
ABSTRACT 

GANGAKHEDKAR, SHRUTI BHARAT. The Effects of Scaffolding Equipment 

Interventions on Muscle Activation and Task Performance in Frame Assembly and 

Disassembly Tasks. (Under the direct of Dr. David B. Kaber.) 

A local power utility’s injury database was analyzed to identify jobs with high injury 

rates for maintenance personnel. These jobs were analyzed for ergonomics-related hazards, 

first, using a subjective screening tool and then via a detailed quantitative analysis on the 

high risk jobs. This analysis revealed scaffold frame assembly tasks, including walk-board 

tie-down and frame tube coupling to pose high-risks. The purpose of this study was to (1) 

conceptualize ergonomic interventions with potential to reduce exposure to hazards for the 

two high-risk tasks; and (2) conduct experiments to assess the impact of the proposed 

interventions on muscle activation levels and task performance.  

The standard procedure adopted at the local utility for walk-board tie-down tasks 

involves use of a #9 gauge metal wire to secure boards to a scaffold frame. Pre-cut wires are 

looped around the walk-boards and frame, and then tightened with pliers. An evaluation of 

this task revealed risk factors of high force, extreme postures and repetitious movements 

during plier use in tightening the metal wire. To reduce the effect of these problems, plastic 

zip-ties were proposed. 

For the scaffolding coupling task, standard ratchet couplers are used to secure two 

tubes at an angle to each other. These couplers have a standard nut and bolt mechanism 

which requires high torquing through a ratcheting activity. A unique lever coupler using a 

“ski-boot” clamping mechanism was developed to eliminate the torque requirement and 

repetitious movements associated with the current technology.  



Two experiments were conducted, one on walk-board tie-down and the other on 

scaffold frame coupling with nine male scaffolders. Electromyography (EMG) was used to 

measure muscle activation in four forearm muscles (FCR, FCU, ECR and ECU). Average 

time-to-task completion (TTC) was also recorded as an indicator of risk exposure. 

Multivariate and univariate Analyses of Variance were conducted on each response to assess 

the impact of the interventions. It was expected that the muscle activity and TTC would be 

significantly reduced with the zip-ties and lever couplers. 

In the walk-board tie-down experiment, results revealed muscle activation and 

performance times to be positively affected when metal wire was replaced by zip-ties. Mean 

normalized muscle response was reduced by 33.7% for FCR, 25.5% for FCU, 14.5% for 

ECR and 34.7% for ECU. Related to the second hypothesis on performance time, TTC was 

reduced by 8.49 seconds when using the plastic zip-ties (a 33.4% reduction). 

In the coupling experiment, mean normalized muscle response was significantly 

reduced by 48.7% in FCR, 48.0% in FCU, 34.1% in ECR and 49.3% in ECU when lever 

couplers were used in place of conventional ratchet couplers. In conclusion, the empirical 

data supported the hypothesis that lever couplers were quicker than the existing ratchet 

couplers revealing an overall improvement of 2.5 seconds (8.3%) for securing two tubes. 

Results were in conformance with the initial hypothesis of reduced EMG for forearm 

muscles and task performance times, when the proposed interventions were compared to 

existing scaffolding equipment. Hence, the plastic zip-ties and lever couplers were proposed 

as alternate equipment to the local power utility. Future research may examine the proposed 

interventions in an actual field setting under a range of scaffolding work conditions to 

identify potential benefits. 
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1        Introduction 

1.1 Motivation for Study 

In 2008 and 2009, the Ergonomics Center of North Carolina (ECNC) partnered with 

an electric power utility, to investigate organizational safety issues including identifying 

injuries with ergonomics related root causes. North Carolina State University‟s Ergonomics 

Lab was contacted by the Ergonomics Center to provide assistance on this project. This 

thesis is a result of this partnership. The objective of this partnership was to develop an 

ergonomics program which would identify interventions to reduce incidence of repetitive 

strain injuries (RSI). To meet this objective, the project was divided into four steps: (1) 

review of the local power utility‟s Safety Information Management System (SIMS) database 

and analysis of incidents; (2) screening of jobs which emerge from the database analysis; (3) 

performing a “deep dive” or detailed analysis on these high risk jobs; and (4) conducting an 

experimental evaluation of ergonomic interventions to address the outcomes of the “deep 

dive” analysis. The database investigation, initial screening and detailed deep dive analysis 

were conducted by a professional ergonomist from the ECNC and a post-doctoral researcher 

from the department. The objective of this thesis was to conceptualize the ergonomic 

interventions and to empirically assess the impact on muscle activity and task performance 

times. 

The SIMS database is populated and maintained by plants in the utility‟s nuclear 

power fleet and contains information on the Occupational Safety and Health Administration 

(OSHA) logs for each plant. During the period of January 2002 to July 2007, for all the 

occupations covered at the NPPs, 162 recordable cases were observed. An analysis of the 
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causes of these recordable injuries revealed 58 out of 162 or 35.8% of the incidents to be 

associated with ergonomics. Fifty four of the 162 cases were due to strain and sprain injuries. 

Security and maintenance jobs accounted for majority of the RSIs resulting in lost time. 

Further analysis of security jobs was not possible through this project due to corporate 

security issues. Of the 54 strain and sprain injuries, 13 (24%) of them were sustained during 

maintenance operations. Maintenance operators were exposed to a number of RSIs. Fifty 

percent of tendinitis cases and 50% of all back strains were found among maintenance 

operators.  In general, the incidence rates for maintenance operators were much higher than 

all other job types. Additionally it was found that the maintenance operators accounted for a 

significant portion of the lost time injuries for the nuclear power plants (NPP).  

The analysis of maintenance jobs and identification of ergonomics-related root causes 

motivated the power utility in an effort to reduce the number of recordable injuries. 

Maintenance tasks including scaffolding assembly and disassembly were selected for further 

evaluation. Consequently, the Lab research effort was focused in this direction. The 

possibility of reducing sprains and strains was considered to be beneficial outcome of the 

project for the utility. 

1.2 Preliminary Job Analysis  

 

Based on the examination of the SIMS database, the scope of the preliminary job analysis 

was limited to those jobs associated with ergonomics-related injuries. Safety-related injuries 

like slips, trips and falls were not addressed in this analysis. Two sub-steps of the job analysis 

included: (1) screening of maintenance jobs for ergonomics risk factors; and (2) performing 

“deep-dive” analyses on high risk jobs identified through screening. 
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With respect to screening of maintenance jobs for ergonomics risk factors, this was 

performed using an ergonomics screening tool developed by the ECNC, which combines and 

integrates the Rapid Upper Limb Assessment (RULA) with the NIOSH lifting equation in 

assessing a job. RULA is a survey tool used during ergonomic assessments of workplaces 

where workers have been exposed to risk factors resulting in upper-limb disorders 

(McAtamney and Corlett, 1993). It provides a rapid assessment of loads on body parts of 

operators due to factors such as posture, muscle use and force or load. The NIOSH lifting 

equation is used to estimate the acceptable load of lift for a job by considering weight of 

load, posture of lift, repetition and duration of exposure (Waters, Putz-Anderson, & Garg, 

1994). The ergonomists involved in the project with the power utility used this tool to 

identify risk factors and establish risk scores for the jobs selected for review. The jobs 

reviewed using this tool were diverse and included chemical technicians, maintenance 

mechanics, scaffolding operators, shipping staff, turbine maintenance personnel and water 

treatment facility maintenance staff.  

The first step in the job analysis process was a task analysis wherein the jobs were 

broken down into component tasks. These tasks were then given subjective ratings for the 

three risk factors including extreme posture, force and repetition in terms of body areas. Ten 

different areas of the body were rated on risk factor exposure using the tool, including the 

neck, back, right and left separately of shoulders, arm/elbow, wrist and leg. The ratings for 

each of the three risk factors were then used to calculate a risk priority for each area of the 

body. The worst task for a particular anatomical region was identified among the list of tasks 

required to perform the job. Finally, an overall job risk score (low, moderate and high) was 
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calculated by weighting and summing up the priorities for each body part. A comparison of 

the job scores was made to establish specific aspects of jobs that were most likely to cause 

ergonomics-related injuries. Observations were made on why certain tasks contributed to 

high risk scores and the worst tasks were identified for each body area.  

The initial ergonomic job screening revealed scaffolding, shipping and receiving and 

cable pulling as “high” risk in terms of ergonomic factors among the various maintenance 

jobs. These jobs were noted to have some common characteristics like high body forces 

generated due to use of hand tools, extreme posture positions or repetitious nature of tasks. 

 In regard to the “deep dive” analysis on high risk jobs, existing ergonomics job 

assessment methods were used such as the NIOSH lifting equation, the Strain Index and the 

Liberty Mutual psychophysical lifting limits, in order to quantify the extent to which jobs 

exceed established criteria. The results of this analysis were to provide a basis for 

recommendations on job design interventions. The Strain Index is a methodology for 

assessing ergonomic risks to the distal upper extremity associated with a job. Six task 

variables including intensity of exertion, duration of exertion per cycle, wrist posture, efforts 

per minute or frequency, speed of exertion and duration of task per day are measured. Each 

variable is then assigned a rating, independently. Finally the Strain Index is computed as a 

product of the individual ratings on the six task variables (Moore and Garg, 1995). The 

Liberty Mutual psychophysical lifting limits are used to establish the relationship between 

the actual lifting capacity of workers and their perceived psychological limits. The safe 

lifting limit is a combination of the load of lift which is physically feasible for a worker and 



5 
 

which is perceived as safe, or something one can do without suffering an injury (Snook, 

1978).  

 The ECNC uses a software application called Ergonomic Decision-making Guide for 

Assessing Risk (EDGAR), which is a computerized version of the above analysis tools. The 

first step in using the software is to divide the entire job into component elements like lifting, 

carrying, posturing and hand-intensive tasks. Breaking down tasks into elements enables use 

of the appropriate tool for analysis purpose. The elements are assigned a ranking of 

“Passed”- that is, they pose no risk to the worker, “Cautioned”- the task represents an 

acceptable risk, or “Failed”- where elements are highly risky and should be discontinued at 

the earliest time.  

 The deep dive analysis revealed scaffolding operations to include many tasks with 

associated ergonomic risks. Sixteen elements were analyzed in which one “Passed”, ten 

received “Cautioned” and five were “Failed”. Of the five elements that received “Failed” 

rankings, two were associated with loosening of scaffold joints. The hand torque observed in 

this task was around 300 in-lbs at the wrist, which was much higher than the recommended 

180.75 in-lbs (Mittal and Channaveeraiah, 1988). The second element that was rated “Failed” 

was lifting and lowering of scaffolding equipment. It was observed that scaffolding operators 

were involved in one-handed lifts and transporting walk-boards weighing approximately 35 

lbs on a regular basis. This was much higher than a recommendation of 7.1 lbs by the 

University of Michigan‟s 3D Static Strength Prediction Program (3D SSPP).  Another 

observation on transporting scaffold equipment, revealed worker to carry weights of up to 40 

lbs. This was higher than Snook‟s (1978) recommendation for two-handed lifting of 37.4 lbs 
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for a general work population. The activity of tying down scaffold walk-boards with #9 

gauge wire was included in the “Cautioned” elements category. Based on Moore and Garg‟s 

research (1995), this activity was found to involve “Very Bad” hand and wrist postures. It 

was also perceived by workers as “Somewhat Hard” on an intensity of exertion scale. 

 The above results clearly identify scaffolding as a high risk maintenance activity, 

based on the quantitative evidence on the various risk factors. The focus of the Lab research 

was narrowed to two activities posing high risks of ergonomics-related injury to the worker. 

These included the scaffold walk-board tie-down with the #9 gauge wire and the assembly 

and disassembly of conventional couplers to construct (and tear down) scaffold frames. Both 

these activities were typically a part of any scaffold construction job performed by the 

maintenance operators. The reason why these tasks pose high ergonomic risk to operators is 

because they involve awkward hand and wrist postures and high forces to perform the tasks. 

Other than the fact that risk factors could be associated with each task, they were critical in 

that alternate methods had not been identified for safely carrying out the tasks. In terms of 

complexity, these tasks could be replicated in a lab setting for further detailed analysis. 

