  76.9 <.001 (1,20) 10.2 <.001 (1,28) 
Paired contrasts*    
Low lean & high lean 96.6 <.001 (1,14) 10.0 <.01 (1,14) 
Mid lean & high lean  51.5 <.001 (1,14) 15.5 <.002 (1,14) 
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In summary, Figure 6-8  shows the relative forward positioning of T12-L1 and shoulder joint as 

well as the CM of the thoracic segment and load. Changes in the T12-L1 joint position appeared 

to have the greatest impact.  

Figure 6-8. Average (SD) cumulative forward displacement; results pooled across load. 

 

6.3.2 Biomechanical Trade-offs  

While the changes in reach kinematics with high lean were favorable to the L5-S1 joint by 

lowering the external moment, this was not the case at the T12-L1 joint. The forward 

displacement of T12-L1 also showed a downwards trend with less displacement as the lean height 

was raised; this reduction was not matched by a reduction in load displacement. The increased 

distance between the load and T12-L1 with high lean, translated to a significantly higher external 
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only low lean and high lean differed significantly. The average increase with HHR was 8.1% (SD 

4.7%).  

 

Figure 6-9. Average (SD) T12-L1 moment, at terminal reach; results pooled for load. 

 

 

Table 6-7. Three-way repeated measures ANOVA on T12-L1 moment, with far reach – 
influence of lean height. 

 Late forward reach Terminal reach * Early return reach ** 
 F p df F p df F p df 
Lean height  12.7 <.001 (2,28) 26.9 <.001 (2,28) 15.5  <.001 (2,28) 
Interactions with lean height 
Lean*height - - - 6.0 .007 (2,28) 9.2 .001 (2,28) 
Lean*load  - - - - - - 3.9 .030 (2,28) 
Lean*height*load - - - - - - - - - 
Paired contrasts  
Low lean & high 
lean 

14.2 .002 (1,14) 11.3 .005 (1,14) 14.1 .002 (1,14) 

Mid lean & high 
lean 

- - - - - - - - - 

*takes into consideration significant interactions with height  
**takes into consideration significant interaction with load  
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In addition to changes at terminal reach, the external T12-L1 moment also showed an upwards 

trend at both late forward reach and early return reach for HHR only (Figure 6-10). These 

changes were consistent with the faster angular velocity of the thoracic segment that was reported 

in Chapter 5. At late forward reach, paired contrasts showed that the high lean differed 

significantly from low lean; the average increase was 7.5% (SD 13.9%). At early return reach, 

paired contrasts also showed a significant difference between low lean and high lean; the average 

increase was 9.4% (SD 7.6%).  

 

Figure 6-10. Average (SD) T12-L1 moment through the reach cycle with HHR; results 
shown for medium load only.   

 

The second important trade-off from changes in reach kinematics was at the shoulder. At terminal 

reach, the external moment at the shoulder was significantly influenced by lean height with an 
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7.7%) with HHR. This increase was explained by the higher arm elevation, and reflected in the 

greater arm contribution to total reach.   

 

Figure 6-11. Average (SD) shoulder moment, at terminal reach. 

 

Table 6-8. Three-way repeated measures ANOVA on shoulder moment, at terminal reach, 
with far reach – influence of lean. 

 F p df 
Lean height  46.5 <.001 (2,28) 
Interactions with lean  
Lean*height 4.2 .025 (2,28) 
Lean*load  4.3 .022 (2,28) 
Lean*height*load - - - 
Paired contrasts* 
Low lean & high lean 6.7 .021 (1,14) 
Mid lean & high lean  - - - 
*based on the interaction  
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6.3.3 Subjective Response 

The mid lean contact height was most frequently rated by participants as their first preference for 

reasons related to comfort at the site of leaning, effort, and ease of reach. The least preferred lean 

contact height was at the mid abdomen, with reports of increased shoulder and upper back effort.   

6.4 General Discussion  

The purpose of this study was to determine which of the low, mid, or high lean contacts places 

the least demand on the L5-S1 joint and to examine the effect of lean height on the moments at 

T12-L1 and shoulder joints in order to explore alternate workbench designs. This discussion is 

laid out to present the results for the L5-S1, T12-L1, and the shoulder, which is followed by 

suggestions for optimal leaning contact for a workbench.  

The results of this investigation using a workbench that was adjusted for light work according to 

guidelines by Grandjean (1988), demonstrated that leaning will lower the net external moment at 

L5-S1; however, this was only for far reach involving moderate trunk flexion. These results 

partially confirmed the first hypothesis that the L5-S1 moment would be smallest at the high-lean 

height. Both load transfer and changes in reach kinematics contributed to lower the L5-S1 

external moment. At near reach, the load transfer was insufficient to effect a change, and reach 

kinematics were unchanged by lean height (Chapter 5); therefore, no change is required to the 

ergonomic guidelines for benchwork when reach distances involve only mild (approximately 15° 

flexion) trunk postures.  

With far reach, leaning against a workbench height set for light work resulted in a modest 

reduction of the net external moment at L5-S1 at the farthest reach distance: an average 24% 
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reduction with HHR and 16% reduction with SHR. The smaller reduction with SHR was due to 

the lower magnitude of the LRF. The effect from leaning at L5-S1, however, was greater than 

expected given a short lever arm for leaning to exert an extension moment at L5-S1. While the 

actual percentage reduction is lower if changes at late forward reach and early return reach are 

considered, the results remained high enough to consider the use of a high-lean height as an 

approach to controlling workplace exposure to both peak and cumulative spinal loading for work 

involving far reach with moderate trunk recruitment into the reach movement.  

In Chapter 5, it was shown that height adjustment of the lean contact selectively changed the 

reach movement pattern, with a high-lean height favoring spine-dominant flexion and a low-lean 

height favoring hip-dominant flexion. The recommendation, based on kinematic findings was, 

therefore, to integrate a lower lean bar into the design of the workbench as a way of promoting a 

neutral spine orientation while reaching. The change in L5-S1 kinetics demonstrates that with low 

lean, the hip-dominant pattern places a higher work demand for the lumbar extensor muscles. For 

repeated or prolonged work, the increase in muscle activity could advance the onset of muscle 

fatigue and thus increase the risk of motor control errors (Granata and Gottipati, 2008; 

Magnusson et al., 1996). For these reasons, a low-lean height may not be the optimal lean height.  

By isolating the kinetic analysis only to L5-S1, kinetic changes at the upper back are ignored. 

With spine-dominant trunk flexion, flexion shifted upwards, with the lower thoracic segment 

contributing the major portion of flexion to the total-trunk position (Chapter 5). The findings for 

thoracic CM displacement demonstrated that this change in movement pattern elongated the lever 

arm for the flexion moment created by the upper trunk and body. The second hypothesis was that 

the T12-L1 joint and shoulder joints would experience larger external moments with the high-

lean height because this height prevented the trunk from remaining close to the load at terminal 
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reach. The results for far reach demonstrated an average 8.3% increase of the T12-L1 external 

moment and 9.9% increase in the shoulder external moment for HHR only. Therefore, the 

reduction in the L5-S1 external moment must be weighed against the increase in the T12-L1 

external moment. Briggs et al. (2007) reported similar concerns arising with kyphotic changes in 

the thoracic spine. Thoracic or upper back pain is generally overlooked in workplace 

epidemiology studies; however, the prevalence is considerably higher than expected: a recent 

literature review demonstrated an annual prevalence rate between 3% and 55% with the median 

value being 30% across most of the occupations sampled (Briggs et al., 2009a). Therefore, this 

shift in spinal loading should be carefully considered.  

The second reason for recommending a low-lean bar in Chapter 5 was the tendency for less 

displacement/involvement of the scapula in the reach movement. With high lean, scapular 

displacement was a movement adaptation used to accommodate for the loss of forward 

displacement of the shoulders. With greater displacement, the stabilizing muscles for the scapula 

work in a lengthened position and, therefore, at a disadvantage because of the change in muscle-

length tension. The findings from this investigation demonstrated an increase in shoulder 

moments with HHR with high-lean contact in addition to the unfavorable muscle length. In a 

survey of 485 workers diagnosed with upper extremity disorder, 78% presented with protracted 

shoulders, 71% head forward posture, 35% scapular winging due to weakness of scapular 

stabilizers, and 44% disturbance in scapula-humeral rhythm (Pascarelli and Hsu, 2001). These 

findings suggest that the compensatory findings with high lean may be as important as the 

reduction in lumbar spine loading.  

The majority of participants reported that with high lean they had greater difficulty with reach 

due to less mobility or more effort; this was their least preferred lean height. There are two 



 144

reasons for subjective preferences not matching changes in L5-S1 joint moments. First, the short 

duration of testing likely shifted the emphasis towards mobility rather than L5-S1 joint moments 

because of the delayed onset of back discomfort with dynamic trunk postures compared to static 

postures (Keyserling et al., 2005).  Second, the group of participants may have influenced the 

preference ranking since they had no related work experience that would carry over to the 

evaluation.  

For the high lean, results for the LRF demonstrated that leaning transfers a substantial posterior 

shear force, with the amount depending on the angle of application and the curvature of the 

lumbar vertebrae. This direction is in opposition to the shear created by the mass of the upper 

body with forward bending; therefore, the net shear force is lowered at the vertebral joint where 

the LRF is absorbed. For spinal joints above this level, shear forces generated from the mass 

above remain unmatched. It is unclear how the pattern of spinal loading would influence the 

recruitment of both the local and global back muscles and if it would predispose towards a spinal 

instability injury pathway. Furthermore, if the vertebrae prove to be positioned at the anterior 

translational limits at terminal reach, as suggested in Chapter 5, a sudden loss of local motor 

control could result in movement beyond the physiological limits, which would result in local 

tissue strain. 

The analytical methods used to evaluate the relative differences in joint loading were limited to 

simple mechanical modeling using real-time segmental kinematics and reaction forces as an 

estimate of work demands. Because a repeated measures design was used, it was assumed that the 

changes in the external moment would adequately reflect differences between lean heights. 

However, in Chapter 5, an apparent sequential ordering of spinal segments suggested that 

translational limits of intervertebral motion were reached, in which case, the biomechanical load 
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changes from the contractile tissues to the non-contractile tissues. A shift towards the inert tissues 

may change the injury mechanism from compression loading to shear loading. Unfortunately, this 

study was not designed to capture this feature of spinal motion. 

The preferred lean height was the mid-lean height. The results for kinematics demonstrated that 

the trunk flexion pattern was in between spine dominant and hip dominant, with some evidence of 

different movement strategies based on changes in the pelvis orientation at terminal reach 

(Chapter 5). The kinetic analysis demonstrates that the mid-lean height offers no advantage in 

terms of both L5-S1 joint loading and neutral positioning of the lumbar spine, and no 

disadvantages for T12-L1, shoulder joint and rotator cuff loading. For this reason, mid-lean 

height is considered neutral and appears best suited for industrial benchwork pending further 

investigation. From the findings of this benchwork study, it would appear that there is a trade-off 

needed to optimize biomechanical effects such as the localized effects of leaning and the relative 

risk for LBP, upper back pain and rotator cuff strain injuries.    