Consequently, two experiments were designed and conducted to assess ergonomic 

interventions in the scaffold walk-board tie-down and tube-coupler assembly and 

disassembly tasks. These experiments were the focus of this thesis and will be described 

later.  
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1.3 Existing Equipment used in Scaffolding Operations 

 

Scaffolding is a type of maintenance job that is unique and uses equipment which is 

tailor-made for application. The most common type of scaffolding frame equipment is tube 

and coupler. It is comprised of approximately 2 inch diameter hollow steel tubes available in 

varying lengths, which are connected to each other to form a frame structure using steel 

couplers. Though there are a number of other commercially available scaffolding systems, a 

dialog with environmental, health and safety personnel at the power utility revealed the NPPs 

to use the tube and coupler system about 80% of the time for their maintenance activities. 

The main motivation for this is the flexibility associated with construction of structures using 

the tube and coupler, which is much greater than any other alternate form of scaffolding 

system. For example, cross braces can be easily assembled to increase frame strength using 

tube and coupler system using swivel couplers to connect diagonal tubes. A major limitation 

of the alternate forms of scaffolding systems is that they cannot be used in irregular shaped 

areas which are typical in power utilities due to their rigid clamping mechanism. This led to a 

study focus on the conventional tube and coupler system. There are different companies 

involved in the manufacture of scaffold tubes and couplers (e.g. Safway Inc.). However there 

is similarity in the size and manner in which scaffolding equipment functions across 

manufacturers. This led to selection of standard devices from the pool of brands readily 

available in the market for experimentation purposes.  

1.3.1 Walk-board Tie-Down Task  

Once a scaffold frame has been constructed walk-boards are laid down in order to 

form a surface where operators can walk and work on. By laying walk-boards end-to-end, 
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work surfaces can be constructed that aid maintenance personnel in completing their jobs. 

Common materials used for walk-boards are wood and metal.  Wooden walk-boards (Figure 

1.1) are generally preferred in situations where scaffolds are to be constructed around 

irregularly shaped structures. These boards can be easily sawed-off to reduce length; 

consequently, they are widely used. Walk-boards are generally available in two forms: full 

thickness, undressed lumber and nominal thickness lumber. The maximum intended working 

load measured in pounds per square foot (lb/ft
2
) is dependent on the maximum permissible 

span of the planks, measured in feet. Data are available for three lengths of full thickness 

undressed lumber (10, 8 and 6 ft) and two lengths of nominal thickness lumber (8, 6 ft). The 

general guidelines followed by the NPP are in line with the OSHA standards for acceptable 

working loads (29 CFR 1926.451 General Requirements).  

 

Figure 1.1: Common wood walk-boards 

Metal walk-boards (Figure 1.2) are typically lighter, they don‟t deteriorate with time, 

like wooden boards, and have slip resistant surfaces. The disadvantage of metal walk-boards 
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is that they come in prefabricated lengths and cannot be used where board lengths must be 

altered in order to fit a frame in a specific work area. 

 

Figure 1.2: Common metal walk-boards 

 The method of tying down walk-boards to scaffolding tube frames is a critical 

component of the safety of operators working on the walk-boards. Tie-downs are used to 

prevent vertical lifting of walk-boards when they are placed on a tube frame and lateral end-

to-end movement of boards. The results of the deep dive analysis revealed that the task of 

walk-board tie-down was hazardous due to repetition, awkward posture and high force 

requirements. The current method of performing the tie-downs involves securing walk-

boards to frames using #9 gauge wire of about 0.1144” diameter. 

 

Figure 1.3: Wooden walk-board secured to a horizontal tube using a #9 gauge wire 
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The sequence of steps in this activity required an operator to: (1) position himself in 

front of the walk-board to be tied down, (2) secure a precut length of #9 gauge wire, and (3) 

loop it around the walk-board and a horizontal frame tube. By using regular pliers, the 

operator tightens the #9 gauge wire loop, grasping the loose ends and twisting them together 

with the pliers until the loop is secure. Related to this, it was observed that the ends of the 

wire pose a safety hazard to operators as they can be quite sharp and puncture the skin. 

Scaffold operators employ different techniques to address this hazard; including cutting the 

ends so there is very little protrusion. Most commonly, operators trim the ends to a suitably 

short length and then curl-up the ends so that the unprotected sharp end is away from the 

worker and securely tucked out of way. Since the #9 gauge wire is thick and difficult to 

manipulate, it requires high wrist forces to be exerted by the operator and awkward postures 

are involved when the twisting of ends of the wire (see Figure 1.4). Thus, these two risk 

factors combined with high repetition in securing many walk-boards during the course of a 

shift or entire day, poses a significant potential risk for ergonomics-related injuries to 

scaffold operators. 

 

Figure 1.4: Walk-board tie-down task 
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1.3.2    Frame-Tube Assembly and Disassembly Task  

 

Building scaffold structures involves holding together hollow metal frame tubes with 

couplers and securing an entire structure in place. Two commonly used couplers in the 

assembly of scaffold structures are right angle (see Figure 1.5) and swivel couplers (see 

Figure 1.6). Though structurally similar, they are used for specific applications. When 

horizontal tubes need to be secured to vertical tubes, right angle couplers are suitable.  

 

Figure 1.5: Commonly used right angle couplers 

Swivel couplers include a swivel pin between the clamping sections, which are not 

fixed at a right angle to each other. With this design, a swivel coupler can be moved to fix 

onto a tube which is at an oblique angle to another vertical or horizontal tube. Typically, 

when scaffold structures are constructed, a number of sections need to have additional load-

bearing strength and hence cross-braces are constructed for this purpose. The swivel couplers 

are used to secure the cross-braces. Both right angle and swivel couplers utilize an integrated 

nut and bolt to secure a coupler jaw over a tube and they rely on friction to keep the tube 

secure. 
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Figure 1.6: Commonly used swivel couplers securing diagonal braces 

The procedure for securing tubes together in a scaffold structure involves: (1) placing 

a coupler over the end of a tube, (2) bringing the coupler jaw over the tube, (3) inserting the 

coupler bolt into the jaws and (4) tightening the bolt using the fingers and then a ratchet. A 

second tube is then positioned with respect to the first and a similar procedure is used to 

secure the other jaw of the coupler to the second tube. Use of ratchet requires the operator to 

repeatedly move their wrist while tightening a bolt from awkward postures with high hand 

forces. 

 

Figure 1.7: Coupling task to secure tubes together  
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1.3.3 Alternate scaffolding methods 

In addition to the conventional tube and couplers used to construct scaffold frames, 

there are a number of alternate commercially available systems. They use different 

technologies for securing tubes together. This section presents the information on the 

alternative scaffolding technology. The objective is to provide a sense of the direction in 

which the scaffolding innovation is proceeding. 

1.3.3.1 All round scaffolding 

This system utilizes a simple but unique bolt-free technology. The coupling element 

is a metal ring with circular slots in it for attaching tubes. The slots match ridges on the frame 

tubes. A wedge-shaped piece is used to connect the tubes to the ring. Diagonal elements and 

cross braces can be easily accommodated using this setup. The ring-shaped structure can 

accommodate up to eight connections at a single location.  

    

Figure 1.8: Alternate scaffolding method: All-round scaffold 

1.3.3.2 Systems scaffolding  

This alternate form of tube and coupling incorporates use of a wedge-pin with a 

reverse slope for locking. This is similar to the All-round scaffold system discussed above in 

concept but has different design of end connectors for the horizontal and angled tube 

members. Eight connections can be made at a single mounting location using this system.  
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Figure 1.9: Alternate scaffolding method: Systems scaffold 

1.3.3.3 Excel scaffolding 

This alternate form of scaffolding consists of a unique node-point connection. A 

locking device is formed by two cups, where the tubes are first made to fit into the base cup 

after which the upper cup is locked down into position to prevent any movement of the 

horizontal members with respect to the vertical. Using this mechanism, up to four horizontal 

members can be connected to a single vertical member. A disadvantage of this system is that 

there is no provision for connecting diagonal elements like the cross braces for providing 

additional structural strength. This limits the frame assembly flexibility and creates a need for 

other mechanisms to provide bracing support. 

   

 Figure 1.10: Alternate scaffolding method: Excel scaffold 

1.3.3.4 Summary 

In summary, some of the alternate systems eliminate the conventional coupler 

ratcheting operation, which makes the frame assembly job less hazardous for workers and 
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significantly decrease time to construct a frame. Tubes in alternate systems are generally pre-

measured or available in standard sizes so no measurements are needed. Additional benefits 

are that there are no loose parts reducing assembly time and increasing the ease of assembly. 

Also the new technologies are relatively maintenance free. On the negative side, the NPPs, as 

part of the utility, have procured many conventional couplers over the years so a complete 

change of technology for the utility is not likely. A single swivel coupler costs about $8.0 for 

the utility. Individual purchase is approximately $15.0 per coupler. The alternative systems 

are also very expensive and they are not adjustable like the conventional tube and coupler 

system. The security associated with the use of conventional couplers also motivates 

operators use even though newer systems exist. 

1.4       Objectives 

The first objective of this study was to conceptualize ergonomic interventions with 

the potential to reduce worker exposure to hazards associated with the walk-boards tie-down 

task using the #9 gauge wire as well as the tightening and loosening of ratchet couplers in the 

frame-tube assembly task. The second objective was to conduct experiments to empirically 

assess the impact of the proposed interventions on the two typical scaffold operations in 

terms of impact on muscle response and performance time. 
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2 Research Literature Review 

A literature review was conducted on ergonomic interventions for reducing the 

potential for injury due to scaffolding tasks as well as methods for conducting ergonomic 

field studies. Articles were reviewed and classified into different categories including 

cumulative trauma disorders in the construction industry, ergonomic assessments and 

evaluations, and EMG studies.  

2.1 Cumulative trauma disorders 

Disorders caused by repetitive trauma to the musculoskeletal system are a common 

type of illness in the construction industry. Cumulative trauma disorders (CTDs) are 

disorders of the muscles, vessels or nerves that are caused, precipitated or aggravated by 

repeated exertions or movements of the body (Armstrong, 1983). Cumulative trauma 

disorders are also referred to as “over-use” injuries, repetitive strain injuries (RSI), repetitive 

motion injuries, rheumatic diseases, and osteoarthritis (Putz-Anderson, 1988). Other 

musculoskeletal components which are at a risk of injury due to cumulative trauma include 

joints, tendons, ligaments and their related structures (e.g. bursa, synovial sheaths etc.)  

A study was conducted to investigate factors associated with the occurrence of CTDs 

in the construction industry and to develop a risk assessment index, as research in this field 

was scarce (Killough & Crumpton, 1996). The study found that performance of construction 

work involves constant motion of the upper body. This in turn causes the upper extremities to 

be susceptible to cumulative trauma injuries due to repetitious movements. The prevalence of 

occurrence and severity of specific CTDs of the upper extremity were investigated, including 
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carpal tunnel syndrome, tennis elbow, trigger finger, and arthritis of the thumb, thumb or 

wrist tendinitis, vibration syndrome and impingement (Killough & Crumpton, 1996). These 

seven types of disorders were identified as problems in the construction industry. The risk 

assessment method was developed based on subjective measures, including a Task Analysis 

Questionnaire and Body Discomfort Survey, to quantify perceived difficulty, exertion and 

pain associated with task performance. The outcome of this research was that the index based 

on CTD risk factors accurately predicted the likelihood of occurrence of a CTD in workers 

performing specific tasks. This study served as a reference for the preliminary job analysis in 

terms of the incidence rate of CTDs in the construction industry and methods of risk factor 

assessment. 

Carpal tunnel syndrome (CTS) occurs when tendons in the carpal tunnel are inflamed 

or swollen causing pinching of the median nerve. The median nerve along with the tendons 

of the fingers passes through the carpal tunnel in the wrist. It provides sensation to the thumb, 

index finger, middle finger and half of the ring finger. Pain, numbness and/or tingling of 

hands and arms are common symptoms of CTS (Vern Putz-Anderson, 1990). Occupational 

factors associated with CTS include forceful and repetitive hand arm motions, awkward 

postures, mechanical stress at the base of the palm, and vibration (Armstrong and Chaffin, 

1979; Armstrong, 1983). Non-occupational factors include chronic diseases like rheumatoid 

arthritis, diabetes, hypothyroidism; acute trauma to the wrist, size and shape of wrist, age and 

gender (Phalen, 1972). Body activities found to cause occurrence of CTS include repeated 

wrist flexion or extension, rotation, radial or ulnar deviation, forceful wrist motions, pressure 

with the palm and pinching. According to Kroemer (1989) to prevent the occurrence of CTS, 
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wrist deviations and finger pinching (in general) and pinch grip and dorsal and palmar 

flexion (in particular) need to be avoided. At least one case of CTS had been recorded by the 

power utility for an operator involved in scaffold frame assembly work. The general 

recommendations made by Kroemer provided some basis for the ergonomic intervention 

design in the present study. 

In a study to determine whether forceful and repetitive job attributes were positively 

associated with symptoms and signs of CTS, a cross-sectional investigation was conducted 

with 652 workers in 39 jobs from seven different sites (Silverstein, Fine and Armstrong, 

1987). These jobs were categorized into four exposure groups of low force × low repetition, 

high force × low repetition, low force × high repetition, and high force × high repetition. 

Physiological responses including postural data (wrist flexion, extension, radial and ulnar 

deviation) and bilateral surface electromyography (EMG) for forearm flexor muscles were 

used to estimate hand force requirements. Results of the study indicated that CTS was 

strongly associated with high force × high repetition work and high repetitiveness alone to a 

lesser extent. These findings formed one of the bases for selection of high-risk tasks from the 

pool of activities performed by operators in the nuclear power plants. 

Low back pain (LBP) is another common type of complaint observed in construction 

operators and scaffold operators in particular. Research was conducted on Danish semi-

skilled workers while performing building construction and rebuilding tasks, as previous 

studies indicated a high occurrence of LBP (Damlund et al, 1986). In the first part of the 

study, the occupational activity of 112 semi-skilled workers on eight construction sites was 

analyzed during two separate 5-day periods. The second part involved an observational study 
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of nine tasks that were most common to these workers, which included iron cutting and 

bending, iron tying, work wall forming, work deck forming, stripping forms, manual ground 

work, pipe work and panel mounting. The work was then characterized in terms of risk 

factors including extreme postures, heavy lifts, pushing or pulling motions, sudden 

unexpected strain, repetitive motions and whole body vibrations. The tasks were then 

classified into three categories of strain including “Not straining”, “Straining” and “Very 

straining” for each of the identified risk factors. The categorizations were used as a basis for 

recommendations for reducing the low back load. It was found that lifting and pushing or 

pulling work needed to be reduced in most work functions. This could be achieved by 

introduction of lighter equipment and materials or better utilization of cranes for manual 

material handling. This recommendation was also considered in the design of the ergonomic 

interventions tested in the present study. 

Elders and Burdorf (2001) conducted a cross-sectional study to assess the 

interrelations between physical, psychosocial and individual risk factors of LBP in 

scaffolders. They involved 229 scaffolders and 59 supervisors in a questionnaire that rated 

manual material handling, awkward back postures, strenuous arm position, perceived 

exertion, psychosocial load, need for recovery and general health. Postural loading revealed 

that scaffolders lifted weights greater than 10 pounds about 22% of the time, held awkward 

back postures 8% and had their arms in an overhead posture for 27% of the time. The survey 

results indicated that 58% of scaffolders experienced LBP in the past year, 23% experienced 

chronic LBP and 30% reported serious LBP. Correlation analyses were conducted on the 

survey response measures as well as incidence of LBP. Results indicated high correlations 
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between manual handling, awkward posture, strenuous arm position and perceived exertion. 

Correlations between the aforementioned risk factors, and additional factors of high job 

demands, low job control and moderate perceived general health, with the incidence of low 

back pain were observed. This paper served to highlight those risk factors that impacted LBP 

in scaffold operators and to focus the job screening research conducted as part of this study. 

It also concluded that scaffold operators are at a high risk of developing persistent forms of 

low back pain.  

2.2 Ergonomic assessments and evaluations 

A number of ergonomic evaluation methods have been investigated for assessing the 

physical demands of manual material handling and scaffolding tasks. Van der Beek (2005) 

conducted a study to rank the demands of three scaffolding tasks, including construction of a 

scaffold, dismantlement of a scaffold, and horizontal or vertical transport of scaffold parts. 

Four methods for were compared including the revised NIOSH lifting equation, lifting 

guidelines for the Dutch construction industry (Arbouw method), practitioner‟s method of 

rapid appraisal of the NIOSH lifting equation and systematic observations. For the first three 

methods, the same dataset was used, based on a self-administered checklist and observations 

recorded on each lifting situation, like frequency. The last method of systematic observations 

took place in a field setting with worker for the same company on which the dataset was 

developed.  

During the use of the revised NIOSH lifting equation (Waters et. al., 1994), a 

composite lifting index (CLI) was calculated and averaged across the individual scaffolders 

for an aggregate job score on the three principal tasks. The Arbouw method generated a 
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lifting index, which could be compared to the Dutch construction industry guidelines. The 

practitioner‟s method is intended for use when there are time constraints. A refined analysis 

of the “worst” lifting situation is conducted using a walk-through survey. The fourth method 

involved observing lifting postures and lifted weights to evaluate the job and then to identify 

task rankings. This study used the modified Ovako Working Posture Analysis System 

(OWAS) as a basis for recording observations in categories, such as trunk flexion, arm 

elevation and weight handled. For the scaffolding job as a whole, the LIs obtained using the 

three methods were observed to be 3.85, 3.29 and 3.98, accordingly. Among the subtasks 

evaluated, transport of material had the highest LI followed by construction and lastly 

dismantling. Using systematic observations, construction had the highest risk followed by 

dismantling and then transportation. 

The overall outcome of the four analysis methods revealed that risk for injuries is 

high among scaffold workers. Van der Beek et al. found the 1991 NIOSH lifting equation to 

be a good predictor of risk in scaffold operations. However the method had the limitation of 

requiring data on a rigid set of components for the examined activity and it is time 

consuming to execute. The two other LI calculation methods, including Arbouw and the 

practitioners‟ method were quick to use but considered difficult to execute in the field. 

Lastly, the method of systematic observation was extremely useful for design but time 

consuming and expensive to conduct. This research supported the use of a combination of 

ergonomic indices as part of the deep dive analysis conducted by the ECNC ergonomist. 

There have been many ergonomics and safety-related studies conducted on the 

construction industry, as it has one of the highest injury rates of any major industry in United 
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States. A field study was conducted to identify tasks in construction and dismantling of 

scaffold frames that increase the risk of overexertion (Hsiao & Stanevich, 1996). The other 

goal of this study was to determine strategies to reduce or prevent a worker‟s risk of injury. 

Site visits to 12 locations were scheduled to observe and videotape workers in erection and 

dismantling of frame scaffolds. Ten of the 12 sites used welded tubular end-frame scaffolds, 

which consist of a hollow metal structure with two legs that can be inserted into top of lower 

end-frame. Twenty nine construction workers were observed in completion of tasks such as 

preparation of foundation, carrying scaffold parts, erecting or removing end-frames, erecting 

or removing cross braces, installing or removing access ladders, installing or removing walk-

boards, installing or removing guardrails and securing or removing scaffold tie-backs. 

Working postures were modeled based on videotapes and using the University of Michigan‟s 

Static Strength Prediction Program (3DSSPP) to estimate the biomechanical stresses on 

worker body parts. Preparation of foundations, carrying end-frames, handling scaffold walk-

boards, and removing cross braces and guardrails were activities identified to increase risk of 

overexertion through the biomechanical analysis. Video analysis of transportation of end-

frames revealed the use of six lifting and five carrying methods. All methods were found to 

create stresses exceeding the strength capacities of a portion of the general worker 

population. Finally, the study provided suggestions to reduce the risk of overexertion 

injuries. Engineering controls or redesign recommendations included assistant devices to 

facilitate better upper extremity postures during assembly and exertion of less force during 

disassembly of end-frames; utilization of light-weight materials in end-frames to reduce the 

load of lift and provision of hand grips for end-frames as well as changing the frame shape 
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and center of mass. The tasks identified in this study were observed during the initial 

screening of jobs for risk factors. The findings of the professional ergonomist were in 

agreement with the findings of Hsiao & Stanevich (1996). 

In another study, the effect of occupation on high-elevation construction worker 

fatigue and physiological symptoms was examined (Chang et. al, 2009). The tools used 

included questionnaires of demographic data (e.g.‟ calf circumference), subjective fatigue 

symptoms, and pre- and post-shift physiological measurements. The physiological measures 

included heart rate, calf circumference, and strength tests for pinch, grip and back before and 

after work. The study found that the extent of symptoms of fatigue and strain varies among 

the different operations of construction workers. Variation in heart rate was found to be 

considerable among the different occupations with the highest observed for scaffolders and 

lowest for concreters. Of the six types of jobs analyzed in this study, physically demanding 

fatigue types were scaffolders, steel fixers and form workers. This supported the focus of the 

present study on scaffolders in maintenance operations. Symptom of “whole body feels tired” 

was found to have the highest occurrence among scaffolders.  They also ranked higher in 

symptoms of “feel pain in the waist”, “feel thirsty”, “have a husky voice” and “have spasm of 

the eyelids”. These four symptoms fall under the general health condition or state of 

“possible physical impairment”. They were all found to be statistically significant among 

scaffold workers. In general, subjective fatigue symptom questionnaires and physiological 

measures can be used as indicators to predict the extent of strains or hazards, which are 

encountered by construction workers. More attention needs to be paid to physically 
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demanding workers like scaffolders, concreters and older workers through industry 

ergonomics program development. 

In another study conducted by the Ergonomics Lab, evaluations of ergonomic 

interventions in scaffolding equipment design were conducted using postural and 

performance measures. Scaffolder wrist and forearm posture positions were empirically 

analyzed using twin axis electrogoniometers to measure range of motion in scaffolding walk-

board tie-down and tube coupling tasks. Experiment results revealed a plastic alternative to 

metal wire tie downs revealed a reduction in maximum wrist flexion angle of 37%, extension 

at 4%, and ulnar deviation at 17%. A second experiment revealed a new coupler design, 

integrating a lever handle in the place of the nut and bolt clamping mechanism of the 

ratcheting couplers produced a 9% decrease in maximum wrist flexion angle, a 19.5% 

decrease in maximum radial deviation angle, and a 6.6% decrease in maximum ulnar 

deviation (Diering, 2009) in frame assembly and disassembly tasks. These results supported 

assessment of similar ergonomics interventions in the present study using measures of 

muscle activation levels and scaffolder performance. 

2.3    Electromyography and studies of scaffolding related tasks 

Electromyography (EMG) or surface electromyography (sEMG) is a useful analytical 

method for analyzing muscle activation, especially to evaluate lighter, repetitive work in 

which the activity of specific muscles is of interest.  In this technique, electrodes are attached 

to the surface of the skin over the muscle of interest. They measure electrical signals that are 

generated when a muscle contracts or when the muscle is activated. Muscles are made up of 

many fibers which have electrical connections to the central nervous system via “motor 
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neurons”. When motor neurons carry electrical signals to the muscle fibers, muscle 

contraction occurs (Peek, 2003). The smallest functional unit of the neuromuscular system is 

the motor unit (Lamb & Hobart, NIOSH CDC Chapter 2). An EMG electrode pair receives 

signals from innervated muscle fibers within motor units. The output signal is actually the 

superposition of the activities of multiple motor unit action potentials (MUAP). Depending 

on the geometrical orientation of the muscle fibers and the ratio to the electrode site, the 

EMG signals obtained will vary. Thus, EMG can be used to determine which muscles are 

active, their degree of activity, how active a muscle is compared to a subject‟s capacity and 

the muscle force exerted by integrating cross-sectional area information (Ankrum, 2000). 

The goal of collecting EMG data is not quantification of the myoelectric signal but 

the comparison of muscle activity, individuals and tasks (LeVeau, 1992). Thus, an indirect 

measure of the muscle contraction force is necessary, which can be obtained by the 

quantification and processing of EMG signals. The unprocessed EMG data (measured in 

microvolts) is affected by factors such as electrode location, changes in tissue properties and 

temperature (LeVeau, 1992). A standard reference value is useful in comparing results since 

the relationship of muscle contraction force and EMG activity is affected by other factors. 

Thus, for comparisons of EMG data from task-to-task or person-to-person, data needs to be 

presented in a common format, which is obtained through normalizing the signal (Rash & 

Quesada, 2006). Normalization of signal can occur in both the time and amplitude domains. 