Further study is needed to examine Grandjean’s (1988) recommendations when workers lean 

against the bench to complete a variety of other reaching tasks.  However, many jobs involve fast-

paced reaching, asymmetric reaching, and single-handed reaching. Hence, these variables should 

also be considered in future recommendations.  Since this study involved males only, it is also 

important to study females due to differences in trunk movement patterns (Lindbeck and 

Kjellberg, 2001; Marras et al., 2002). It also necessary to study LRF contact forces to ensure that 

leaning is not adversely affecting various joints.   
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6.5 Conclusion  

The purpose of this paper was to examine the effect of leaning against a workbench for the near 

and far reaches of light and medium loads to terminal targets at hip and shoulder heights.  The 

leaning bars were placed at high, mid, and low locations, and moments were determined for the 

L5-S1 joint, T12-T1 joint, and shoulder joint. The high-lean height was advantageous for the L5-

S1 moment under far reach conditions for both reach heights and loads tested, but this was with 

higher T12-L1 and shoulder moments when reach was at HHR for both loads. These findings 

were in contrast to the low-lean height that presented with favorable findings in kinematics and 

scapular positioning. The mid-lean height that corresponded to height recommendations for heavy 

work proved to be a neutral contact, with neither benefits for offloading the lower lumbar spine 

joints nor higher loading the upper back and rotator cuff. Until further investigation clarifies the 

change in relative risk of injury to the whole body from leaning, the neutral mid-pelvis height is 

recommended for benchwork with work involving far distant reach with moderate trunk 

involvement. 
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Chapter 7  

Discussion 

The use of an external trunk support during leaning with industrial benchwork is a conceptual 

ergonomic solution to a single cause of low back pain (LBP): biomechanical loading. This 

solution falls into a category of personal assistive devices designed to lighten the load on the 

trunk; in this way, the exposure to spinal loading is reduced without changing the work demands. 

This approach is relatively new in ergonomics – traditional ergonomic controls manipulate the 

design of the workstation and work task rather than the worker.  

The back belt was one of the first on-body devices used in industry with claims that it assisted 

lifting. Subsequent to its commercial release, research investigation demonstrated that wearing 

the back belt did not lower back muscle activity with lifting (Majkowski et al., 1998; Miyamoto 

et al., 1999) and therefore, it did not function as an assistive device. However, the rapid and 

widespread adoption of the back belt by industry demonstrated a strong demand for personal 

assistive devices designed for LBP prevention. Two recent innovations have proven effective at 

lightening the compression load on the lumbar spine for lifting: wearing the Personal Lift 

Assistive Device (PLAD) (Abdoli-E et al., 2006; Abdoli-E and Stevenson, 2008), and leaning on 

the Warrie back aid™ for extreme forward-bent standing (Gregory et al., 2006; Milosavljevic et 

al., 2004). Their effect on LBP1 prevention remains to be determined. 

In the current study, the Dynamic Trunk Support (DTS), a prototype for upper-trunk support 

(UTS) also proved to function as an ergonomic assistive device, with application for stationary 

                                                      

1 LBP implies a longer episode with case definitions varying between epidemiological studies. LBP is 
different from postural discomfort arising from static muscle effort since the latter is transitional and does 
not necessarily signal tissue injury (See Chapter 2).   
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benchwork. The DTS is similar to the Warrie back aid™ in that both are off-body devices, so 

they support the trunk and stabilize against a loss of postural balance. The advantage of leaning 

against the DTS was seen in terms of reach: with static forward-bent standing (FBS), the forward 

displacement of the shoulder was farther (Chapter 3); as well, with fixed reach distance, less 

trunk flexion was required (Chapter 4). The benefit for reach occurred because leaning replaced 

the hip-balance strategy, which corresponded to backwards displacement of the hip away from 

the reach target due to hip flexion (Horak and Nashner, 1986). Leaning lowers back muscle 

activity demands since the relationship between trunk angle and back muscle activity is linearly 

related within the range of motion tested (Andersson et al., 1977; Dolan and Adams, 1993). The 

change in trunk position from using a different balance strategy was not isolated to leaning 

against an UTS; Kingma and van Dieën (2004) reported similar findings with leaning through an 

extended arm, as did the current researchers with  leaning against a workbench (Chapters 3 and 

4).  

The ankle strategy is an alternate balance strategy involving the forward displacement of both the 

upper and lower body; this strategy differs from the hip strategy in that both the center of gravity 

(CG) and the trunk displace forward, whereas, with the hip strategy, the CG remains unchanged 

(Crenna et al., 1987; Horak and Nashner, 1986; Ramos and Stark, 1990). When an ankle strategy 

is used, leaning has no comparative advantage for reach distance; however, the safety margin for 

falls and loss of balance (defined as the distance between the limit of the base of support and CG 

(Kozak et al., 2003; Row and Cavanagh, 2007)) diminishes. Leaning is, therefore, beneficial to 

reach since it optimizes the contribution of the trunk to reach without compromising postural 

stability.  
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Leaning against a forward-placed support directly reduced the lumbar erector spinae muscle 

activity because of a counterbalancing extension moment, when the contact was above the pelvis 

(Chapters 3, 4 and 6). However, the biomechanical cost for this gain requires careful examination. 

First, the load tolerance for the leaning reaction force (LRF) is unknown. One concern for UTS, is 

the LRF against the chest that workers might experience if the LRF is transferred through the ribs 

onto the posterior costo-vertebral joints.  With prolonged loading, the cartilage within the joint 

may undergo creep; in this state, the joints may be susceptible to irritation and damage. Because 

these joints are small, the load tolerance and duration could be a limiting factor for load transfer 

with this support. Identifying safe limits will be difficult because it is unknown if subjective 

measures alone will be sensitive to early signs of joint irritation. Therefore, a more extensive 

methodology involving close monitoring for both signs and symptoms of joint irritation while 

manipulating load magnitude and duration is needed to determine safe limits.    

Another concern regarding load tolerance for the LRF was for low trunk support (LTS) when the 

contact is at the mid abdomen (height recommendation for light work by Grandjean (1969). At 

this height, the LRF acts as a posterior shear force with the amount depending on the angle of 

application and the curvature of the lumbar vertebrae. This direction is in opposition to the shear 

created by the mass of the upper body with forward bending. Potvin et al. (1991) reported an 

average 491 N of shear with lifting a 5.8 kg load using a squat lift style; however, the opposing 

shear force from lumbar extensor muscle contraction lowered the net joint shear force to 

approximately 200 N across load conditions. By leaning, the net shear force decreases; however, 

this effect is not uniform across the lumbar vertebrae (Figure 7-1). It is unclear how this would 

influence the recruitment of both the local and global back muscles and if it would predispose 

towards a spinal instability injury pathway. Yingling et al. (1999) reported in-vitro disc failure 

with shear loading of porcine vertebrae at 1390 N; for failure at the pars inter-articularis without 
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soft tissue support the shear load was almost half at 890 N. A temporary loss of spine stability is, 

therefore, not likely to result in an acute mechanical failure; however, with repeated irritation, this 

load tolerance could lower. Furthermore, if the vertebrae prove to be positioned at the anterior 

translational limits at terminal reach, as suggested in Chapter 5, a sudden loss of local motor 

control could result in movement beyond the physiological limits causing local tissue strain.  

 

Figure 7-1. Illustration of the influence of leaning on the lumbar spine. The LRF acts to 
counter the shear force at the vertebral level in contact for leaning. Above this level, the 
shear force is opposed by lumbar extensor muscle tension only. 

The second reason that the biomechanical cost of leaning requires careful examination was the 

consequential effects of leaning on reach kinematics that was shown in the current study. Leaning 

produced two key findings: First, leaning against the DTS resulted in a hip-dominant flexion 

pattern for the trunk with a neutral orientation of the spinal joints – this can be described as 

bending at the hips. Similar findings occurred with the PLAD that during lifting; in this case, the 

lift movement pattern shifted towards a squat style with greater hip and ankle flexion (Sadler et 

al., 2011). In the current study, with leaning, the neutral spine corresponded to greater 

effectiveness of the trunk for reach (Chapters 3 and 4); however, this change corresponds to a 

longer lever arm for forward bending, increasing the external moment at the lower lumbar spine. 

Therefore, the favorable spine position did not always correspond to a reduction in the external 

LRF 

Shear
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moment. A similar change occurred with LTS, when the lean contact location was at the proximal 

thigh (Chapter 5); but unlike UTS, leaning and weight transfer did not offset the effect.  

The second key change from leaning against the LTS on reach kinematics was an upwards shift 

of the movement demands to the thoracic spine. This occurred in two ways: first, the thoracic 

spine adapted to a loss of pelvis twist from leaning with asymmetrical reach by increasing its 

contribution to total-trunk rotation (Chapter 4). Second, leaning against a bench adjusted for light 

work shifted the trunk kinematics with far symmetric reach to a spine-dominant pattern with the 

lower thoracic contributing a major portion to the total-trunk flexion (Chapter 5 and 6). While this 

effect proved favorable for the low lumbar spine, the external moment at T12-L1 was raised. 

Shifting the load proximal may be a concern for benchwork as evidenced by the upper back pain 

frequently reported by semiconductor assemblers (Chee and Rampal, 2004). This regional pain 

disorder is often overlooked in workplace epidemiology studies; however, the prevalence is 

considerably higher than expected: a recent literature review demonstrated an annual prevalence 

rate between 3% and 55%, with the median value being 30% across most of the occupations 

sampled (Briggs et al., 2009).  

In the next section, the research findings will be reviewed for each support type.  

7.1 Upper-trunk Support  

Since no device was commercially available to support the trunk at the upper chest, this project 

involved testing two first-generation prototypes in the laboratory. The first prototype was 

constructed with a hinge joint and the second prototype was constructed with a ball joint 

mechanism to accommodate 3-dimensional motion of the trunk.  
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Two studies, using a repeated measures experimental design to compare three support strategies 

(no support, UTS and LTS) were completed as part of this research. The first study was limited to 

instantaneous, static FBS positions between 0° and 40° flexion in increments of 10°; the second 

study addressed asymmetrical reach to an extreme distance under dynamic conditions; however, 

only the terminal reach posture and 90th percentile muscle activity were addressed. In both 

studies, muscle activity at L4 was used as an indicator of lumbar spine joint loading.  

In both studies, the average LES muscle activity with DTS was below 15% MVC; this compared 

favorably to no support when the average peak muscle activity was between 20 and 30% MVC. 

Accordingly, leaning against the DTS for support lowered the spinal load, based on work by 

Andersson et al. (1977) who demonstrated a direct relationship between muscle activity and 

spinal loading with static trunk angles between 0° and 40° FBS. As a result, leaning increases the 

margin between actual loading and injury threshold loading. Furthermore, these results indicate 

that leaning should delay the onset time of distracting discomfort and muscle fatigue with static 

positioning because of the reduction in muscle contraction intensity on local blood flow. It is 

unclear, however, if these two events are avoided; first, the results for local oxygenation levels of 

the LES have been mixed: McGill et al. (2000) reported significant decrease in oxygenation with 

as little as 2% MVC; in contrast, Jensen et al. (1999) reported this to occur at 20% MVC. 

Regardless of which muscle oxygenation study is more accurate, the no-support trial had 

muscular activity levels that indicated back muscle fatigue would result, based on EMG activity 

levels. 

With static FBS, the reduction in muscle activity was attributed directly to changes in the net 

external moment at the lower lumbar spine since both the no support and bench-leaning support 

had no effect on muscle activity. A preliminary investigation in the same laboratory used a load-

cell, positioned between the plate and the post, to map spring resistance with the inclination in the 
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sagittal plane; the results demonstrated a 3- to 4-fold increase in resistance as the post angle 

increased from 0° to 40° inclination, depending on the spring tested (Nouraei H. et al., 2007). 

This support delivery roughly matches moments created by the trunk with forward bending. The 

findings from the first study supported this pattern in that the percentage reduction in LES muscle 

activity was equal across the trunk angles tested (Chapter 3).  

By only testing trunk position in Chapter 3, the potentially confounding influence of the work 

task was removed. It is unknown, however, if load mass, reach distance or hand activity 

influences the performance of UTS with static postures. In a separate study, different load 

magnitudes were tested with UTS; because the load transfer was not directly measured, it was 

assumed that with leaning, all the resistance available from the spring is used. As a result, the 

authors concluded that the relative effect of leaning diminished as loads became heavier (Abdoli 

et al., in submission). Using heavier springs accommodates this effect, as demonstrated by 

Nouraei et al. (2007). Similar findings are expected for reach distance, with moment being the 

relevant factor.   