Two widely used time-based techniques include normalizing to the task or cycle or phases 

within the task or cycle. In the amplitude domain, the most widely used method is that of 

standardizing to the maximum voluntary isometric contraction (MVIC) for the muscle being 
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used. In this method, the examiner applies a force to the body part of interest in sufficient 

magnitude such that the participant is unable to maintain a static position during exertion of 

the maximum muscle contraction. Obtaining a true MVIC is debatable, hence, other 

techniques have been devised to address this shortcoming. One of them uses the maximum 

level of signal across the entire task. This is risky as a high spike may not be a truly 

representative observation and may be erroneous. This leads to the next method, which 

involves use of several peaks (approximately four to five) and using the average value as a 

denominator. Using the mean level of signal across the entire task for a particular muscle is 

another form of normalization technique. This is less sensitive to rapid peaks that are 

obtained during a task and that could heavily skew the data if the majority of a signal 

contained times when the muscle was not active (Rash & Quesada, 2006). This particular 

EMG response normalization approach was applied in this research. 

With additional relevance to the present study, Li (2003) conducted a study to assess 

the effectiveness of the use of a powered screwdriver with a special fixture in comparison to 

use of traditional pliers for wire-tying tasks. In the original condition, the pliers were used for 

cutting wires and tying components together, which involved clamping and twisting. The 

twisting of wires required repetition of awkward wrist postures, like wrist extension and 

ulnar deviation, along with forearm pronation and supination. The proposed intervention was 

developed in a previous study (Li, 2002), where the wire-tying hand tool was designed to 

reduce muscular effort of the forearm. The experiment involved 10 male participants and 

followed a two-factor (hand tool and wire) completely randomized design. The dependent 

variables were EMG activity of four forearm muscles, occurrence of unnatural wrist postures, 
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time and subjective ratings of participants. The four muscles selected were flexor digitorum 

superficialis, flexor carpi radialis, flexor carpi ulnaris and extensor carpi radialis. EMG signal 

rectification, filtering and normalization according to MVIC procedures were followed. 

Subjective ratings included exertion level of the hand, ease of use, muscle discomfort and 

total satisfaction with the task and tool being used.  

The EMG responses for all four muscles were significantly different among three 

levels of wire type (#16, #18 and #20 gauge). ANOVA results indicated significant 

differences among the tools for the normalized muscle response of the flexor digitorum 

superficialis and flexor carpi ulnaris but not for the flexor carpi radialis and extensor carpi 

radialis. The normalized muscle activity response was highest for use of pliers, followed by 

two types of Talon and Black & Decker fixture drivers. With respect to task time, work with 

the pliers took significantly longer than use of the powered hand tools, while the difference 

between the Talon and Black & Decker deices was not significant. Compared to the pliers, 

use of powered tools required only 28% of the time to complete a trial. For wrist postures, 

using either powered tool required little motion of the wrist during task trials. Finally, the 

Talon tool was most favorable followed by the Black & Decker tool and lastly the pliers, as 

derived from the participant subjective responses. Thus, replacement of pliers by the revised 

technology has a number of benefits, including reduced muscle effort, lower performance 

time, reduced wrist motions and better subjective ratings. These finding were considered as a 

a basis for the ergonomic interventions conceptualized in the present research. 
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2.4    Summary 

The literature reviewed confirmed the findings from the earlier “deep dive” analysis 

of the scaffolding tasks at the local power utility conducted by maintenance operators. The 

procedure followed for “deep-dive” analysis was in line with that followed by several studies 

found in the literature including (1) analyzing the breadth of jobs performed, (2) ranking 

them in terms of severity, and (3) investigating high-risk jobs further. Literature confirmed 

that awkward postures, high force and repetition negatively impacted construction workers 

and scaffolders and placed them at elevated risk for CTDs like carpal tunnel syndrome and 

low back pain. Though incidence of CTDs is not the focus of this study, the previous 

literature identified the same risk factors that were revealed through the initial screening and 

deep dive analysis on the NPP scaffolding procedures.  

The review of literature concerning ergonomic assessments highlighted the 

importance of the use of engineering controls such as redesign to reduce exposure to 

ergonomic hazards in scaffolding tasks. The Chang et. al. (2009) study of work fatigue and 

physiological symptoms in high-elevation construction workers revealed that scaffolders 

were among high risk workers and job controls should be directed at this group of workers. 

Hsiao & Stanevich‟s (1996) study concerning the handling of welded end-frames included 

analysis of frame assembly, dismantling and manual material handling jobs similar to those 

observed in the project with the power utility. The work design concerns highlighted by 

Hsiao‟s study were similar to those identified through the “deep-dive” analysis, namely 

handling of walk-boards, removal of scaffold tubes and handling of materials. The present 

experiment, however, is not focused on end-frames.  



29 
 

A basic overview of the use of electromyography as a technique for measuring 

physiological response and its application in ergonomics was discussed. The EMG-related 

study by Li (2003) on wire-tying tasks proposed an alternative to the use of pliers. This task 

was very similar to the walk-board tie-down task at the power utility using the existing #9 

gauge wire. Though the intervention proposed was not selected as a solution to be considered 

in this study, the identified risk factors, study procedures and use of the forearm muscles is 

directly relevant to the current study. There was no literature found on studies of specific 

problems related to frame tube coupling and ergonomic interventions. On the whole, the 

literature on scaffolding reinforces the preliminary job analysis undertaken as part of this 

study. It also indicates that there is the need for research on ergonomic interventions for 

walk-board handling and frame-tube coupling tasks. 
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3  Methods  

3.1  Participants  

 Nine male participants were recruited from the current NPP scaffolding and 

maintenance staff. These participants were selected from staff which were currently not 

assigned to any tasks or had recently finished maintenance work during a plant outage. 

Consequently, they could dedicate three entire working days to the data collection period for 

this experiment. The main motivation for using actual operators in the experiment was to 

ensure the tasks were performed in a realistic manner and that the interventions were tested 

by experienced scaffolders. Prior to the start of our experiment, basic demographic data was 

collected on the participants like their age and years of experience in scaffolding. Although 

all the participants for the experiment were experienced, their level of experience varied from 

a recent recruit to the utility (2-3 years in construction) to an individual with twenty-five 

years of experience building scaffolds. Their ages ranged from 33 to 60 years (Mean= 41.6, 

SD= 10.1). The participants were provided with a consent form prior to the experiment (see 

Appendix A). This form included information on the tasks to be conducted during the data 

collection period, the risks associated with the bioinstrumentation used, benefits of the study 

to participants and other information, including confidentiality, compensation and contacts.  

 Anthropometric data was also collected on all test participants including height, 

weight, grip strength, back strength and upper arm strength. This was done using the Hoggan 

Health Industries manufactured ErgoFET Hand Dynamometer and Leg-back-chest 

dynamometers from NexGen Ergonomics. All measurements are noted in the demographic 

questionnaire (see Appendix B). The strength measurements were used to determine whether 
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there were significant differences among scaffold operators, due to their training or general 

constitution. 

Table 3.1: Participants’ anthropometry 

Dimension Mean Std. Dev. Min. Max. 

Experience (years) 11.5 7.3 0 25 

Height (in) 69.7 2.8 66 75 

Weight (lbs) 215.7 61.1 170 345 

Grip Strength (lbs) 101.2 16.5 68.7 122 

Linear Force (lbs) 89.0 20.9 59.9 122.5 

Back Strength (lbs) 288.6 97.3 95 391.7 

Upper Arm Strength (lbs) 86.8 24.0 40 113.3 

 

3.2  Tasks  

The tasks examined in this study included the walk-board tie-down and tube 

coupling. These were identified as high-risk maintenance jobs through the earlier deep dive 

analysis. 

3.2.1  Walk-Board Tie-Down 

In addition to providing a necessary work surface area, walk-boards provide stiffness 

to a scaffold frame thereby preventing failure. The current method of coupling walk-boards 

to the tubing frame is through the use of #9 gauge wires. If a coupling is not strong, it will 

lead to vertical and/or lateral travel of a walk-board with respect to the tube frame. This can 

lead to dire consequences including reduction in structural integrity of frame as well as frame 

failure, posing a major safety risk to the maintenance operators. 

The main distinction between these two types of walk-boards used at the NPPs 

(wood, metal) is the manner in which they are tied down to the tubing structure of a scaffold. 



32 
 

Wood boards are secured by an operator loosening a wire around the board and a horizontal 

frame member and tying the wire. Metal boards must be tied-off at their ends. A wire is 

looped through a plank and around a horizontal frame tube perpendicular to the planks. 

These methods are detailed below. As previously mentioned the wood walk-boards are 

available in precut lengths of 8 to 16 feet and are usually 10 inches (width) by 2 inches 

(thickness). The power utility typically purchases “Southern pine, dense industrial 65 

scaffold plank”. Prior to the start of installation, the scaffold structure is planned and the 

desired length of the walk-boards is determined. Initially, a tubing frame skeleton is 

constructed based on the detailed plan and requirements. The walk-boards are then 

transported via hand carts from locations where they are stored and placed on top of the 

horizontal scaffolding tubes, as desired. There is some amount of manual material handling 

associated with the walk-boards even if they are brought close to the worksite. This involves 

lifting, carrying and placing. To provide stability to the frame and prevent tipping, an 

overhang of about 6” is provided between the walk-board and tube frame. The next step in 

the assembly process involves tying down the ends of the walk-board to the frame using the 

pre-cut #9 gauge wires. Spools of wire are transported to the worksite and are pre-cut to 

specific lengths depending on the type of walk-board being used. The length of this wire is 

critical as it should be long enough to wrap around the width of the walk-board and the 

scaffolding tube. There should also be provision for tightening this wire with several twists to 

strengthen the joint, resulting in a typical length of approximately 36”. Pliers or wire cutters 

are carried in the tool-belts of the scaffold operators, or maybe handed to them by a fellow 

scaffolder for this purpose. The first step in wire tying involves holding the wire over the 
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open end of the walk-board and forming a loop around the board and tube with the hands. 

The hands are used to twist the open ends of the loop to ensure the loop is correctly formed 

and seated on the walk-board. Pliers are then employed to rotate the loose ends in either a 

clockwise or counter-clockwise direction to tighten a knot. Operators typically apply 

maximum hand strength to tighten the wire as it can lead to safety repercussions. Sometimes 

the wire on top of the walk-board may be slack, which is remedied by hammering it down 

onto walk-board with the ends of the pliers or palm of the hand. This may cause additional 

damage to soft tissues of the hand. The ends of the wire hanging below the walk-board frame 

assembly may pose risk of injury due to punctures, abrasion or cuts to operators working on 

the lower levels of the structure. In order to eliminate this hazard, the ends are held in the 

pliers and curled out of reach. Sometimes the excess wire is cut and disposed off. Care needs 

to be taken so that the cut ends are collected and disposed properly and not left behind to 

contaminate the reactor environment and to prevent foreign object debris.  

The secured walk-boards are placed with some spacing between them but spanning 

the entire width of the tube frame assembly. Sometimes, a plywood floor deck is nailed to the 

walk-boards to provide a flat working surface for the operators. At other times, the walk-

boards are placed side-to-side and form the working surface. Figure 3.1 shows a wooden 

walk-board tied to the scaffold frame with the #9 gauge wire. 
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Figure 3.1: Wooden walk-board tie-down using a #9 gauge wire 

The other type of material commercially available and currently being used for walk-

boards is metal. Metal walk-boards are typically 12” or 19” wide, although they can be found 

in different widths, and come in standard lengths of 6‟, 7‟, 8‟ and 10‟. Generally the plank 

material is either aluminum or galvanized steel and the boards are said to meet the 

Underwriters Laboratories (UL) and OSHA standards for load bearing capacity. The standard 

operating procedure of the power utility requires that the metal walk-boards must “have been 

tested by Underwriters Laboratories or Factory Mutual Engineering Corporation (FM)”. The 

metal boards are comparable in weight to the wooden planks and may sometimes be lighter. 

These metal boards are sometimes dimpled or have surface texturing which assures a slip-

resistant surface. The boards come with an integrated hook-on mechanism that sits on the 

horizontal tube of a scaffold structure instead of just resting on it like the wood planks. This 

mechanism prevents any front to back movement and constrains the motion of the boards in 

one plane. To prevent vertical lifting of the walk-boards, tie-downs are employed. Again the 
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#9 gauge wire is used to tie-down the metal boards to the frame. As opposed to the method in 

which the wood plank is coupled to the frame along its width, the metal walk-board is tied 

down to an end in a different manner (Figure 3.2). There are holes or ridges in the metal 

walk-board, which serve as places through which the wire maybe looped around the tube. 

This allows the wire length to be shorter than the 36” for wood planks and is approximately 

18” long for metal boards. The tie-down process employed is similar and involves first 

transferring the pre-cut wire lengths to the location of scaffold assembly. Next they are 

looped around the end of a board and tube; following which they are hand-twisted a couple 

of times to ensure a board rests on the structure firmly. With the help of pliers, a scaffold 

operator rotates the ends to tighten the knot with maximum hand strength. The ends maybe 

either cut or curled and looped so that they pose no abrasion or puncture hazard to the 

operators below. To create the work surface, metal walk-boards are placed side-by-side with 

no gaps between them across the entire span of the frame structure. 

 

Figure 3.2: Metal walk-board tie-down using a #9 gauge wire 
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The NPP uses both types of planks in constructing their scaffold structures with wood 

planks being preferred. This is because the structures are often irregular or surround other 

structures which are irregularly shaped. This requires a certain amount of flexibility in the 

construction process, which is provided by resizing the wooden planks. The major 

disadvantage though is that they have a much shorter life span if they are stored in different 

environments and have a high potential for radiation contamination. With the use of metal 

walk-boards, which are manufactured in predetermined lengths, frames need to be 

constructed in precise sizes to accommodate the metal hooks at the end of the boards.  This 

serves as a major disadvantage of the metal walk-boards along with the fact that they are not 

flexible and cannot be used for irregular frame constructions. The major advantage lies in 

their material, yielding a much longer lifespan than the wood planks. The NPPs uses both of 

these types of walk-boards depending on their needs and availability during frame 

construction. Hence this study considered both technologies during analysis. 

3.2.2  Scaffold Coupling  

 To hold a frame in place, scaffolding couplers are attached to the ends. These 

couplers are made from drop-forged carbon steel, malleable iron or structural grade 

aluminum and are galvanized to increase their strength and lifespan (OSHA, 1996). The 

couplers are manufactured by different companies and employ the same tightening method, 

specifically a bolt and nut that can be ratcheted. They come in different styles, including 

standard and flanged, and have different nut sizes ranging from 17- 23 mm. Most of the 

clamps come with replaceable T-bolts and collar nuts, which are typically zinc plated 

dichromate material. These weigh approximately 2.5- 4 lbs at maximum and generally are 



37 
 

around 3 lbs in weight. They fit snugly on to tubes with nominal outer diameters of around 

1.9 to 2”. 

 

Figure 3.3: Close-up of an existing ratchet coupler 

 Two standard types of couplers used in scaffold construction are rigid or right-angle 

and swivel couplers. Right-angle couplers, as the name suggests, are used to connect tubes 

which are at right angles to each other, which is typically the case for connecting vertical 

tubes to a horizontal member (Figure 3.3). Due to the purpose for which they are designed, 

right-angle couplers are seen at the ends or corners of the scaffolding frame structures. To 

promote structural strength and stability of a frame, cross-bracing is used. Right-angle 

couplers are not designed to hold diagonal braces in place. Figure 3.4 shows a rigid right-

angle coupler in use. This led to the development and use of swivel couplers. The purpose of 

swivel couplers is to join tubes at angles other than a right angle to each other. Figure 3.5 

shows a swivel coupler in use. Swivel couplers, depending on their duty rating of light, 

medium or high weigh between 1.5 to 3 lbs, although differences in weight maybe observed 

depending on the equipment manufacturer. The difference between the two coupler types is 
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evident in the design of the coupler base. The rigid couplers have a solid base with fittings 

for holding the two orthogonal tubes opposite and at right angles to each other. The swivel 

coupler base has two pieces for holding the tubes attached to the base using a swiveling 

mechanism. In the present experiment, we focused on the use of the right-angle coupler, as 

this is more widely used in the NPP facility and because the function of a prototype 

alternative coupler was the same as that of the rigid coupler (i.e. to hold tubes at right-angles 

to each other). 

 

Figure 3.4: Right-angle ratchet coupler in use 

 

Figure 3.5: Swivel coupler in use 
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 The mechanism for holding the tubes in place involves application of force of friction 

between a coupler and scaffold tube, which should prevent movement between the two. The 

tube rests on the base of the coupler and is locked into place, preventing any motion, with the 

help of the rotating arm. The method used to couple two tubes to each other starts with 

placing the tube on the coupler base at the desired location. The coupler arm is then rotated 

on top of the tube, locking the tube into place. This action alone is not sufficient to provide 

the necessary friction to prevent motion. To ensure that the coupler is firmly secured onto the 

tube, a simple nut and bolt mechanism is used. The bolt end is welded onto the base of the 

coupler. The rotating arm has a slot over which the free-end can be placed. The nut can then 

be tightened to secure the tube in place. The next step involves rotating the bolt into the arm 

slot. Once the bolt is in place, the nut maybe tightened so that it rests firmly against the 

rotating arm slot. The nut is generally initially tightened using the fingers and the operator 

completes the locking procedure with the use of a ratchet. Some operators use the ratchet for 

the entire process. This locking procedure involves swift and repetitious wrist action to 

secure the nut in place on the arm slot. Different operators follow different methods for 

tightening the nut and there are no formal specifications included in the utility‟s standard 

operating procedures. The application of torque on the nut causes the coupler arm to press 

onto the tube thereby increasing the friction. The scaffold operators typically tighten the nut 

as much as they possibly can with the help of the ratchet. The NPP requires it to be tightened 

according to the manufacturer‟s recommended torque limit. The same procedure is adopted 

to secure the other end of the coupler to the second tube. The disassembly procedure involves 

ratcheting the nut until it is sufficiently loose. The fingers are used in the last phase to loosen 
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the nut completely so as to remove the tube from the coupler. Sometimes, after a nut is 

sufficiently loosened, it is yanked out by the operator with the help of the ratchet. At other 

times, they use their hands to complete the disassembly process. 

3.3  Testing Apparatus  

 There were two experiments conducted for each of the two high-risk jobs identified 

through the screening analysis including tie-down and coupling. Custom-built scaffolding 

frame structures were constructed for each of the two tasks on which participants used the 

current equipment and proposed ergonomic interventions. The interventions are described 

below in the overview for each experiment. 

3.3.1  Experiment 1 Overview  

 The aim of Experiment 1 (E1) was to assess the impact of the two types of walk-

boards and frame tie-down methods on muscle activity and operator performance. As 

described above, the current procedure for tie-down includes the use of the #9 gauge wire, 

which requires high forces and awkward wrist postures.  The results of the initial “deep-dive” 

analysis identified postures, forceful exertions and repetitive hand activities to be factors 

creating in the potential for worker injury (Moore & Garg, 1995).  The worker is exposed to 

CTD risk due to excessive force requirements and awkward postures in conjunction with 

repetitious wrist motion required to complete a tie-down (Putz-Anderson, 1988). For this 

reason, EMG analysis was used to quantify the level of muscular effort in the task and time-

to-task completion was used to assess duration of exposure to ergonomic risks with the wire 

ties and proposed coupler intervention. 
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 To determine availability and suitability of commercially manufactured products 

which could serve as alternatives to the current tie-down technology and reduce the 

ergonomics hazards associated with the use of #9 gauge wires, and market survey was 

carried out.  A rigorous internet search revealed no current technology which could be used 

in place of the current industry standard wire for scaffolding. Construction of elevated 

walking surfaces is common in construction environments and one alternate method to secure 

walk-boards to a frame is the use of rope with the help of a knotting tool. The tool allows 

worker to remain standing while performing the tie-down task unlike the current method 

used by the power utility, which involves operators working overhead to reach plank levels 

above the current work surface or kneeling on the walk-boards to tie-down those which are 

adjacent. The option of a knotting tool was abandoned because it would require operators to 

carry additional equipment during their work cycle. This would add weight to the standard 

operator equipment tool belt which currently weighs 35 lbs. The other idea which was 

thought to be worth exploring was the use of plastic zip-ties to secure walk-boards (Figure 

3.6). 

 

Figure 3.6: Proposed tie-down method: Heavy-duty plastic zip-ties 



42 
 

 The major issue identified with the use of the #9 gauge wire was the twisting to 

secure the walk-board which requires the operator to exert maximum force. In addition to 

this, the wire is brought into place with the use of pliers and could result in extreme wrist 

postures.  The wire tie-down technique also involves repetitious movement for tightening the 

knot formed by the wire to secure the plank in place. To eliminate these ergonomics-related 

hazards an alternative tie-type had to be identified, using easy to manipulate material but 

with comparable strength to secure the walk-boards to the frame. It was also necessary for 

the tie-type to use a different technology for securing the board in place.  The use of zip-ties 

was expected to require less repeated motion at the wrist, as the locking mechanism would 

eliminate the typical twisting of wires as well as extreme wrist postures. The procedure for 

use of zip-ties is similar to that of the use of wire ties so it is line with the user‟s mental 

model thereby improving learnability. The design of the zip-ties is simple and clean 

providing clear affordances to the manner of use. First, an appropriately sized zip-tie should 

be looped over the walk-board and tube. Second, the loose end should be pulled through the 

head so that it is sufficiently tight. Third to eliminate any loose and dangling ends, ties need 

to be trimmed and tucked away. This also prevents any potential for puncture injury or 

abrasions.  

To be suitable for use in the NPP, the new tie technology needed to be compared 

functionally with the characteristics of the current materials used to perform the tie-down 

task. The most important functional property of the #9 gauge wire is its tensile strength. The 

NPP has a tensile strength requirement of 250 lbs for its wire material. Commercially 

available heavy-duty zip-ties have a comparable tensile strength. The issue was that of 
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length. Depending on the type of walk-board used for constructing scaffold structures, the 

length requirement varies from approximately 36” for wood planks to 18” for metal. 

Commercially available zip-ties were found in lengths up to 36” for heavy-duty ties. The 

environment of use is also an important consideration to be made when determining 

alternative intervention recommendations. NPPs have high temperatures, which can reach up 

to 120°F, and ties must be able to withstand such temperatures. Commercial plastic zip-ties 

were found to withstand temperatures in the range of -40°F to 185°F. The last dimension for 

consideration was that of cost feasibility.  The #9 gauge wire in a 100 lb coil is 

approximately 1705 feet in length and costs about $121. This yields approximately 568 wire 

ties of 36” length for wood planks and 1136 ties of 18” length for metal walk-boards, 

resulting in a price of $0.21 and $0.11 per tie, respectively. In contrast, 36” high tensile 

strength zip-ties bought in a bag of 50 cost $ 8.95, which results in a price of $0.18 for a unit 

tie. Bulk rates might apply depending on usage thereby resulting in a lower price and better 

cost effectiveness. 

 Thus, for the tie-down experiment a comparison was made between the #9 gauge wire 

tie-downs and the intervention of plastic zip-ties. The Cable Tire Express manufactured 

„Nylon 6.6 Extra Heavy Duty Cable Tie‟ in a 36” length was selected for this study. The 36” 

length was selected so that it could be used both for wood and metal walk-boards.  Ties with 

high tensile strength (175 lbs) were used for this experiment. Ties with a 250 lb. tensile 

strength can be purchased but at a higher cost. Since the frames constructed in the experiment 

were not to be used for actual work, the lower tensile strength ties were used. A total of 600 

plastic zip-ties were bought for use during this experiment. 
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3.3.2  Experiment 2 Overview  

The aim of Experiment 2 (E2) was to assess the impact of the two tube coupling 

methods on muscle activity and operator performance. The current method of coupling 

involves the use of a ratchet coupler which exposes the operator to high forces required to 

tighten nuts, awkward postures due to the location and orientation of tubes being coupled, 

and highly repetitious and fast hand-wrist motion. The “deep-dive” analysis estimated that a 

torque of about 300 ft-lbs is exerted by the scaffold operators to tighten the couplers as 

compared to the recommended torque limit of 180.75 ft-lbs. (Mital & Channaveeriah, 1988). 

The task of tightening and loosening couplers was identified as “high risk” in the Strain 

Index as it exceeds the recommended level and involves repetitions of “bad” postures (Moore 

& Garg 1995).  