The type of hand activity may influence the amount of trunk support if the hand is exerting a 

force – pulling/pushing or lifting.  Jones (2011) investigated the influence of bracing through the 

contralateral thigh and/or contralateral hand with single-handed forceful pushing, pulling, and 

upwards lift efforts; the results demonstrated that forces generated were greater with bracing by 

an average 40% compared to a non-bracing posture. Depending on the direction of the hand 



 156

force, bracing helped generate torque: with pulling, the bench served as a brace or lever, whereas, 

with pushing, the bench provided posture support2.  

The DTS was envisioned for leaning, not for bracing because of the fragility of the ribcage to 

high forces.  Furthermore, the DTS chest support was not fixed and, therefore, did not provide a 

suitable contact for bracing. However, work by Jones (2011) suggests that motor strategies may 

differ according to reach direction and force direction, which may restrict the functionality of the 

device according to work task. The next step will be testing the support with varied work tasks.  

Of greater interest is the functionality of DTS support with dynamic work postures. To expedite 

the development of the DTS, the second study jumped from static postures in the sagittal plane to 

dynamic and complex trunk postures, using the second-generation prototype. The intermediate 

step would have been testing with dynamic, sagittal plane postures; this step was omitted because 

the support forces had been mapped by Nouraei (2007) under continuous motion. Since 

benchwork frequently involves complex trunk positioning as part of single-handed work or 

working within a 180° reach envelope, testing proceeded to complex trunk postures under 

dynamic reach conditions. Compared to static postures, the results showed a smaller percentage 

change in lower back muscle effort with DTS support when dynamic trunk postures were tested, 

but only at the 90th percentile. A combination of a new prototype design that did not function as 

well as expected and too many variables combined at one time (dynamic, asymmetry, load and 

reach height) reduced the clarity of EMG results as the outcome variable.  

                                                      

2 The terms leaning and bracing are not clearly defined in the literature. In Chapter 4, bracing was 
used to separate the force needed to counterbalance a loss of balance (LTS) versus leaning with 
UTS to counterbalance the moment of forward bending. The different roles reported by Jones 
(2011) suggest that the term bracing may be more suited to an active role in force generation, 
whereas leaning is passive for both balance support and supporting the trunk.  
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The second prototype demonstrated its ability to match trunk motion in 3-dimensions; however, 

the springs supported the sagittal plane only.  Participants reported that they had to stabilize their 

trunk in order to control excessive rotation with asymmetrical reach. This was probably the main 

reason that back muscle activity was unchanged between conditions in the 50th percentile. 

Designing for rotational support was a challenge within this design, but the results suggest that 

this device will be an important element of support with complex postures. Since trunk rotation is 

a risk factor for LBP, as shown by in-vitro studies, a device to help support complex trunk motion 

may protect against excessive lumbar rotation.   

The single most frequent question that is asked about leaning against DTS is regarding the user’s 

comfort. Thick memory foam insured little discomfort from excessive pressure, but it also added 

thickness making it difficult for the user to view small items on the bench. A pilot investigation 

was undertaken by Bouchard et al. (2009), which looked at maximally acceptable leaning force. 

Their findings suggested that the support levels for acceptable leaning were within the parameters 

tested in these two studies, although they needed a larger sample size to confirm their results. 

Additional work is needed to design a good fit for both genders, however, subjective ratings of 

pressure by females in the second study appear to not preclude this type of support.  

7.1.1 Summary 

In summary, the first hypothesis was structured to examine the effectiveness of the DTS; 

specifically that upper-trunk support has no effect on lumbar spinal loading under static or 

dynamic reach conditions that involve trunk recruitment into the reach position. This hypothesis 

was proven false in that changes in the lumbar muscle activity levels under both static and 

dynamic conditions demonstrated that the DTS supported the trunk in 3 dimensions. These 

findings were supported by subjective response. Further work is required to better define work 
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parameters that are complementary to UTS, and further design is needed to match trunk support 

in 3 dimensions.  

The second hypothesis was associated with contraindications to the use of the DTS. Since no 

adverse effects were found, the hypothesis was considered true. Leaning against the DTS 

demonstrated no adverse changes in reach kinematics that would raise the risk of injury at the 

lower back or elsewhere. Because of the short duration of the testing, this investigation did not 

address load tolerance concerns for the ribcage. Subjective rating of chest pressure showed that 

testing remained within an acceptable level, but more advanced testing is required.   

7.2 Lower-trunk Support  

Leaning or bracing the lower trunk against the bench was investigated in two ways: First, bench 

leaning was compared to no support and UTS with static and dynamic trunk postures with the 

dynamic postures being considered a part of reach. In this investigation, the lean height was set at 

the mid-pelvis, chosen because the LRF would be transmitted through the pelvis onto the 

sacroiliac joints which are well suited to high compression loads. The results from this first 

investigation led to the recommendation that leaning should be included in the reach pattern for 

sagittal-plane reach because of the gain in effectiveness of the trunk for reach. This was not 

recommended for asymmetrical reach, however, because leaning blocked the hip and lower 

extremity joints from contributing to trunk rotation, thereby shifting rotation proximally to the 

thoracic spine. With sagittal-plane trunk flexion, leaning did not obstruct hip flexion; rather the 

pelvis pivoted on the edge of the leaning bar. Similar findings were found when the lean height 

was raised to the mid abdomen.  
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The second comparison was between lean heights, comparing lean contact heights that would be 

found in industry with light and heavier work if workers leaned against the tabletop of their 

workbench with a lower height (proximal thigh). The last condition was included because it 

affords the greatest freedom of motion (i.e., it has the least number of body segments restricted 

from participating in reach). The results showed that lean height could be used as a way of 

biasing trunk flexion towards either a hip-dominant or spine-dominant pattern, but only when 

reach distances involved moderate trunk flexion. Each pattern has advantages and disadvantages: 

with a hip-dominant pattern, the lumbar spine and scapula retained their neutral orientation, 

whereas a spine-dominant pattern resulted in less load on the lower lumbar spine but with the 

thoracic spine and scapula recruited into the movement pattern (Chapters 5 and 6). The mid-

pelvis lean contact proved to be a neutral height. 

Recommending a high-lean contact is appealing, given the substantial reduction in the external 

moment. However, similar to UTS, there are concerns regarding the response to the LRF that 

require additional investigation, as previously described. Of further concern was the sequential 

ordering of the trunk segments into the reach movement pattern and the reduction in reach 

distance with the high lean height (Chapter 5), suggesting that physiological endpoints for spinal 

motion were responsible.  This has implications for the injury pathway and, therefore, future 

work should be directed at testing this hypothesis.  

7.2.1 Summary 

In summary, the first hypothesis was structured to examine the effectiveness of leaning against a 

workbench: specifically that the LTS has no effect on lumbar spinal loading under static or 

dynamic reach conditions that involve trunk recruitment into the reach position. This hypothesis 

was proven false in that the external moments at L5-S1 were lowered when the lean height was at 
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the mid abdomen in comparison to lower lean contact heights. The percentage reduction was 

substantial – an amount that would qualify this lean height as an assistive ergonomic device. 

These findings were not supported by subjective response for low back discomfort. Both leaning 

for load transfer and changes in the reach movement pattern contributed to this change. With 

asymmetrical reach, leaning against the workbench also lowered the peak muscle activity at 

shoulder-height reach. This change was not due to load transfer and, therefore, was due to 

changes in reach movements.  

The second hypothesis was associated with contraindications to leaning for support while 

working at a workbench. Since adverse effects were found, the hypothesis was considered false. 

Leaning against a workbench changed reach kinematics in a substantive way that may contribute 

to an elevated risk of work-related mid-back or shoulder pain disorders. These results hold true 

for asymmetrical reach for the two trunk contacts (mid pelvis and mid abdomen) because the 

pelvis was blocked from twisting. This may not hold true for leaning against a bar positioned at 

the proximal thigh since this height is below the hip join; however, the bench design would need 

to be adapted with a contoured edge to provide adequate space for the lower body to turn. For 

sagittal-plane reach, the reach movement pattern varied depending on reach height. The 

compensatory changes involving the mid back and shoulders were associated with the two trunk 

lean  contacts (mid pelvis and mid abdomen). Because the high lean height appears to represent 

the normal movement pattern without trunk support, the reach movement pattern with the 

proximal thigh lean height is the altered pattern. In this perspective, leaning at the high-lean 

height is an explanation for mid back and shoulder pain. Introducing a leaning bar at the height of 

the proximal thigh actually improves the reach movement pattern from the perspective of upper-

back and shoulder-joint loading – unfortunately this pattern also increases the lower lumbar spine 

joint loading.    
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7.3 Research Limitations 

Prior to this work, there was little information available on the effects of leaning, with the 

exception of leaning through an extended hand (Kingma and van Dieën, 2004). Because of this, 

the scope of investigation was limited to instantaneous postures even though potential side effects 

from weight transfer, from the LRF, are dependent on long-term exposure, given that non-

contractile tissues are involved. As a result, the investigation into leaning is only partially 

complete. To fully understand the effect of leaning on the body, the potential side effects from 

load absorption at the contact sites for leaning need to identified.  

The analysis was restricted to postural work demands and did not take into consideration the 

influence of leaning on work demands for spine stability. As stated in Chapter 2, the demands for 

spine stability are high with benchwork given that work is performed with spinal joints positioned 

within the neutral zone.  

Extrapolating results from this research to the real workplace is limited because participants were 

recruited from the university population. It has been shown that experienced workers differ in 

their work motion patterns (Madeleine et al., 2003; Madeleine et al., 2008); since motion patterns 

were central to this analysis, this is an important limitation.  

One of the potentially important methodological limitations was the use of a single motion sensor 

to capture lumbar spine orientation. This approach restricted the analysis of lumbar spine motion 

to a single segment and therefore, could not differentiate any change at the vertebral level. To 

answer the question for shear loading and translation when the lean contact was at mid abdomen, 

greater detail of vertebral motion/positioning is required. Furthermore, because spinal motion 

appeared to be in the caudal-to-cranial direction, movement at the upper lumbar spine above the 
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level of the sensor (approximately L3) may have been allocated to the lower thoracic spine 

segment. In the present methodology, this error would not have been captured by 

electromyography. Because the results demonstrated that compensatory changes in trunk motion 

occurred in the thoracolumbar region, the trunk should be divided into more segments in future 

tests looking at multi-segmental reach.  

7.4 Application  

Work-related LBP is an ongoing health and safety problem that continues to affect a large portion 

of workers. In 2007, 21% of the lost time claims accepted by the Ontario Workplace Safety and 

Insurance Board were related to low back pain (WSIB, 2007), an equivalent of 1% of employed 

workers in Ontario for the same time period (Statistics Canada). For this reason, it is important 

that new strategies are developed and adopted in the workplace. Whilst the causal link between 

biomechanical exposure and work-related LBP remains controversial, it is argued that the current 

evidence for biomechanical loading is adequate “to inform primary prevention” (Punnett, 2000). 

The DTS appears to be a feasible solution, once the potential side effects are ruled out. The 

findings demonstrated that the DTS was effective in lowering the postural work demands in FBS 

and with extended reach. Furthermore, the neutral orientation between the spinal segments of the 

trunk provided an added benefit that may prevent upper back and shoulder injuries. The DTS is 

suited to benchwork since it not only supports the trunk but also shifts postural stability 

requirements for reach from active balance control to passive leaning, eliminating the need for the 

hip-balance strategy. Hence, further investigation is warranted in terms of the DTS’s design, 

effectiveness over a wide range of tasks and motions, and safety such as cumulative load 

tolerances of the posterior rib joints for ribs resting on the support plate. 
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In Chapter 2, the three recognized biomechanical injury pathways for work-related LBP were 

reviewed for relevance for industrial benchwork. Each of the three pathways were considered 

relevant including peak loading, cumulative loading and spine stability, depending on actual 

exposure and individual factors that act to lower the injury threshold. The evidence presented 

here demonstrates that leaning against the DTS would potentially interrupt each of these injury 

pathways by lowering the lumbar extensor muscle effort required for extended reach. 