Scaffolding coupling technology was reviewed to determine if there were alternate 

forms of coupling that would reduce these risks. This search led to the investigation of All 

round, Excel and Systems scaffolding technologies (presented earlier) which integrate 

different mechanisms like rings with wedges, and locking devices formed by two cups or 

wedge pins with reverse slope to promote locking. These options were discussed with the 

environmental, health and safety officers at the NPP to determine their applicability and use 

in the current NPP environment.  The officers shared their experiences with the use of such 

technology and mentioned that the utility owned some of these alternate forms of scaffolding 

but found them to have disadvantages limiting widespread use. Primary among these were 

the high costs of buying such systems and their lack of flexibility in terms of size. Most of 

the NPP sites that have these systems use them in conjunction with the tube and coupler 
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frames as these are believed to be safer and sturdier by the operators. In addition, the number 

of conventional ratchet couplers already procured by the NPPs was substantial and the utility 

wanted to continue to exploit this investment. Taking into consideration the perceived 

sturdiness of conventional couplers and inclination to use them, an alternate coupling 

mechanism was designed and prototyped by the Ergonomics Lab. Figure 2.7 shows the 

alternate coupling technology conceptualized based on a ski-boot clamping mechanism. 

 

Figure 3.7: Initial conceptual design for lever clamp 

The initial idea for the alternate coupler design was a simple retrofit to eliminate the 

repetitive ratcheting action associated with the use of a bolt and nut clamp. Reverse 

engineering was applied to existing couplers and rapid prototyping was used to manufacture 

the new couplers, which had an integrated ski-boot clamping mechanism.  This included a 

series of metal hooks on one side of a coupler jaw and a metal loop and wire on the other 

side. The wire is looped around one of the hooks or protrusions so that the coupler can be 

tightened by levering the arm down (Figure 3.8). Since the lever could be lifted once it has 

been placed in position, a cotter pin was inserted to prevent this undesired motion. Since the 

coupling and decoupling mechanism does not have a nut and bolt mechanism for holding the 
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arm in place, it eliminates the repetitive motion of ratcheting for clamp tightening and also 

the awkward postures associated with it.  

The coupler prototype was designed with SolidWorks, a 3-D CAD software, and the 

final model was constructed using a stereolithography (SLA) machine in the Department of 

Industrial and System‟s Engineering Manufacturing Lab. Twelve couplers were built for use 

during the experiments. A provisional patent application for the coupler design has been filed 

by N.C. State. Figure 3.8 shows the final design for the proposed lever couplers. 

 

Figure 3.8: Final design for lever clamp 

3.3.3  Experimental Equipment 

 For both experiments, the equipment used to record muscle activity was a Myopac 

electromyography (EMG) recording system. The Myopac system is a telemetric system 

integrating fiber optics for transmitting twenty-seven channels of data (Figure 3.9). Sixteen 
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channels are available for recording EMG signals from surface electrodes and the remainder 

is for recording DC signals. The system consists of a belt-worn amplifier or encoder or 

transmitter unit (called a belt unit) and a receiver or decoder unit with AC-DC power 

converter (called the receiver unit). A fiber optic transmission cable connects the belt unit 

with the receiver and BNC cables are used to connect receiver with an A-D device. The 

electrode lead bundles come out from the bottom of the belt-unit. These consist of eight pairs 

of differential EMG leads plus a single common ground lead with an integrated 37-pin 

connector that attaches to the belt unit. The distal ends of each lead wire have snap-type 

electrode connectors which are intended to connect to commercially available disposable or 

reusable surface electrodes. The side facing the subject is populated with a series of rotary 

switches for adjusting the gain of the EMG input. There are four discrete gain settings 

available for each individual EMG channel: 1000, 2000, 5000 and 10000. A small standard 

head screwdriver was used to adjust the gain on the belt unit by switching it to different 

settings. The system response range is saturated when the peaks of the signal exceed ± 5 

volts as this can result in clipping of the data signal. The peaks of the signal will appear 

clipped or limited at the level of the system‟s maximum range boundary.  
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         Figure 3.9: EMG recording equipment 

 Four muscles were selected for observation in the repetitive walk-board tie-down and 

frame coupling tasks. These were located in the forearms of operators and included two 

extensors (Extensor Carpi Radialis, Extensor Carpi Ulnaris) and two flexors (Flexor Carpi 

Radialis, Flexor Carpi Ulnaris). EMG responses of these muscles were collected using Ag-

Ag/Cl bipolar surface electrodes manufactured by InVivo Metric, Healdsburgh, CA (Model 

E22x, 4mm sensor diameter). The first step in the process of applying electrodes on the 

desired muscles was surface preparation. The subjects were asked to identify their hand 

dominance in order to determine the hand on which the electrodes would be mounted. All 

nine of the scaffold operators present for the study exhibited right hand dominance. The next 

step involved skin preparation. A commercially available 70% isopropyl alcohol solution was 

used with cotton balls to clean the area of electrode application. Round double-sided stickers, 

commonly used for EMG applications, were placed on the electrodes. The Spectra360 

electrode gel, which is a salt free, hypoallergenic gel manufactured by InVivo Metric, was 
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then filled into the electrode cavity. The electrodes were then placed on a subject‟s body (See 

next section for details). Each pair of electrodes was placed on the muscle of interest with 

space of finger width separating electrodes. The electrodes were secured in place with the 

help of medical tape to prevent any displacement with respect to muscle of interest. The 

EMG signal was then amplified and carried to the computer with the Run Technologies‟ 

QuickDAQ system installed for recording the muscle activity data. The EMG signal was 

collected at a sampling rate of 1024 Hz and converted from analog to digital form using the 

QuickDAQ software and saved onto the computer for further analysis. 

3.3.4    Description of EMG locations and labels for sampled muscle groups 

Among the extensor muscles analyzed in this experiment, the first muscle group of 

interest was the Extensor Carpi Radialis, Longus and Brevis ( ECR). The subjects were asked 

to hold their elbows at a right angle with their arms close to the body and forearm fully 

pronated (palm facing downwards). The area about two finger breadths distal to the lateral 

epicondyle (LE) was palpated with the test maneuver being dorsiflexion of the wrist in radial 

deviation. The electrodes were placed in the direction of the muscle fibers about two finger 

breadths away from the lateral epicondyle (Delagi et. al, 1994). Figure 3.10 shows the 

placement of electrodes for ECR muscle. 
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Figure 3.10: Placement of electrodes for ECR muscle 

The second extensor muscle of interest was the Extensor Carpi Ulnaris (ECU). Here 

again, the subjects were asked to hold the elbow of their dominant arm at a right angle with 

their upper arm pointing downwards and held close to the body. The forearm was extended 

outwards and was fully pronated ( palm facing downwards). For placing the elctrode on the 

ECU, the ulna was palpated in the middle of the forearm (midway between the lateral 

epicondyle and the pisiform carpal bone). To ensure accuracy of electrode placement, the 

subject was asked to extend the wrist with ulnar deviation and the placement of electrode 

heads was verified (Delagi et. al, 1994). Figure 3.11 shows the placement of electrodes for 

ECU muscle. 

 

Figure 3.11: Placement of electrodes for ECU muscle 
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Among the flexor muscles selected for recording muscle activity, the first muscle of 

interest was the Flexor Carpi Radialis (FCR). The elbow was bent at approximately 90° with 

the arm held outwards. The forearm was fully supinated (palm facing upwards). Initially, the 

midpoint between a line connecting the medial epicondyle (ME) and biceps tendon (BT) was 

determined. The electrodes were placed perpendicular to the line connecting the ME and BT 

at about three to four finger breadths from the midpoint on the muscle head. The test 

maneuver for determining accuracy of electrode placement was to have the subjects flex their 

wrist with a radial deviation. Figure 3.12 shows the placement of electrodes for FCR muscle. 

 

Figure 3.12: Placement of electrodes for FCR muscle 

 The second flexor muscle of interest was the Flexor Carpi Ulnaris (FCU). The elbow 

was bent at approximately a right angle with the arm held outwards. The forearm was fully 

supinated. The placement of the electrodes was two finger lengths volar to the ulna at the 

junction of the upper and middle thirds of the forearm.The electrodes were palpated to to 

determine this position when the wrist was flexed with an ulnar deviation (Delagi et. al, 

1994). Figure 3.13 shows the placement of electrodes for FCR muscle. 
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Figure 3.13: Placement of electrodes for FCU muscle  
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3.4  Experimental Design  

3.4.1  Independent Variables  

For Experiment 1, there were a total of five independent variables. The first variable 

was the tie-down type with two levels: the standard #9 gauge wire and the proposed 

intervention of the plastic zip-ties. This was manipulated as a within-subjects variable. The 

second was the material of walk-board with two levels, wood planks and metal boards, 

manipulated within-subjects. The third variable was the level or position of the tie-down in 

the frame with two levels, low and high, also manipulated within-subjects. The next variable 

was fatigue level and it had three levels: not fatigued, pre-fatigued and pre-fatigued with a 

break. This was a between subjects or grouping variable. The experiments were set up such 

that the very first operator on a particular day was not fatigued by prior work in any way. The 

second operator, whose muscle activity data would be collected, was involved in a manual 

material handling task before the frame assembly tests and his condition was that of pre-

fatigue. Lastly the third operator of the day was exposed to the manual material handling task 

and had a short lunch break before the start of data collection on scaffold frame assembly. 

Hence his level of fatigue was pre-fatigued with a break. The operator mix in terms of fatigue 

was the same on all 3 days of the study with an equal number of operators falling into each 

fatigue category. The last independent variable was that of pre-condition which reflected the 

type and duration of activity to which an operator was exposed before each test trial. This 

was a temporal variable indicating at the point during a single subject‟s session when a 

certain trial of data was collected. This variable had four levels, firstly 0 or no pre-condition. 

This represented the very first trial a particular subject; 1- This represented the second out of 
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four trials and was preceded by a trial involving ratchet clamp coupling; 2- This represented 

the third out of four trials and was preceded by a ratchet clamp test trial and a #9 wire tie-

down test trial; and 3- This represented the last of the four trials and was preceded by the old 

ratchet clamp, #9 wire tie-down, and new ski-boot coupler test trials. The tie-down type was 

nested within the level of pre-condition such that levels 0 and 1 of the precondition variable 

could only be the #9 gauge wire tie-down and levels 2 and 3 can only be the plastic zip-tie 

tests. Thus, the experiment design was a 2 × 2 × 2 × 3 × 4 design. 

For Experiment 2, there were also a total of five independent variables. The first 

variable was the coupler type with two levels: the standard ratchet coupler and the proposed 

intervention of the ski-boot quick clamp. This was a within-subjects variable. The second 

variable was the type of activity performed by subjects with two levels, assembly and 

disassembly of couplers. The third variable was the level or position of the coupler on a 

frame with two levels, low and high. The next variable was fatigue with the same three levels 

as in Experiment 1. This was a between-subjects or grouping variable. The last independent 

variable was the pre-conditioning variable but the settings were slightly different than those 

in Experiment 1.  The variable had four levels- 0- This represented the first trial for a 

particular subject which involved the use of the existing coupler technology; 1- This 

represented the second trial which was preceded by the tie-down trial using the #9 gauge 

wire test trial; 2-  This represented the third trial which was preceded by the tie-down trial 

using the #9 gauge wire test trial and a ratchet coupler test trial; and 3 This represented the 

last trial which was preceded by the tie-down trial using the #9 gauge wire, ratchet coupler 

and plastic zip-ties test trials. The coupler type was nested within the level of pre-condition 
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such that levels 0 and 1 of the precondition variable could only be tests of the existing ratchet 

coupler and levels 2 and 3 could only be tests of the proposed ski-boot couplers. Thus, the 

experiment design was a 2 × 2 × 2 × 3 × 4 design. 

3.4.2  Dependent Variables  

For both Experiments 1and 2, there were a total of five dependent variables, all of 

which were objective measures. These included the EMG responses for the FCR, FCU, ECR 

and ECU. The processing including selecting the relevant data of interest for each of the 

replications, filtering the data by applying low, high-pass and notch filters, smoothing the 

data and then normalizing it. The final dependent variable was the average TTC which was 

obtained from the videotapes of the experiment trials. 

3.5  Experimental Procedure  

3.5.1  Facility and Training 

 The experiments were conducted at a training facility for one of the NPPs owned by 

the utility. The scaffold frames were setup in one large room with dimensions of 45‟ × 25‟.  

The general frame setup and equipment placement area are shown in Figure 2.14. On the first 

day of experimentation, the participants and environment, health and safety personnel of the 

NPP were given a presentation on the background of the study, motivation and purpose for 

conducting the experiments. They were told that the study was to test the influence of the 

identified ergonomic interventions on physiological responses and performance measures 

among maintenance operators. On completion of the overview, subjects were asked to read 

and sign the consent form. Before any testing, the group went through a set of stretching 

exercises to warm-up their muscles.   



56 
 

The subsequent session familiarized the participants with the proposed interventions.  