Furthermore, leaning against the DTS would improve postural comfort for work involving static 

FBS.  

With improved design, the DTS might be a promising device for workers experiencing LBP and 

for workers returning to work following a time-loss episode. The high prevalence of LBP and lost 

productivity means that employers cannot ignore the problem. In Canada, 5-6% of respondents to 

a 1994 national health survey indicated that their activities were restricted due to pain, with low 

back being the most frequently reported site of pain (Cole et al., 2001). Many workers continue to 

work during an episode of LBP but not at full capacity (Amick et al., 2000); this lost productivity 

is termed ‘presenteeism’, and represents a substantial financial burden (Dagenais et al., 2008). A 

cross sectional survey of over 28,000 working Americans revealed that the majority of the 3.2% 

who reported lost productivity from LBP continued to work (Stewart et al., 2003). Ferguson et al. 

(2005) reported that only 17% of 208 injured workers returned to their manufacturing job with no 

symptoms of back pain. Developing strategies that accommodate LBP within the workplace 

without loss of productivity is arguably of equal importance to prevention.  

Working at a bench while experiencing back pain is obviously challenging, even though 

benchwork demands are lighter than MMH or other physically demanding work. Both static and 

dynamic FBS are impaired. Keyserling et al. (2005) reported that subjects with LBP had a 
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reduced tolerance for FBS. Duquette et al. (1997) also reported that workers with LBP perceived 

static awkward postures more difficult compared to workers with no history of LBP.  

Benchwork involving dynamic trunk posture also presents a challenge due to neuro-motor deficits 

following an episode of LBP. In a one-year prospective study involving over 40 different types of 

manufacturing plants in the United States, less than 15% of workers who had experienced a time-

loss low-back injury had regained their ability to bend forward or straighten at a normal pace 

(Ferguson et al., 2005). Other researchers have reported similar findings. Marras et al. (1999) 

revealed that individuals with LBP had decreased trunk velocity and acceleration especially with 

complex motion.  Using fluoroscopic imaging, Teyhen et al. (2007) reported a decrease in 

angular and linear displacement of the trunk in the first 20 degrees of flexion and last 20° of 

extension, as well as a delay in timing for recruitment of the lower lumbar joints. This may be 

partially due to a change in the neurological feedback involving position sense. Poor re-

positioning sense was reported by O’Sullivan et al. (2006) for workers at 2 months following a 

return to work after a time-loss LBP.  

In addition to movement deficits, altered balance response to perturbation also follows LBP. 

Radebold et al. (2000) reported that individuals with previous a history of back pain had a large 

variability in the recruitment pattern between global and local muscles compared to healthy 

subjects, while Hodges et al. (2009) reported decreased damping of larger displacements for back 

pain subjects immediately following a perturbation. Mok et al. (2007) suggested that the 

integration between movement and stability is impaired following LBP, possibly due to co-

contraction.  

The use of the DTS addresses each of the challenges described for LBP by reducing the muscle 

work demands and constraining the motion path of the spinal trunk segments. The DTS, 
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therefore, has a potential role in assisting with return to work following injury as a pain 

management strategy and to build endurance/strengthening specific to work tasks. Further 

development of the DTS should include this application.  

The greatest benefit anticipated from leaning, using either the DTS or a leaning bar positioned at 

the height of the proximal thigh for support is the resultant neutral thoracic spine orientation 

during static FBS postures. Because of the rapid onset of discomfort with static muscle effort 

associated with sustained FBS, it is likely that workers will try to redistribute static loads away 

from the back muscles to the non-contractile tissues of the thoracic spine. In simpler words, they 

will slouch forward, flexing the upper thoracic trunk segment, resulting in a kyphotic spinal 

posture. While this posture may lower the postural muscle effort, the thoracic spine could become 

irritated secondary to tissue creep. Repeated or sustained end range loading of the ligaments 

causes temporary instability secondary to an increased laxity from creep (Claude et al., 2003).   

The kyphotic spinal posture has the added complication of interfering with shoulder function 

(Theodoridis and Ruston, 2002) and has been described as part of altered postures that contribute 

to a repetitive shoulder injury (Lewis et al., 2005; McClure et al., 2006; Raine and Twomey, 

1997). Given that benchwork involves exposure to repetitive strain risk factors for extremity 

disorders, adopting a kyphotic posture is undesirable. The use of the UTS to neutralize upper 

trunk postures may not require a large amount of support, and, therefore, side effects of posterior 

rib discomfort may not be a concern. Since thoracic pain disorders, although not well recognized, 

have been shown to be more prevalent than otherwise previously considered (Briggs et al., 

2009b), further investigation of leaning support should move in this direction.  

Weighing biomechanical trade-offs presents the obvious challenge for ergonomists. Many of the 

risk assessment tools used by ergonomists to identify ergonomic work hazards and set priorities 
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for ergonomic initiatives weigh risk factors to derive an overall risk. The results from this 

investigation suggest that this analysis will be required when lean heights are considered. Simply 

stated, there may be no optimal bench height for all work conditions or workers. Moreover, the 

results from the investigation into leaning against the workbench provide valuable insight to the 

injury pathways (biomechanical) and specific risk factors for benchwork.  

The mid-pelvis-lean contact height appears to be the best solution for sagittal plane reach, being 

neutral for injury risk/prevention. For this reason, the workbench height guidelines presented by 

Grandjean (1988) should be adapted; the work height recommended for heavier work (mid-

pelvis) should also be recommended for work involving far reach in the sagittal plane with 

moderate trunk involvement. Further work is needed to define acceptable reach envelopes with 

leaning owing to the marked change in movement patterns observed with asymmetrical reach to a 

45° angle. Although the mid-lean height is recommended, higher and lower lean heights and 

leaning with asymmetrical reach should not be ruled out because of their potential advantages; 

however, their application should be selective and monitored by ergonomists or rehabilitation 

professionals.  

7.5 Conclusion  

In conclusion, the results indicate that UTS will lower the back muscle work demands in mild and 

moderate trunk flexion, although by an amount that may not be enough to lower the risk of LBP 

without increasing the risk of local joint pain and dysfunction at the upper ribcage. This risk 

trade-off may be more acceptable for special populations: Individuals with low back pain are the 

ideal target because of their higher risk for a second episode of pain (Marras et al., 2007). 

Moreover, it has been shown that neuromotor deficits associated with LBP make benchwork 

difficult even though the work is considered light. Furthermore, the DTS appeared to offer 
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advantages for the upper back that may not require large force transfer. Continued investment in 

the DTS is recommended, with an expansion of the ergonomic objectives to include occupational 

rehabilitation following a back injury and prevention of upper back pain disorders.  

The findings from this body of research indicate that leaning against a workbench while bending 

forward results in important biomechanical trade-offs and, therefore, the adoption of leaning, 

whether intended as an ergonomic strategy or unintended, should be addressed in a broad context 

looking at the whole body rather than simply considering the low back. This investigation raises 

some real concerns regarding secondary effects of leaning through changes in the reach 

kinematics that may be contributing to an elevated risk for mid-back or shoulder pain. Further 

examination of the risk of injury with benchwork, addressing the whole body, is recommended.   

The current ergonomic guidelines for benchwork warrant re-examination, taking into 

consideration the influence of leaning while working. The results indicate the work heights 

recommended for heavy work, placing the lean height at the mid pelvis should also apply for 

work involving far reach distances with moderate trunk recruitment when reaching to hip or 

shoulder height with loads that are up to 10% of body weight.  Further investigation is required to 

optimize ergonomic design with work involving reach distances outside the normal reach 

envelope.  
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Appendix B 

Consent to Participate – Chapter 3 

School of Occupational and Public Health 

 

Letter of Information & Ethics Consent  

RE: Design and Evaluation of a Dynamic trunk support (DTS) for standing postures   

You are invited to participate in a research study to examine the effectiveness and user-
acceptability of the Dynamic Trunk Support (DTS) that supports the trunk during prolonged 
standing postures. If you have had low back pain in the last 6 months you are excluded from this 
study. If you are female and you are pregnant you also should not participate in this study. The 
goal of the research is to evaluate the comfort when using DTS in comparison to not using DTS.  
The DTS device you are asked to use is a Prototype and your feedback, both objective and 
subjective, will be valuable in developing the next design prototype of the device. At the 
beginning, subjective information will be sought to help determine the best spring to use when 
you use the DTS. Then both objective (body position and electromyography) and subjective 
details will be sought to determine whether the DTS is effective.   

Before Starting.  After listening to the procedures, reading this letter of information, signing a 
consent form and completing a PAR-Q Health questionnaire, you will be asked to wear a T-shirt 
and shorts for testing.  

Warmup.   Because you will be executing box lifting tasks, we would like you to complete a series 
of stretching exercises for the back, shoulder girdle and legs.  This warm-up will require 
approximately 5 minutes.  

Using DTS.  When you use the DTS, you will adjust the height of the DTS padding so that it sits 
on the flat part of chest between your elbow and under your neck. We will re-adjust it until you 
are comfortable and willing to proceed with the study. 

Common Protocol for Spring Tensions.   Each design iteration of DTS will require some initial 
practice and a determination of the optimum spring element tensions for you.  You will be asked 
to lean on the DTS for when using different spring tensions under 7 angles of 0, 5, 10, 15, 20, 25, 
30 degrees in symmetric and asymmetric postures. After the testing, we will ask you to complete 
a questionnaire to identify any musculo-skeletal soreness and get your opinions about task 
difficulty when using the DTS.   
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Sensor Locations.  We need to measure your limb lengths (shank, thigh, hand, forearm and upper 
arm) and find their centre of gravity.  We will use a magic marker to identify the centre of gravity 
so that we can place the Fastrak® sensors over those sites. We will ask you to bend forward so that 
we can mark your lowest neck bone (C1), and your lowest chest bone on the spine (T12) landmarks 
for Fastrak® sensors and the muscles at lower your low back (T10 and L4) for the surface EMG 
electrodes.   

EMG Sensors.  We will tape eight surface 
electrodes on the right side of your lower back 
(circles in the picture), your abdominal muscles, 
your right buttock, the back and front of your 
thigh, and your leg. When we attach the electrode 
to your abdominal muscles we teach you the 
attachment method. Then we will ask you to a 
private room to attach the electrodes to your right 
buttock muscle. The other end of the wire should 
be out of your short when you come out of the 
room. The investigator will connect the wire to the 
system along the other wires. To have the sensors 
stick to your skin, it will first be shaved (only for 
hairy skins) using a softening foam and hand-held 
razor over the sites for electrode placement.  Then, 
we will use rubbing alcohol to remove any dead 
skin.  After it dries, we will place 8 surface electrodes over the selected sites with two sided tape 
and then secure them with athletic tape. Investigators are trained to get your help when they 
replace the sensors and electrodes on your skin as much as possible. However, there might be the 
situations that the investigator may touch your body. Obviously, a female researcher will be 
involved when a female subject is tested.  

Maximal EMG.  We would like to ask you to complete three maximal tests for each muscle site 
so that we can capture maximal EMG activity.  For each test, we have set-up a special jig and 
posture we want you to assume.  Then, pulling against an immovable anchor in a prescribed 
posture, we want you to contract a specific muscle group maximally on three occasions.  Apply a 
steadily increasing force against the anchor until you have reached a maximum.  Hold the 
maximum for 5 seconds before relaxing.  We will provide at least 30 seconds of rest between 
each trial and more rest if you need it.   

Fastrak® Sensors.   Next, Fastrak® sensors will be placed over the pre-marked sites using 
double-sided tape.  Then, athletic tape will be used to anchor them into position as securely as 
possible.  In total, there will be 12 sensors attached to your limbs and back.  These are used to 
determine your lifting technique.   
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DTS/no DTS/bench.   Whether we begin testing with the DTS or no-DTS condition will be 
decided by a draw.  If it is the DTS condition, you will be adjusting its length so that it fits you 
comfortably. We may readjust it until you are comfortable and willing to proceed with the lifts. 

Determining the Effectiveness of this DTS iteration.    In randomized order, you will be asked to 
lean on the DT S for up to7 sagittal plane angles in symmetric or asymmetric conditions.  This 
study will require approximately 42 trunk bending condition. If you feel any soreness we will stop 
the teDTS immediately.  If you feel fatigue, we will extend the rest period between the trials. 

Subjective Feedback.    After both the DTS and no DTS conditions, we will ask you to complete 
a subjective questionnaire.  In this questionnaire, a pictogram will be used to identify areas of 
discomfort.  In addition, we will ask you to describe how you feel during the lifting tasks.  At the 
completion of both DTS and no DTS conditions, we will ask some comparative questions.  

Risks and Benefits 

The study involves both maximal contractions against an immovable anchor and a series of 
leaning forward postures. Maximal contractions against an immovable anchor do increase your 
risk of low back pain or musculoskeletal injury. To protect you as much as possible to this risk 
we will ask you to warm up so that you may groove your motor patterns.  Therefore, you have to 
make sure that for at least 3 continuous days  you will do some gentle stretching exercises for the 
back (i.e., reach to the ceiling, slow trunk extension and lateral bending exercises and lie supine 
to cool down the potential stress from your back muscles. You have to perform the above 
exercise before you go to the bed, after you wake up each morning and after prolonged sitting. In 
the event that you are injured as a result of taking study, we have access to the Athletic Therapy 
in the Physical Education Centre as well as a physiotherapist who immediately will help with the 
first aids and will move you to the hospital if is needed. By signing this consent form, you do not 
waive your legal rights nor release the investigator(s) and sponsors from their legal and 
professional responsibilities. In case of back pain or similar concerns after the test, please also 
contact me to find a health care provider like a doctor, physiotherapist, chiropractor, massage 
therapist if   you wish.  
In terms of benefits, you have an opportunity to participate and contribute to the development of a 
new dynamic trunk support.  Through this participation, you will be helping society in general. 
However, the personal reward is minimal.   

Confidentiality  
 
To protect your confidentiality, data will be collected in a private room with only the investigator 
and one additional research assistant or professor present.   You will be given a Code Number 
that will be the only tracer present on all of your data files.  Your name will be recorded in a 
separate file that will be destroyed after the data have been verified and processed. Questionnaire 
data will have only your Code Name on it and will be stored in a binder kept in a locked cabinet 
on the occupational and public health Lab.  
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We are interested in collecting video and photographs for use in presentations and publications. 
These photographs are NOT needed for data analyses, merely to demonstrate DTS.  If you are 
willing to have photographs taken, we will ask you to sign this permission on the Consent Form.   
 
Permission to Withdraw 
 
As a subject, you are a volunteer who has permission to withdraw from the study at any time 
without coercion or penalty.  In the first instance, you may withdraw after hearing about the 
details of the study.  You may also withdraw at any point during the study as well with no 
penalty.  You will receive full financial reward regardless of when you withdraw.  If you choose 
to withdraw, we will remove all of your data from the database as well. 
 
Payment: 
 
You will receive a stipend of $10.00 for each hour you participate in this study. Typically a 
session will require a total of two hours. 
 
Contacts  
 
We also want you to feel free to contact us or other administrators of you have questions, 
concerns or complaints.  You are welcome to contact the investigator, Mohammad Abdoli at 416-
9795000 X7624.  If you have any concerns about your rights as a research subject, please contact:  

 
Alexander Karabanow, Research Ethics Coordinator 
Office of the Vice President, Research and Innovation 
Eric Palin Hall, Room EPH415 
Ryerson University, 350 Victoria Street, Toronto, Canada M5B 2K3 
Phone: 416-979-5000 Ext. 7112, Fax: 416-979-5336 
Email: akaraban@ryerson.ca 
Web: http://www.ryerson.ca/research  

 
What does my signature mean?  
 
By signing below, I am indicating that: 
 

 I have read the letter of information 

 I am aware that the purpose of the study to assess a dynamic trunk support (DTS) 

 I realize I can withdraw at any time without penalty or coercion 

 I can contact any of the people in this letter if I have questions, concerns, or complaints 

 I realize that my data will be kept confidential.  Only if I sign a second time below will  
additional photos or video be taken for possible use in presentation s or publications 

 By signing this consent form, I do not waive my legal rights nor release the investigator(s) 
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and sponsors from their legal and professional responsibilities. 
 
 
Signature Page  
 
 
_____________________________________  __________________ 
Signature of Subject      Date 
 
I have carefully explained the nature of the above research study.  I certify that, to the best of my 
knowledge, the subject understands clearly the nature of the study and demands, benefits, and 
risks involved to participants in this study.  
 
____________________________  _________________ 
Signature of Investigator   Date 
 
 
By signing below, I am indicating my willingness to be photographed for presentations or 
publications.  I realize my identity will be blocked from view in these images. 
 
 
_____________________________________  __________________ 
Signature of Subject       Date 
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Appendix C 

Psychophysical Visual Analog Scales  

Chest pressure 

Participants were instructed to rate how much pressure they felt underneath the chest pad using 

the visual analog scale (VAS) shown next. The illustration was used for communication.  

 

 

Low back discomfort 

Participants were instructed to rate back discomfort using the VAS shown next.  

Effort  

Participants were instructed to rate their effort using the VAS shown next.  

 

No  
pressure 

Extreme 
pressure 

No  
discomfort 

No  
effort 

Light Hard Near  
maximal 

Maximal 
effort 

Extreme 
discomfort 
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Appendix D 

Electromyography 

D-1 Electrode Arrangement and Attachment 

A bipolar electrode arrangement using the Bipole pre-gelled, disposable electromyography 

(EMG) adhesive gel (Ag–AgCl) electrodes (Bortec Biomedical Ltd, Edmonton, AB, CAN), 

shaped as a rectangle with a 2-cm inter-electrode distance and 1-cm electrode diameter, were 

used to collect EMG signals from the skin surface. Prior to attaching EMG electrodes, the skin 

was clean and upbraided using rubbing alcohol swabs. When needed, the site was shaved to 

remove hair. The electrodes were secured to the skin using tape to prevent movement between the 

electrode and underlying skin.  

D-2 Instrumentation  

The 8-channel AMT-8 EMG system (Bortec Biomedical Ltd, Edmonton, AB, CAN) was used to 

process the EMG signal. The signals were first amplified with a 2K gain using a high gain pre-

amplifier embedded in the EMG wires. The AMT-8 was then used to condition the signal with 

variable gains 1-5K, 10G input impedance, frequency response of 10-1000 Hz at -6dB, and the 

Common Mode Rejection Ratio (CMRR) equal to 115 dB. The resultant signal was then 

converted from an analog voltage to a digital signal using a 12-bit A/D card (National 

Instruments, Austin, TX, US) and sampled at 1024 Hz. The raw EMG was extracted for storage 

and signal processing using a custom program created in LabView 8.2.1 (National Instruments, 

Austin, Austin, TX, US).  
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D-3 Signal processing 

The raw EMG signal was processed in the following steps using a custom program in LabView 

8.2.1. (National Instruments, Colchester, TX, US). 

1.  Bandpass filtered (bandwidth: 20-450 Hz). 

2. DC offset removed by subtracting the average from each data point 

3. Filter using a 2nd order Butterworth filter with a cut-off frequency of 2.7 Hz. 

4. Resting EMG levels subtracted after being processed in the same manner as above.  

5. Full wave rectification.  

6. Normalization of EMG trials to each muscle’s average peak of three maximum voluntary 
contraction trials. 

The cut-off frequency of 2.7 Hz was reported by Potvin (1996) as the average value for an 

optimum range of frequencies for the lumbar erector spinae. 

D-4 Electrode Locations  

The sensors were oriented with the electrodes aligned in the longitudinal direction of the muscle 

fibers, overlying the muscle mass; specific placements are reported in Table D-1. Sensor 

locations followed guidelines established by Surface Electromyography for the Non-Invasive 

Assessment of Muscles Project (SENIAN); when guidelines were not available, the sensor 

locations were based on recommendations by Konrad (2005). Refer to Figure D-1 for illustration 

of electrode sites.  
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Figure D-1. Electrode locations. 

D-5 Maximum Voluntary Contraction Testing  

For comparison, the EMG results were normalized to a 100% maximal voluntary contraction 

(MVC) based on an isometric muscle contraction. Muscle testing was conducted immediately 

prior to task trials. For dynamic test conditions, the same position was used since the trunk and 

hip postures were expected to remain within a 45° range from a neutral upright standing position.  

Each muscle was maximally resisted using manually applied force for three sequential 

repetitions; the maximal hold was attained when participants were unable to maintain a static 

hold. The body positions are explained in Table D-1 and conformed to SENIAN guidelines. The 

maximal force was rapidly ramped upwards and participants were provided with verbal 

encouragement to maintain the hold as the force was increased. To avoid error, participants 

practiced the test first, with clear instructions on how to provide a maximal hold. The same 

researcher conducted all testing. 

 

External  
Oblique 

Gluteus maximus 

 
     Hamstring 

Cervical erector 
spinae
Upper trapezius  

Lumbar erector 
Rectus 
abdominus 
Rectus femoris 
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 Table D-1. Electrode location and maximal test protocol  

Muscle Electrode location Maximal test position Muscle 
length for 
test 

Cervical 
Erector 
Spinae 

 

Overlying the muscle 
mass at the level ofC4, 3-
5 cm lateral to the spinous 
process, depending on the 
body dimension 

Unsupported sitting with the head and the 
shoulder girdle held in neutral positions. 
Participants were instructed to hold the head 
straight while manual resistance was applied 
in a forward angular direction, at the back of 
the head. 

Neutral 

Upper 
trapezius 

Overlying the muscle 
mass located at 
approximately midway 
between the acromion and 
C7 spine landmark. 

Unsupported sitting with the head held in a 
neutral orientation and the shoulder girdle 
elevated while the arms were held at the side. 
Participants were instructed to keep their 
shoulder raised while manual resistance was 
exerted in a downwards direction, applied over 
the acromion. 

Inner range 
(shortened) 

Hamstring* 

 

Overlying the muscle 
mass at the approximate 
midpoint between the 
ischial tuberosity and 
lateral epicondyle of the 
tibia. 

Prone lying on a bench with the hands by the 
side.  Participants were instructed to bend their 
knee to 90° and hold while manual resistance 
at the back of the lower leg in a posterior 
direction. 

Neutral 

Gluteus 
maximus* 

 

Overlying the muscle 
mass at the approximate 
midpoint between the 
sacrum and greater 
trochanter, above the 
height of the greater 
trochanter 

Prone lying on a bench, knee bent to 90° and 
the hands by the side.  Participants were 
instructed to lift the leg as high up and hold 
while manual resistance was applied in a 
downward direction at the posterior. 

Inner range 
(shortened) 

Rectus 
femoris 

Overlying the muscle 
mass at the approximate 
midpoint between the 
patella and the anterior 
superior iliac spine. 

Unsupported sitting with the knee bent at 90°. 
Participants were instructed to lift the thigh and 
hold while manual resistance was applied in a 
downward direction at the anterior thigh until 
the force. 