They were permitted to do some walk-board to frame tie-downs using the plastic zip-ties and 

some tube coupling with the new ski-boot clamping mechanism couplers.  This was an 

opportunity for the scaffolders to become acquainted with the new technology. The 

participants were then shown the measuring equipment and donning procedures were 

explained. The frame set-ups were then explained to them along with operator assignments 

and associated task responsibilities. Operators were encouraged to ask questions about the 

interventions and the recording devices at this point of the study and answers were provided. 

 The next step in the procedure involved dividing the participants into groups of three 

operators for the purpose of the study. These groups remained together for the entire three 

day experimentation period. A group of three operators was called onto the frames for EMG 

analysis during each day. Each of the three days was divided into three 2 hour sessions. Each 

operator from a group served as the test operator for one of the 2-hour sessions and donned 

the EMG electrodes. During each session, four trials were conducted with a single trial 

presenting one of the two tie-down types of coupling mechanisms. The first of the four trials 

could either by that of the existing wire ties or standard ratchet couplers. The order was 

randomized across sessions. Test trials involving use of the existing technology always 

preceded testing with the new technologies (zip ties or lever couplers). During each session 

the operators wore all personal protective equipment required by the power utility during 

actual operations in plant, including gloves and safety glasses. 
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Figure 3.14: Experimental frame set-up 

3.5.2  Experiment 1 Testing 

 Data was collected on a total of nine operators during the three day experiment at the 

NPP. Two of the four test trials for each operator were related to the objectives of 

Experiment 1 (i.e., the walk-board to scaffolding frame tie-down task). During each session, 

operators were assigned to one of three roles. The subject on whom data was to be collected 

was identified as the test operator (TO). The electrodes and belt unit were attached to him 

during the test session to collect muscle activity data. The test operator performed all four 

trials during the test session. An operator‟s assistant (OA) worked with TO during the four 

trials by handing him the pre-cut #9 wire ties and zip-ties depending on the condition being 

tested. He was also responsible for cutting off the ties once the TO moved on to the next tie-

down activity in a trial. This was to minimize delays in the process of completing a trial. The 

third operator was identified as a spotter (S) whose role was to carry out a manual material 
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handling task, specifically frame assembly and disassembly in order to induce fatigue of 

large muscle motor units. This was the pre-exposure fatigue task that was used to determine 

the level of fatigue in a TO.  Participants swapped roles at the end of each test session (every 

120 minutes), with the TO assuming the role of OA and spotter assuming the TO role. The 

tasks for each role and times are presented in Table 3.2 for a single test session. 

Table 3.2: Description of EMG experiment task procedure with estimated times 

Time 

(min) 

TO 

(Test Operator) 

OA  

(Operator Assistant) 

S 

(Spotter) 

Frame is  Disassembled, Tubes are sorted in piles and couplers in Orex bags 

0-40 Equipment set-up Assemble the frame 3 

and 4 

Assemble the frame 

3 and 4 

41-55 Trial 1. Assemble 4 tubes 

using 8 ratchet couplers  

Assist TO with 

positioning tubes, MMH 

and hand coupler from 

Orex bag 

Pre-exposure task 

56-70 Trial 2. Perform 12 tie 

downs using #9 gauge 

metal wires 

Assist TO Pre-exposure task 

71-85 Trial 3. Assemble 4 tubes 

using 8 lever couplers 

Assist TO with 

positioning tubes, MMH 

and hand coupler from 

Orex bag 

Pre-exposure task 

86-100 Trial 4. Perform 12 tie 

downs using plastic zip 

ties 

Assist TO Disassemble the 

frame 3 

101-115 Clean-up 
Disassemble the frames 3 

and 4 
Disassemble the 

frames 3 and 4 

116-120 Questionnaire Prepare to switch 

positions 

Prepare to switch 

positions 
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The scaffold frame for the experiment was pre-assembled with a total of four walk-

boards placed side by side with a wooden and metal walk-board on each level (Figure 3.15). 

The lower level was constructed about 2‟ off the ground and had a wooden plank on the left 

side of the frame and a metal one on the right. The higher level was at a height of 

approximately 6‟ from the ground and had the metal walk-board on the left and the wooden 

plank on the right side of the frame. Figure 2.15 shows the placement of all walk-boards on 

the frame for the set-up used in Experiment 1. 

 

 

 

 

 

 

 

 

 

Figure 3.15: Experiment 1 tie-down task frame set-up. 

During the initial 40 minutes of the session, the TO went through the elaborate skin-

preparation process for EMG electrode placement at the desired forearm muscle locations. 

The dominant hand was fitted with electrodes using the procedures identified for electrode 

placement for the muscles of interest. This time period was allotted in order to ensure the 

muscle responses were in-line with expectations and that the recording unit was in fact able 
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to capture data on all four muscles of interest. A resting period potential was determined 

along with a potentials for the TO performing basic forearm flexion, extension, radial and 

ulnar deviations maneuvers. The OA and spotter were engaged in the fatiguing pre-exposure 

task during this time period.  

Of the four trials in a session, two were focused on the existing tie-down and 

proposed plastic zip-ties. Testing of the existing tie-down technology always preceded the 

new technology. The pre-condition was nested within the tie-down type; therefore use of #9 

gauge wires could either be the first or second trial in the sequence of four trials experienced 

by a TO. The use of plastic zip-ties to complete the tie-down task was either the third (if the 

#9 wire was performed first) or fourth trial (if #9 gauge wire was the tested second in the 

sequence of four trials per session).  

Each trial began with the TO starting at the lower left corner of the frame assembly 

and moving on to the second walk-board on the same level. On completion of the lower level 

of walk-boards, the operator moved to complete the tie-downs at the higher level again from 

left to right. The OA walked behind the TO and removed the assembled tie-downs so that all 

planks would be ready for another set of tie-downs once those on the other level were 

complete. This cyclic process continued for three repetitions until 12 tie-down tasks were 

completed within each trial.  

The mean normalized EMG was computed during the period of each replication, 

obtained from the video analysis. When the four trials (two tie-down and two coupling) were 

completed in one session, the electrodes were removed from the TO and the operator roles 

were swapped. During the course of this study, each participant was exposed to each 
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coupling or tie-down condition once, but with multiple replications in each trial. A total of 

nine sessions were completed for all participants and they were each exposed to a total of 48 

tie-downs. 

3.5.3  Experiment 2 Testing 

Two of the four trials performed by each participant during the 2-hour session as the 

TO were related to the coupling task. As in the first experiment, each session included three 

participants assigned to the roles of TO, OA and S. The TO was required to assemble and 

disassemble eight couplers during the course of each trial. The initial skin preparation and 

electrode placement was completed at the start of each session and. The OA was responsible 

for handing the couplers to the TO and holding frame tubes in place when the couplers were 

being attached to them. The S in the meanwhile was engaged in the task of scaffold assembly 

to fatigue large muscle motor units. The participants switched roles every 2 hours on 

completion of the four trials. The pre-condition variable was nested within coupler type. The 

old ratchet coupler was always tested before the new quick clamp coupler. Thus, the frame 

assembly using the ratchet couplers could either be the first trial for a TO or the second, if the 

#9 gauge wire tie-down was tested first. Similarly, the proposed ski-boot clamps could either 

be the third trial (after ratchet coupler and #9 gauge wire testing) or the fourth trial (after 

testing the #9 gauge wire, existing scaffold couplers, and of plastic zip-ties). 

This experiment also used a preassembled frame setup with couplers supporting one 

end and the center of the frame. The end had four unsupported horizontal tubes mounted with 

a 2 foot overhang. A total of four tubes were added to complete the assembly at the open end 

of the frame with two vertical tubes connecting to the horizontal tubes at the top and bottom 
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ends (Figure 3.16). Two additional tubes were assembled laterally to connect the two vertical 

members at the top and bottom levels of the frame.  

The coupling experiment trials began with the connecting of vertical tubes at the open 

end. First, the top coupler was attached, followed by the bottom from the left to right end of 

the frame. Next a tube was placed laterally at the higher level of the joints. Again, the order 

followed was from left to right. Lastly, a tube was placed laterally at the lower level of the 

joints and coupled from the left to right. Once the assembly process was complete, 

disassembly began in the reverse order of assembly (i.e., the coupler assembled last was the 

first to be disassembled). Therefore, during each trial, eight couplers were assembled and 

eight disassembled leading to a total of sixteen replications for each coupler type. Figure 3.16 

shows the frame setup for the tube coupling task and the sequence with which couplers were 

assembled (C1, C2,…, C7, C8). 

 

Figure 3.16: Experiment 2 tube coupling task frame set-up. 
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In general, each coupling trial began with the OA handing a vertical tube to the TO to 

hold it in place at the left end and then passing on a loosened coupler. The TO held the 

vertical tube in place, took the first coupler from the OA and assembled it at the left top 

corner of the open frame assembly. Next, the TO took the second coupler and assembled the 

lower end to complete the first vertical tube assembly. This was repeated with couplers 3 and 

4 for the second vertical tube on the right side of the frame. Once this joint was secured, a 

tube was laid laterally at the upper level and two couplers (C5 and C6) were assembled from 

left to right. Lastly, the second tube was placed laterally at the lower end and clamped using 

couplers C7 and C8, again from left to right. This represented completion of the coupler 

assembly process, which was followed by the coupler disassembly in the reverse order of 

assembly. The OA helped in moving the couplers and tubes out of the way on completion of 

the disassembly.  

While the trial was in progress, the spotter was involved in the pre-exposure task to 

fatigue the large muscle motor units. On completion of each session, the spotter became the 

test operator, as he was exposed to the condition of pre-fatigue. The TO became the OA and 

the OA became the spotter, as he was exposed to condition of pre-fatigue with a break before 

test trials. In each session, there were two coupling trials, leading to an exposure of 32 

assemblies and disassemblies of couplers by each participant. 

3.5.4  Debriefing 

 On completion of all the test trials, a debriefing session was conducted. The 

participants helped with clean-up of the training facility including disassembly of all the 

structures once the experiment was finished. The operators were paid their regular wages by 
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the company during the course of the study. Finally, the participants were thanked for their 

time and given an Ergonomics Lab T-shirt for their help. 

3.6  Hypotheses 

There were two hypotheses for Experiment 1: (1) the muscle activity in the flexor 

carpi radialis (FCR), flexor carpi ulnaris (FCU), extensor carpi radialis (ECR) and extensor 

carpi ulnaris (ECU) were expected to be significantly higher in the use of the standard #9 

gauge wire as compared to the plastic zip-ties. The zip-ties were expected to eliminate 

forceful, repetitive exertions in the walk-board tie-down. The second hypothesis related to 

the temporal component of the study; wherein, use of plastic zip-ties was expected to reduce 

the TTC and ergonomic risk exposure as compared to the #9 gauge wire. The subtask of wire 

twisting was eliminated with the use of the zip-tie technology. 

For Experiment 2, there were also two hypotheses: (1) the muscle activity for the 

FCR, FCU, ECR and ECU was expected to be lower while using the lever-based coupler as 

compared to the existing ratchet coupler. The high force and exertion activity of ratcheting 

was eliminated with the use of the lever clamps. Secondly, the new lever couplers were 

expected to produce shorter TTC and reduced risk exposure due to no ratcheting action with 

the new design as compared to the existing ratchet couplers. 

3.7  Data Processing 

The data for both experiments was processed using the same procedure. First, the 

videos of the experiment were analyzed to identify periods of tie-down or coupler replication 

during a trial. Notes were made on the specific conditions experienced by an operator in each 
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frame assembly, including the level, material, tie-down or coupler type, etc. The start and end 

times were recorded for each replication within a trial.  

During collection and subsequent analysis, the data was visually inspected to identify 

any anomalous observations. Data was processed using Matlab code created specifically for 

this experiment.  Outliers were noted and causes were identified including failures in 

mechanical equipment. This was verified from the video analysis. Each EMG signal was 

plotted to reveal any anomalies in the data collected.  

Normalized EMG values for the four muscles were then calculated via a series of 

processing steps. The data collected was filtered using low-pass and high-pass filters to 

eliminate environmental noise and motion artifacts. The high-pass filter retained all signals 

with frequencies greater than or equal to 20Hz. The low-pass filter retained frequencies 

which were less than 500Hz.The data was then passed through a notch filter to eliminate the 

mid-band frequency noise at 60Hz due to other electrical instruments connected within the 

range of the recording system. The data was then smoothed to aid further processing using 

moving average method for a 50ms interval, i.e. about 5% of the sampling frequency (Payton 

& Bartlett, 2008). 