Inner range 
(shortened) 

Rectus 
abdominus 

 

Overlying the muscle 
mass approximately 3-
5cm below the umbilicus 
and 3-5cm lateral to the 
mid line. 

Supine with the arms cross on the upper chest 
and knees in mild bend.  Participants were 
instructed to lift their upper body off the bench 
until approximate 1/3rd sit up and hold while 
manual resistance was applied in a downward 
direction at the upper anterior chest. 

Inner range 
(shortened) 

External 
obliques 

Overlying the muscle 
mass approximately 8 cm 
above the anterior 
superior iliac spine and 
slightly anterior. 

Supine with the arms cross on the upper chest 
and knees in mild bend.  Participants were 
instructed to lift their upper body off the bench 
until approximate 1/3rd sit up in a diagonal 
direction and hold while manual resistance 
was applied to the upper most shoulder in a 
downward direction at the upper anterior 
chest. 

Inner range 
(shortened) 

*SENIAN    
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Konrad P. (2005) The ABC of EMG. A practical introduction to kinesiological  
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 197

Appendix E 

Motion Capture  

E-1 Instrumentation  

The Fastrak ™ motion-capture system (Polhemus, Colchester, VT, US) was used to record the 3-

dimensional position and angular orientation of body segments by attaching a 3-D sensor to the 

body segment. Sensors were attached using adhesive spray or Kryolan adhesive (Kryolan Corp., 

San Franciso, CA, US), depending on the study; all sensors were positioned facing forward and 

upwards at the approximate longitudinal mid-position of the body segment. The Fastrak™ system 

provided for 8 sensors; the location of these sensors depended on the study.  Figure D-1 shows 

the kinematic chains used for each Chapter. The exact locations for sensors were reported in the 

respective studies in the subsection ‘instrumentation’.  

 

Figure E-1. Kinematic models used in Chapters 3, 4 and 5.  
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The position of each sensor was extracted as X,Y, Z with a global reference; orientation was 

extracted as a rotation matrix. A custom program in LabView 8.2.1. (National Instruments, 

Austin, TX, US) was used to extract and store data for processing. Sampling frequency was 

60Hz.   

E-2 Calibration Map 

A digital map was created for the body in upright standing and included sensor locations, 

anatomical landmarks and the location of the leaning board. The map was created by recording 

the X,Y,Z orientation for each of the above locations using a 3-dimension sensor that had been 

attached to the end of a wooden L-shaped ruler. For each position, the X,Y,Z  was collected for 

0.1667 seconds for a total of 10 data and stored for processing using a custom program in 

LabView 8.2.1. The average value of the 10 data was used to map the body.  

E-3 Data Processing 

The global orientation of each sensor was converted from the rotation matrix in the order: flexion, 

side flexion and rotation. In all cases, the reference posture was upright standing with the hands at 

the side, palms facing inwards. All angular orientations were extracted from the sensor location; 

since the segments were assumed to be rigid, this orientation was used to represent the segment.  

Joint angles (relative angles) were calculated by multiplying the rotation matrix of the distal 

segment by the inverse of the rotation matrix of the proximal segment; with angles extracted in 

the order of flexion, side flexion and rotation.  

Joint center and center of mass (CM) locations were completed following a series of steps:  
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1. Joint centers and CM locations were estimated in 3-dimensions using the calibration map, 

based on the assumptions identified in Table K-1 (Appendix K) 

2. Vectors connecting the joint center or CM with the sensor location in upright standing 

were calculated using the calibration map.  

3. The sensor location was transformed to a joint center location or CM location during the 

task trials by multiplying  the rotation matrix of the relevant segment with the vector and 

then adding the resultant vector to the position of the sensor.  

These calculations were performed in a custom program in MatLab 2011a (Mathworks, Natick, 

MA, US).  
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Appendix F 

Consent to Participate – Chapter 4 

School of Occupational & Public Health     

Diagonal Reaching Study 

Letter of Information and Consent 

 

The DTS is a new device being developed for 
workers who work in standing for long periods of 
time. The DTS works by supporting the trunk when 
you lean forward. We are trying to determine whether 
it could be beneficial in preventing low back 
injuries. This device functions similar to a backrest 
of an office chair but it provides support in the front 
in the upper chest area. The trunk is not fixed to the 
device and works when you lean onto it. The support 
plate has been shaped to transfer weight through the 
sternum and upper 4 ribs. The plate is cushioned with 
a thick layer of memory foam. No other similar 
devices exist commercially so the shape of the plate is 
experimental. A possible side effect is temporary 
tingling into the arms or fingers should the thoracic outlet be sufficiently compressed. This 
would be similar to your arm ‘going to sleep’. The width of the plate should be narrow enough 
that it avoids this area. If these symptoms are experienced simply report and testing will be 
discontinued immediately.  
 

The effects of lifting a weight between 3 and 7kg from waist to shoulder height at a 45 degree 
angle with two hands while  leaning agaisnt the Dynamic Trunk Support (DTS) will be compared 
to leaning against a desk and with no support.  
 
While leaning on the DTS, a box weighing 5kg will be lifted with two hands from waist to 
shoulder height on a 45 degree angle at a distance that is far enough that the trunk is required to 
bend forward. This is called an extreme reach. The height of the pillar is adjusted so as the top 
edge of the support plate rests just below the sternal notch and therefore should not interfere with 
arm movement. The load of 5 kg is below recommended lifting limits. This may be adjusted 
downwards to 3kg if the load is considered too heavy or increased to 7kg if the load is insufficient 
for an adequate EMG response.  
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The DTS is not intended as a rigid support.  The amount of support is adjusted based on comfort. 
The mechanism at the base of the device is designed to move freely in all directions. While 
leaning on the device you should be able to move comfortably at all times.  
 
Tasks will be identical for leaning on the desk and with no support. The height of the desk will be 
adjusted such that the pelvis is the point of contact.  
Human motion will be recorded by surface sensors 
that send electromagnetic signals. The sensors are 
attached to the skin using a combination of elastic 
belts and tape. Eight (8) sensors will be used. 
Calibration of the human motion is based on 32 
positions corresponding to anatomical landmarks. A 
wooden ruler with a sensor attached is used to 
position the sensor against the following body parts: 
head, neck, shoulder, elbow, hand, thoracic spine, 
lumbar spine, anterior pelvis at the anterior superior 
iliac spine, hip, knee and foot. 
 
EMG will be collected using surface electrodes that 
are attached to the skin that has been prepared by 
abrading the skin with alcohol and applying snap-
on Ag–AgCl adhesive electrodes (Bortec 
Biomedical Ltd, AB, Canada). Electrodes will be 
attached to bilateral gluteus maximus, hamstring, 
lumbar spine erector spinae and upper and lower 
trapezius on the dominant side. Calibration for EMG 
is based on maximal voluntary capacity testing 
using manual resisted testing methods. You will be 
asked to complete three repeated strength tests for 
each of the muscles listed above.  
 
During testing, you are asked to wear shorts and a 
short sleeved t-shirt. You will need to stretch and warm up prior to the maximal muscle strength 
testing. We can provide guidance for these stretches if you request. A nearby washroom can be 
used to change from street clothes. Upon request, we can have only female researchers in the 
laboratory during testing.  
 
Prior to starting testing you will be given adequate time to practice leaning on the DTS and desk 
and carrying out activities as described. Testing can be discontinued at this time or any point 
in data collection if this is chosen.  

Risks and Benefits 

You may experience some temporary discomfort from leaning against the support plate or against 
the edge of the desk. There is a slight chance that you may experience some temporary numbness 
or tingling in your fingers and this should be reported immediately. The maximal muscle strength 
tests may cause some short term muscle soreness. Gentle stretches and light activity should 
resolve this discomfort. You are advised to seek medical advice if this persists beyond a 
reasonable expected time 2-5 days. An Athletic Therapists is available in the Physical Education 

Locations of EMG electrodes 
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Centre if you would like to consult prior to testing (for stretching techniques) or afterwards to 
promote recovery. You will be asked to carry out a repetitive lifting task that may pose a risk of 
overexertion. It is important that you provide feedback throughout the testing regarding any 
muscle soreness or discomfort. You are expected to work at a comfortable pace lifting at a 
comfortable weight. If you feel the weight is too heavy for repeated lifts please indicate 
immediately. 

Confidentiality  

To protect your confidentiality, data will be collected in the laboratory under the direction of Dr. 
Mohammad Abdoli. Researchers present in the room will only be involved in this project. At 
your request only female researchers can be in the room during testing procedures. All the records 
and data will be kept according to a code number with this number being the only tracer present 
on all of your data files.  Your name will be recorded in a separate file that will be destroyed after 
the data have been verified and processed. Questionnaire data will have only your Code Name on 
it and will be stored in a binder kept in a locked cabinet in a secure place.  

 
We are interested in collecting video and photographs for use in presentations and publications. 
These photographs are NOT needed for data analyses, merely to demonstrate DTS.  If you are 
willing to have photographs taken, we will ask you to sign this permission on the Consent Form. 
For all uses including presentations, your face will be disguised.  

Permission to Withdraw 

As a subject, you are a volunteer who has permission to withdraw from the study at any time 
without coercion or penalty.  In the first instance, you may withdraw after hearing about the 
details of the study.  You may also withdraw at any point during the study as well with no 
penalty.  You will receive full financial reward regardless of when you withdraw.  If you choose 
to withdraw, we will remove all of your data from the database as well. 
 
Payment 

You will receive a stipend of $15.00 for each hour you participate in this study. Typically a 
session will require 1 hour.   
Contacts  

We also want you to feel free to contact us or other administrators of you have questions, 
concerns or complaints.  You are welcome to contact the investigator, Mohammad Abdoli at 416-
979-5000 X7624.  If you have any concerns about your rights as a research subject, please 
contact:  

 

Alexander Karabanow, Research Ethics Coordinator 
Office of the Vice President, Research and Innovation 
Eric Palin Hall, Room EPH415 
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Ryerson University, 350 Victoria Street, Toronto, Canada M5B 2K3 
Phone: 416-979-5000 Ext. 7112, Fax: 416-979-5336 
Email: akaraban@ryerson.ca 
Web: http://www.ryerson.ca/research  
 

Signature Page 

By signing below, I am indicating that: 

 I have read the letter of information regarding the diagonal reach study and the subjective 
rating of chest compression study.  

 I am aware that the purpose of the study to assess a dynamic trunk support (DTS) 
 I realize I can withdraw at any time without penalty or coercion 
 I can contact any of the people in this letter if I have questions, concerns, or complaints 
 I realize that my data will be kept confidential.  Only if I sign a second time below will  

additional photos or video be taken for possible use in presentations or publications 
 By signing this consent form, I do not waive my legal rights nor release the investigator(s)  

and sponsors from their legal and professional responsibilities. 
 

_____________________________________  __________________ 

Signature of Participant      Date 

 

I have carefully explained the nature of the above research study.  I certify that, to the best of my 
knowledge, the subject understands clearly the nature of the study and demands, benefits, and 
risks involved to participants in this study.  
 
____________________________  _________________ 
Signature of Investigator   Date 
 
 
By signing below, I am indicating my willingness to be photographed for  
presentations or publications.  I realize my identity will be blocked from view in these 
images. 
 
_____________________________________  __________________ 
Signature of Participant       Date 
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Appendix G 

Kinematic Results- Chapter 4 

Table G-1. Kinematic findings. 

 

 

 

 

 Average (SD) segment angle in reference to upright standing Average (SD) change in angle in 
comparison to NTS 

 Hip -height reach Shoulder-height reach Hip-height reach Shoulder-height 
reach 

 NTS LTS UTS NTS LTS UTS LTS DTS LTS UTS 

I. Trunk   

Flexion 

52.1 
(12.7) 

41.0 
(12.3) 

38.7 
(9.1) 

22.7 
(6.3) 

19.3 
(4.0) 

20.9 
(4.3 

↓ 11.1 
(9.9) 

↓ 13.4 
(5.7) 

↓ 3.4 
(6.4) 

↓ 1.7 
(7.0) 

Side 
flexion 

28.5 
(7.4) 

29.2 
(6.3) 

27.8 
(8.6) 

17.4 
(5.4) 

19.9 
(6.2) 

18.4 
(7.7) 

↑ 0.7 
(4.8) 

↓ 0.7 
(9.6) 

↑ 2.5 
(5.0) 

↑ 1.1 
(6.3) 

Rotation 33.5 
(16.2) 

25.6 
(8.7) 

27.2 
(10.0) 

22.5 
(8.4)  

15.2 
(8.7) 

17.4 
(9.7) 

↓ 7.9 
(10.7) 

↓ 6.3 
(10.1) 

↓ 7.3 
(5.9) 

↓ 5.1 
(7.2) 

II. Thoracic segment    
Flexion 13.7 

(6.8) 
12.8 
(4.9) 

7.8 
(4.9) 

0.7 
(8.0) 

2.5 
(5.7) 

1.9 
(5.9) 

↓0.8 
(4.1) 

↓5.9 
(5.6) 

↑1.7 
(7.9) 

↑1.3 
(8.0) 

Side 
flexion 

8.1 
(5.5) 

6.7 
(5.6) 

10.0 
(6.4) 

8.1 
(5.4) 

7.3 
(5.4) 

10.4 
(7.0) 

↓1.3 
(2.8) 

↑↓1.9 
(6.5) 

↑0.8 
(3.0) 

↑2.3 
(5.1) 

Rotation 9.1 
(5.2) 

15.8 
(7.4) 

12.2 
(6.4) 

7.3 
(7.7) 

15.6 
(5.4) 

9.0 
(8.4) 

↑6.7 
(4.8) 

↑3.0 
(5.0) 

↑8.3 
(7.2) 

↑1.8 
(10.3) 

III. Lumbar segment  
Flexion 19.7 

(16.0) 
16.2 

(10.2) 
13.5 
(8.6) 

12.1 
(9.3) 

11.1 
(6.2) 

10.8 
(7.4) 

↓ 3.5 
(7.4) 

↓ 6.3 
(9.0) 

↓ 1.0 
(5.5) 

↓1.2 
(4.3) 

Side 
flexion 

12.4 
(11.7) 

9.6 
(6.6) 

10.0 
(11.8) 

7.9 
(6.9) 

7.5 
(5.9) 

8.1 
(8.1) 

↓ 2.8 
(6.3) 

↓ 2.4 
(3.1) 

↑ 0.4 
(2.2) 

↓ 1.3 
(3.1) 

Rotation 4.2 
(3.4) 

3.5 
(3.0) 

4.5 
(2.3) 

4.0 
(2.5) 

3.3 
(3.2) 

4.2 
(3.6) 

↓ 0.7 
(3.8) 

↓ 0.3 
(3.6) 

↓ 8.7 
(3.0) 

↓ 0.2 
(3.5) 

IV. Pelvis segment 
Flexion  16.9 

(8.8) 
14.0 
(7.2) 

16.8 
(10.2) 

13.7 
(4.6) 

13.1 
(5.8) 

13.6 
(4.6) 

↓ 2.9 
(6.7) 

↓ 0.0 
(8.6) 

↓0.5 
(5.5) 

↓0.1 
(5.4) 

Side 
flexion 

9.6 
(3.7) 

8.1 
(2.7) 

4.7 
(3.4) 

6.3 
(1.6) 

7.6 
(4.4) 

3.8 
(2.2) 

↓ 1.5 
(2.5) 

↓ 4.9 
(3.8) 

↓1.3 
(3.3) 

↓ 2.5 
(1.6) 

Rotation 11.3 
(8.4) 

2.5 
(5.0) 

10.1 
(7.8) 

11.8 
(4.7) 

0.8 
(2.8) 

7.6 
(4.0) 

↓ 8.8 
(9.4) 

↓ 1.2 
(10.1) 

↓ 11.0 
(3.7) 

↓ 4.2 
(5.5) 

V. Thigh 
Flexion -5.7 

(4.6) 
0.7 

(3.2) 
0.4 

(2.2) 
1.2 

(5.8) 
1.2 

(3.3) 
0.3 

(3.7) 
↑ 6.4 
(4.3) 

↑ 6.5 
(5.6) 

 0.0 
(6.4) 

0.9  
(8.0) 

Side 
flexion 

-0.6 
(3.8) 

-0.2 
(2.3) 

-3.5 
(2.2) 

2.6 
(1.2) 

0.8 
(1.6) 

-1.3 
(2.9) 

↑1.3 
 (4.6) 

↓ 3.3  
(4.6) 

↓1.8 
(2.0) 

↓ 3.7 
 (2.8) 

Rotation 13.5 
(6.0) 

4.8 
(4.9) 

7.5 
(5.1) 

10.5 
(4.7) 

0.7 
(4.8) 

4.5 
(3.8) 

↓ 9.3  
(8.5) 

↓ 5.4 
 (7.9) 

↓ 9.7 
(6.2) 

↓ 5.6 
 (3.8) 
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Table G-2. Statistical results for kinematics. 

 
2- way repeated 

measures ANOVA 
1-way repeated measures ANOVA 
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A. Total-trunk 

Flexion  13.5 43.9 8.3 18.3* 12.7 55.4 234.3 1.4 - - 400.3 
 p .000 .000 .003 .001 .006 .005 .000 .266   .000 

Side 
flexion 

 1.3 10.7 0.3 0.4 - - 182.6 1.1 - - 106.0 

 p .28 .01 .72 .692   .000 .362   .000 
Rotation  8.8 6.5 0.0 3.7 4.5 3.9 74.5 4.3 15.3 5.0 58.3 

 p .002 .03 .96 .047 .062 .079 .000 .03 .004 .053 .000 

B. Thoracic 

Flexion  1.8 22.0 3.6 8.2 4.5 11.1 58.0 0.3 - - 1.2 
 p .186 .001 .048 .003 .516 .009 .000 .754   .304 

Side 
flexion 

 4.3 0.02 0.0 1.8 - - 26.8 2.45 - - 25.4 

 p .059 .904 .967 .21   .001 .114   .001 
Rotation  12.9 0.43 0.4 6.1 19.4 3.6 53.5 6.0 13.5 0.3 35.8 

 p .000 .527 .687 .009 .002 .089 .000 .01 .005 .604 .000 

C. Lumbar 

Flexion  5.7 2.32 1.4 4.0 - - 21.0 0.4 - - 24.3 
 p .012 .162 .272 .07   .001 .673   .001 

Side 
flexion 

 1.20 1.39 1.4 1.8 - - 12.2 0.2 - - 24.3 

 p .323 .269 .266 .195   .007 .760   .001 
Rotation  0.6 0.00 0.0 0.5 - - 34.7 0.3 - - 28.2 

 p .535 .839 .995 .632   .000 .72   .000 

D. Pelvis 
Flexion  1.02 0.6 0.4 .94 - - 41.7 .06 - - 103.1 

 p .38 .449 .654 .41   .000 .942   .000 
Side 

flexion 
 15.4 17.7 28.9 10.8 3.5 16.7 108.8 45.0 24.0 44.6 113.9 

 p .000 .002 .000 .001 .090 .003 .000 .000 .001 .000 .000 
Rotation  21.2 0.50 0.4 5.9 8.9 0.2 30.6 25.7 89.5 5.7 62.4 

 p .000 .500 .600 .010 .020 .710 .000 .000 .001 .040 .000 
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Appendix H 

Ethics Approval – Chapters 5 and 6 



 207

Appendix I 

Consent to Participate – Chapters 5 and 6 

 

School of Occupational & Public Health 

Forward leaning at table height with sagital plane reaching 

Letter of Information and Consent 

 
The purpose of this study is to compare how your body moves while reaching forward and 
leaning against a table edge with the height adjusted to:  1) middle abdomen, 2) middle pelvis, 
and 3) upper thigh.  

 

This study is being done to learn how much weight is transferred to the desk while leaning and 
reaching forward. To measure weight transfer a forceplate is used. For this study, two forceplates 
are used; you stand on one to measure the ground reaction force and the second is positioned in a 
vertical direction and hangs along the legs of the table. Changes in the way your body moves are 
also of interest to see if leaning height changes how the back segments move and whether the arm 
and trunk move together. To track your movements, an electromagnetic tracking system is used. 
This system has seven sensors that will be attached to you using a medical adhesive (Kryolan 
Corp,California U.S.), VelcroTM straps and a baseball cap. To start we will ask you to stand 
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upright in order to digitize a human map. From these coordinates, 
changes in position and angle can be measured and compared.  
 
While leaning against a bar, you will be asked to reach forward 
holding 10% of your body weight with both hands to two different 
heights; shoulder height and hip height, and two different forward 
distances (distances that require mild and moderate trunk 
recruitment). The reaches will be repeated but while holding 5% of 
body weight. Three repetitions are needed for each condition. When 
this is completed for three leaning heights, a total of 24 reaches will 
have been performed.  
 
At the end of testing, we will ask a few questions regarding your preference for leaning height 
and whether you experienced any discomfort. We are hoping that the information gained from 
this study can be applied to individuals who work for long periods of time in standing doing 
repetitive reaching. An example of this type of work is sorting materials from a conveyor,  

Risks and Benefits 

Gentle stretches and light activity should resolve any discomfort. You are advised to seek medical 
advice if you experience discomfort that persists beyond a reasonable expected time 2-5 days. An 
Athletic Therapists is available in the Physical Education Centre if you would like to consult prior 
to testing (for stretching techniques) or afterwards to promote recovery. You will be asked to 
carry out a repetitive lifting task that may pose a risk of overexertion. It is important that you 
provide feedback throughout the testing regarding any muscle soreness or discomfort. You are 
expected to work at a comfortable pace lifting at a comfortable weight. If you feel the weight is 
too heavy for repeated lifts please indicate immediately. 

Confidentiality  

To protect your confidentiality, data will be collected in the laboratory under the direction of Dr. 
Mohammad Abdoli. Researchers present in the room will only be involved in this project. At 
your request only female researchers can be in the room during testing procedures. All the records 
and data will be kept according to a code number with this number being the only tracer present 
on all of your data files.  Your name will be recorded in a separate file that will be destroyed after 
the data have been verified and processed. Questionnaire data will have only your Code Name on 
it and will be stored in a binder kept in a locked cabinet in a secure place.  

 
We are interested in collecting video and photographs for use in presentations and publications. 
These photographs are NOT needed for data analyses, merely to demonstrate DTS.  If you are 
willing to have photographs taken, we will ask you to sign this permission on the Consent Form. 
For all uses including presentations, your face will be disguised.  
Permission to Withdraw 
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As a subject, you are a volunteer who has permission to withdraw from the study at any time 
without coercion or penalty.  In the first instance, you may withdraw after hearing about the 
details of the study.  You may also withdraw at any point during the study as well with no 
penalty.  You will receive full financial reward regardless of when you withdraw.  If you choose 
to withdraw, we will remove all of your data from the database as well. 
 
Payment 
You will receive a stipend of $15.00for each hour you participate in this study. The total time 
should be within 2 hours.  
 
Contacts  
We also want you to feel free to contact us or other administrators of you have questions, 
concerns or complaints.  You are welcome to contact the investigator, Mohammad Abdoli at 416-
979-5000 X7624.  If you have any concerns about your rights as a research subject, please 
contact:  

 
Alexander Karabanow, Research Ethics Coordinator 
Office of the Vice President, Research and Innovation 
Eric Palin Hall, Room EPH415 
Ryerson University, 350 Victoria Street, Toronto, Canada M5B 2K3 
Phone: 416-979-5000 Ext. 7112, Fax: 416-979-5336 
Email: akaraban@ryerson.ca 
Web: http://www.ryerson.ca/research  

Signature Page 

By signing below, I am indicating that: 

 I have read the letter of information for the study ‘forward leaning against a table with  
      Sagittal plane reaching’. 

 I am aware that the purpose of the study is to evaluate how much weight is transferred  
when I  reach forward and I move while reaching forward for the purpose of research and  
application to the workplace.  

 I realize I can withdraw at any time without penalty or coercion 

 I can contact any of the people in this letter if I have questions, concerns, or complaints 

 I realize that my data will be kept confidential.  Only if I sign a second time below will 
additional photos or video be taken for possible use in presentations or publications 

 By signing this consent form, I do not waive my legal rights nor release the investigator(s)  
      and sponsors from their legal and professional responsibilities. 
_____________________________________  __________________ 

Signature of Subject      Date  
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Appendix J 

Mathematical Model for Target Reach Distance  

To standardize trunk angle between participants, a custom program was created in Excel 2010 

(Microsoft, Redmond, WA,US) to estimate the forward reach distance required based on the 

following assumptions:  

 Trunk was a rigid body.  

 No scapular protraction. 

 Reach distance was at height of the hip.  

 Elbow was straight. 

 

To start, the anthropometrics listed in Table J-1were measured using a tape measure and used as 

inputs into the program. The total reach distance needed to standardize trunk flexion to a target 

trunk angle was calculated as the sum of the forward reach contribution of the trunk and forward 

reach contribution of the arm less 3 cm (Equation J-1). The 3 cm was used as a buffer to keep the 

trunk angle at 45° taking into consideration that the effective trunk length for high lean is 

shortened because leaning is at the mid abdomen, assuming that the trunk flexes distal to the lean 

contact. The reach contribution for trunk was calculated using Equation J-2, and the reach 

contribution for the arms was calculated using Equation J-3 and J-4.  Refer to Figure J-1 for an 

illustration of the model.  

 

Equation J- 1: 

Rtotal=Rtrunk+Rarm 

Where R= reach. 

 

Equation J-2: 

Rtrunk=sin  * Ltrunk  

Where L=length, and  = 90 – target trunk angle. 

Figure J-1. Model for predicting reach distance 

 

R(arm) 

  

L(trunk) L(arm) 

α 

R(trunk) 

R(total) 

H(shoulder) 



 211

Equation J-3: 

Rarm=√	Ltrunk
2 –(Ltrunk-Hshoulder)

2 

Where H= height 

Equation J-4: 

Hshoulder=tan(180-(90+180- )/2) * Rtrunk 

 

Table J-1. Worksheet for calculating reach distance. 

 

 

 

 

 

 

 

 

 

 

 

Anthropometrics (cm) 

shoulder height 

Knuckle 

arm length  

hip height  

trunk length  (shoulder height – hip height) 

lift height 

horizontal (hip height) 

reach distance with forward-bent trunk  

   Target trunk angle  

     forward trunk reach  

      vertical displacement shoulder 

         transition math step 

      forward arm reach  

TOTAL horizontal REACH DISTANCE 
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Appendix K 

Biomechanical Model 

K-1 Model 

In Chapter 6, net external quasi-dynamic moments were calculated for the shoulder, T12-L1, and 

L5-S1. The models used to calculate the external moments were based on the global method 

described by Hof (1992) (Figure K-1). The moments were limited to two-dimensions in the 

sagittal plane because movement was constrained to this plane. The following assumptions were 

made:  

 Upper extremity motion was symmetric, 

 Load was shared equally between the two hands, 

 Load had a center of mass equal to the wrist joint center,  

 All segments behaved as rigid segments, 

 Hand and forearm acted as a rigid segment, and 

 Box was located at the wrist. 

 

The net external moments at the shoulder were calculated based on a 3 segment model (n=3): 

upper arm, forearm and load. For T12-L1, a 4 segment model (n=4) was used that included the 

thoracic segment in addition to the two upper extremity segments and load. The net external 

moments at L5-S1 were calculated based on a 5 segment model (n=5): lumbar, thoracic, upper 

arm, forearm and load. It was assumed that the head position would remain constant under the all 

test conditions and therefore, it was excluded from the models. The global method was chosen 

because of the selective influence of shoulder protraction on reach distance that was reported in 

Chapter 5. Unlike the link segment method, the global method captures this effect for the external 

moments at T12-L1 and L5-S1 since the lever arms used to estimate the moment components are 
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calculated as the distance between the joint center in question and the CM locations of each of the 

upper extremity segments and load.   

 

Figure K-1. Illustration of the body segments included in the calculations of moments.  

K-2 Moment Calculations  

The net moment calculated was a quasi-dynamic moment (Equation K-11) including the total 

moment of the weights of the body segments and reaction forces (static) (Equation K-2), and the 

total moments of the linear acceleration forces (Equation K-3).  Since the flexion moment was 

identified as the negative moment, the static moment was added to the linear acceleration. Linear 

acceleration was calculated at the CM using Equation K-4.  At terminal reach, the reach 
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movement had stopped, therefore, the net moment at terminal reach reported only the static 

component.  When the lean height was high, at mid abdomen, the lean reaction force (LRF) was 

included in the static moment at L5-S1 as shown in Equation K- 5; since this force was at an 

angle, the LRF was decomposed into its horizontal and vertical components.  Since the horizontal 

component of the LRF was negative, but the moment was positive, its moment contribution was 

subtracted. The LRF was found by direct measure using a vertically aligned force plate as 

described in methods in Chapter 6.  

Equation K-1:  

	 	 	 	 	 	 

Equation K-2:	

	 		 	 ∗ ∗ 	 	  

 

Equation K-3: 

	 	 		 	 	 ∗ 	 ∗ 	 	 	  

	 ∗ 	 ∗ 	 	 	 				 

 
Where: 

CM=center of mass, 
M= Moment,	 
a=linear acceleration, 
d=distance, 
g=gravity, 
m=mass, 
n=number of segments, 
t=time. 
 

Equation K-4: 

	 	 		

	 ∗ ∗ 	 	 	 ∗ 	 	  

	 	 ∗ 	 	 	 
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Where: 
LRF=leaning reaction force, 
CLRF=center of leaning reaction force 

 

Equation K-5: 

	
2 ∗
1/

 

Where: T = duration 

 

For details on body segment properties, refer to Table K-1.  

Table K-1. Anthropometric assumptions used in biomechanical model 

 Mass Joint Center location CM location from 
proximal joint 

Lumbar 
segment 
 
(L5-S1 to 
  T12-L1) 

13.9% B.W.  
(Winter, 2005) 

L5-S1 
L5 spinous process  
Anterior position adjusted by 8.89 cm  
(Robertson, 2004) 
 
T12-L1 
T12 spinous process  
Anterior position adjusted by 7.59 cm  
(Robertson, 2004) 
 

44% length of the  
lumbar segment 
(Robertson, 2004)  
 

Thoracic 
segment 
 
(T12-L1 to  
  C7-T1)  

21.6% B.W. 
(Winter, 2005) 

C7-T1 
C7 spinous process  
Anterior position adjusted by 6.76 cm 
(Robertson, 2004)  
 

82% length of the 
thoracic segment  
(Robertson, 2004)  
 

Upper arm 
 
(Shoulder to 
elbow) 

2.8% B.W. 
(Winter, 2005) 

Shoulder 
10.4% length of the upper arm  below the 
lateral border of the acromion 
(de Leva, 1996) 
 

42.3% length of 
the  upper arm 
(de Leva, 1996) 

Forearm 
 
(Elbow to wrist) 

2.2% B.W. 
(includes hand) 
(Winter, 2005) 

Elbow 
Midway between the medial and lateral 
humeral epicondyles 
(Chaffin, 2006)  
 

45.7% length of 
the forearm 
(Chaffin, 2004) 
 

Load  
 
 

5% or 10% B.W. 
depending on 
test conditions 

Wrist  
Midway between the medial and lateral 
styloid processes (Chaffin, 2006)  
 

Wrist 
 

B.W. = body weight 
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Appendix L 

Anthropometric Data Tables for Moment Calculations – Chapter 6  

 
 

Table L-1. Age, stature and weight. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

Subject Age Stature Weight  

      Head  Hip  Shoulder    

  (yrs) (m) (m) (m) (N) 

1 23 1.68 0.89 1.37 561.5 

2 24 1.78 0.88 1.45 790.9 

3 27 1.86 0.94 1.50 812.4 

4 34 1.77 0.86 1.48 1136.8 

5 23 1.62 0.79 1.34 638.0 

6 28 1.85 0.94 1.52 857.5 

7 22 1.73 0.85 1.42 659.5 

8 25 1.80 0.96 1.48 775.2 

9 32 1.80 0.93 1.50 643.9 

10 24 1.79 0.93 1.44 740.9 

11 20 1.65 0.83 1.30 667.4 

12 25 1.84 0.92 1.52 756.6 

13 31 1.73 0.89 1.44 642.9 

14 20 1.76 0.89 1.45 756.6 

15 18 1.74 0.90 1.40 926.1 

Mean  25.067 1.76 0.89 1.44 757.7 

Std. dev. 4.605 0.07 0.05 0.07 142.3
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Table L-2. Body segment lengths. 

  Forearm   Arm   
Upper 

thoracic 
Lower 

thoracic Thoracic   Lumbar   Trunk   

  Length CM  Length CM Length Length length CM Length CM Length CM 

  (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) 

1 0.215 0.098 0.270 0.114 0.186 0.146 0.329 0.269 0.120 0.053 0.446 0.281 

2 0.262 0.120 0.305 0.129 0.167 0.184 0.345 0.283 0.083 0.037 0.427 0.269 

3 0.240 0.110 0.288 0.122 0.172 0.212 0.381 0.312 0.118 0.052 0.494 0.311 

4 0.241 0.110 0.302 0.128 0.183 0.161 0.332 0.273 0.110 0.048 0.440 0.277 

5 0.245 0.112 0.279 0.118 0.144 0.209 0.352 0.289 0.084 0.037 0.427 0.269 

6 0.263 0.120 0.274 0.116 0.202 0.183 0.375 0.308 0.098 0.043 0.470 0.296 

7 0.231 0.105 0.294 0.124 0.159 0.183 0.333 0.273 0.112 0.049 0.443 0.279 

8 0.244 0.111 0.306 0.129 0.163 0.230 0.382 0.313 0.092 0.041 0.471 0.296 

9 0.258 0.118 0.320 0.135 0.128 0.195 0.305 0.250 0.164 0.072 0.392 0.247 

10 0.172 0.073 0.172 0.073 0.114 0.086 0.191 0.157 0.206 0.090 0.389 0.245 

11 0.241 0.110 0.264 0.112 0.203 0.145 0.338 0.277 0.063 0.028 0.401 0.252 

12 0.340 0.155 0.311 0.132 0.221 0.152 0.371 0.304 0.114 0.050 0.483 0.304 

13 0.235 0.107 0.292 0.123 0.222 0.156 0.375 0.307 0.087 0.038 0.461 0.291 

14 0.242 0.111 0.297 0.126 0.218 0.154 0.365 0.299 0.093 0.041 0.453 0.285 

15 0.226 0.103 0.293 0.124 0.193 0.168 0.355 0.291 0.099 0.044 0.449 0.283 

Mean  0.244 0.111 0.284 0.120 0.178 0.171 0.342 0.280 0.109 0.048 0.443 0.279 
Std. 
dev. 0.035 0.017 0.035 0.015 0.033 0.035 0.047 0.039 0.035 0.015 0.032 0.020 