The EMG data was synchronized with time data so that only the useful periods of 

activity were selected for analysis. Additional Matlab code was used to calculate the sum of 

the data points within each replication of interest as the data sampling frequency was 

1024Hz. A spreadsheet was built to calculate the mean value for each replication, which 

constituted the numerator of the normalization equation. Next, the denominator was 

calculated, which was the mean EMG response across all trials in an experiment for a subject 
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under a common set of conditions (Rash & Quesada, 2006). Once the numerator and 

denominator portions were calculated, the normalized value of EMG was computed as a ratio 

of these two values.  

For each experiment, a separate spreadsheet was developed that included all the 

condition identifiers for trial, type of walk-board tie-down, coupler, level, material of walk-

board (if Experiment 1),  activity (if Experiment 2), fatigue level and pre-condition. Other 

identifiers included day, session, trial, replication and subject. The four normalized EMG 

responses for the forearm muscle activity for each test replication were also included in the 

spreadsheet along with TTC. The data on TTC was calculated based on the start and end 

times noted for each trial from the video analysis. 

3.8  Statistical Analysis 

Analysis of variance (ANOVA) was used to identify whether there were any 

significant effects of independent variables on the normalized muscle activity and time 

responses. Those independent variable manipulations yielding p-values < 0.05 were 

considered statistically significant. The assumptions of the ANOVA were tested using 

graphical and inferential methods. 

3.8.1  Assumptions testing for Analysis of Variance 

The first step of testing whether the assumptions of the ANOVA were upheld by the 

experiment data was to check for using a quantile plot of the residuals. Any significant 

deviations from a linear trend were considered to be a violation of the normality assumption. 

The second ANOVA assumption was homoscedasticity of the data, which was assessed by 

viewing the residuals versus predicted plots. Constant variance is characterized by a random 
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plot with no demonstration of a characteristic pattern. Heterogeneity of variance was ruled 

out by checking for systematic patterns including funneling of residuals towards the start or 

end of the range of model predictions. Next, an assessment of the independence of 

observations was tested by plotting the model residuals versus time or replication number. 

The four test trials for each operator were distributed across a session during a single day of 

the experiment.  

3.8.2  Data Analysis 

The response measures from both experiments were analyzed according to a similar 

procedure. (1) The ANOVA was applied to the main effects model. (2) Subsequently, a 

multivariate analysis of variance (MANOVA) was conducted to identify any effects, which 

were significant across all muscles of interest considering a full-factorial model. The muscle 

responses could have been dependent on one another due to the groups selected, coordinated 

activation in motion or cross-talk between electrodes. (3) Once significant main effects and 

interactions were identified through the MANOVA, univariate ANOVAs were conducted on 

each response measure. (4) Finally, correlation analyses were conducted on all response 

measures for both experiments. 

The main effects models were used for the purpose of identifying potential outliers in 

the responses. These models were used to generate residuals, which were used to carry out 

the diagnostics (Sabin & Stafford, 1994). The residuals versus predicted and leverage plots 

were visually inspected to identify data points significantly deviating from the mean response 

by a standard deviation of ±2. A list of these outlier values was examined to determine if any 

could be removed from the experiment data set for legitimate reasons. The experiment 
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videotapes proved to be a good record of events and were examined for problems with the 

equipment or mounting of electrodes, or if participants did not follow instructions in some 

way. If a valid reason could be determined for an outlier, the data point was eliminated from 

the dataset. Appendix D provides a summary of all outliers. 

Initially, the fatigue variable was included as a main effect in the MANOVA model. 

For Experiment 1, MANOVA results revealed fatigue to be insignificant for the four muscle 

responses; however, there was a significant effect on TTC. When univariate analyses were 

conducted on the various response measures, the fatigue term was found to be insignificant 

for both flexors and extensors. For Experiment 2 (focused on the coupler technology), 

MANOVA results on the four muscle responses revealed fatigue to be significant. It was also 

found to influence the TTC response. When univariate analyses were carried on each of the 

muscle response measures, the flexors revealed the fatigue effect to be insignificant. Hence, 

considering the results from both experiments, the fatigue variable was not pervasive in 

effect across all response measures.  Consequently, it was removed from the full statistical 

model.  

Regarding the term of subject nested within fatigue level, it was found to be 

insignificant in the MANOVA for Experiment 1. Therefore, it was not included in separate 

univariate analyses on muscle response measures. However, it was significant for log (TTC) 

and, therefore, retained in the model. For Experiment 2, MANOVA results revealed 

significance for the subject term nested within fatigue level. However, upon execution of 

univariate ANOVAs, significance was revealed only in the case of the extensor muscles and 

not the flexors. To maintain consistency across muscle response measures, the subject term 
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was not included in the further analysis. It was, however, found to be significant for log 

(TTC) in Experiment 2. Therefore, it was retained for the univariate analysis on task time. 

Next, the MANOVA was applied to all the muscle response measures for each 

experiment, including FCR, FCU, ECR and ECU. Since these muscles are all located in the 

forearm and are responsible for complimentary motions, the MANOVA was used to identify 

those main effects and interactions in the full factorial model that were significant across the 

family of response measures given the potential for partial correlations among the responses. 

The average TTC was not considered in this analysis, as the response measure was computed 

by observing the videos and making an estimation of task start and end times. The 

MANOVA served to be a good filter for identifying the significant experiment effects. 

Additional univariate ANOVAs were run on the individual response measures. 

Effects tests were conducted to identify those variables impacting the response measures. 

Significant interactions were further analyzed using Tukey‟s Honestly Significant Difference 

(HSD) as a post-hoc test. Post-hoc tests were also carried out for main effects having greater 

than two levels. 

Lastly, correlation analyses were conducted using the Pearson product-moment 

correlation coefficients. This was done to determine the degree of linear association between 

task completion times and normalized EMG muscle responses for the four muscle groups of 

interest. It was expected that low muscle activity would be associated with shorter task 

completion times. When high muscle activity is observed, this is attributable to recruitment 

of motor units. When large numbers of motor units are recruited, it can lead to eventual 

fatigue and thereby an increase in TTC.  
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3.8.3    Experiment 1 

There were a total of 216 (9×2×12) observations on each response for Experiment 1. 

There were a total of 9 participants who completed the data collection sessions. During each 

session, there were 2 trials testing the different tie-down types. In each trial, there were 12 

replications for the walk-board tie-down task performed on the 2 different walk-board types 

and 2 different levels of the scaffold frame. Thus there were 24 observations on each of the 

response measures for each participant in Experiment 1. 

The first step in the data analysis involved construction of the main effects ANOVA 

which can be represented by the equation below: 

Yijklm = µ + TTi + Mj + Lk + Fl + PC(TT)m(i) + Ɛijklm 

(i= 0-1, j= 0-1, k= 0-1, l= 0-2, m= 0-3) 

Where: 

Y = response measure 

 µ = grand mean 

TT = tie-type 

M = walk-board material 

L = level 

F = fatigue level 

PC(TT) = tie-type nested in pre-condition 

Ɛ = model error 

For the MANOVA analysis, the full-factorial model was developed as follows: 
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Yijklm = µ + TTi + Mj + Lk + Fl + PC(TT)m(i) + (TT × M)ij + (TT × L)ik + (TT × F)il + (M × 

L)jk + (M × F)jl +  (L × F)kl +  (TT × M × L)ijk +  (TT × M × F)ijl +  (TT × L × F)ikl +  (M × L 

× F)jkl +  (TT × M × L × F)ijkm + Ɛijklm 

(i= 0-1, j= 0-1, k= 0-1, l= 0-2, m= 0-3) 

Where: 

Y = response measure 

 µ = grand mean 

TT = tie-type 

M = walk-board material 

L = level 

F = fatigue level 

PC(TT) = tie-type nested in pre-condition 

TT × M = interaction of tie-type and material of walk-board 

TT × L = interaction of tie-type and level 

TT × F = interaction of tie-type and fatigue level 

M × L = interaction of material of walk-board and level 

M × F = interaction of material of walk-board and fatigue level 

L × F = interaction of level and fatigue level 

TT × M × L = interaction of tie-type, material of walk-board and level 

TT × M × F = interaction of tie-type, material of walk-board and fatigue level 

TT × L × F = interaction of tie-type, level and fatigue level 

M × L × F = interaction of material of walk-board, level and fatigue level 



72 
 

TT × M × L × F = interaction of tie-type, material of walk-board, level and fatigue level 

Ɛ = model error 

 Based on the significant results from the MANOVA, the final ANOVA model 

constructed for the muscles on which EMG activity was collected is as follows: 

Yijkl = µ + TTi + Mj + Lk + PC(TT)l(i) + Ɛijkl 

(i= 0-1, j= 0-1, k= 0-1, l= 0-3) 

Where: 

Y = response measure 

 µ = grand mean 

TT = tie-type 

M = walk-board material 

L = level 

PC(TT) = tie-type nested in pre-condition 

Ɛ = model error 

For TTC, it was found that there was an over-prediction of the model at low and high 

values and under-prediction at mean value. Hence as a corrective action, logarithmic 

transformation was applied to TTC data. The final ANOVA model constructed for the log of 

TTC is as follows: 

Yijk = µ + TTi + Mj + Fk + S(F)l(k) + (TT × M)ij + Ɛijk 

(i= 0-1, j= 0-1, k= 0-2, l= 1-9) 

Where: 

Y = response measure 

 µ = grand mean 
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TT = tie-type 

M = walk-board material 

F = fatigue level 

S= subject 

TT × M = interaction of tie-type and material of walk-board 

Ɛ = model error 

 3.8.4   Experiment 2 

There were a total of 288 (9×2×2×8) observations on each response for Experiment 1. 

There were a total of 9 participants who completed the data collection sessions. During each 

session, there were 2 trials testing the different tie-down types. In each trial, there were 8 

replications for the scaffold frame assembly and 8 for disassembly (i.e., 2 activities of 

assembly and disassembly). Thus there were 32 observations on each of the response 

measures for each participant in Experiment 2. 

Similar to the procedure used in Experiment 1, a statistical model was constructed for 

each step of the analysis procedure for the data from Experiment 2. The main effects 

ANOVA model used was as follows: 

Yijklm = µ + CTi + Lj + Fk + Al + PC(CT)m(i) + Ɛijklm 

(i= 0-1, j= 0-1, k= 0-2, l= 0-1, m= 0-3) 

Where: 

Y = response measure 

 µ = grand mean 

CT = coupler-type 
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L = level 

F = fatigue level 

A = activity 

PC(CT) = coupler-type nested in pre-condition 

For the MANOVA, the full-factorial model was developed as follows: 

Yijklm = µ + CTi + Lj + Fk + Al + PC(CT)m(i) + (CT × L)ij + (CT × F)ik + (CT × A)il + (L × F)jk 

+ (L × A)jl +  (F × A)kl +  (CT × L × F)ijk +  (CT × L × A)ijl +  (CT × F × A)ikl +  (L × F × 

A)jkl +  (CT × L × F × A)ijkm + Ɛijklm 

(i= 0-1, j= 0-1, k= 0-2, l= 0-1, m= 0-3) 

Where: 

Y = response measure 

 µ = grand mean 

CT = coupler-type 

L = level 

F = fatigue level 

A = activity 

PC(CT) = coupler-type nested in pre-condition 

CT × L = interaction of coupler-type and level 

CT × F = interaction of coupler-type and fatigue level 

CT × A = interaction of coupler-type and activity 

L × F = interaction of level and fatigue level 

L × A = interaction of level and activity 

F × A = interaction of fatigue level and activity 
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CT × L × F = interaction of coupler-type, level and fatigue level 

CT × F × A = interaction of coupler-type, fatigue level and activity 

L × F × A = interaction of level, fatigue level and activity 

CT × L × F × A = interaction of coupler-type, level, fatigue level and activity 

Ɛ = model error 

Based on the significant results from the MANOVA, the final ANOVA model 

constructed for the muscles on which EMG activity was collected is as follows: 

Yijk = µ + CTi + Lj + PC(CT)k(i) + Ɛijk 

(i= 0-1, j= 0-1, k= 0-3) 

Where: 

Y = response measure 

 µ = grand mean 

CT = coupler-type 

L = level 

PC(CT) = coupler-type nested in pre-condition 

Ɛ = model error 

For TTC, it was found that there was an over-prediction of the model at low and high 

values and under-prediction at mean value. Hence as a corrective action, logarithmic 

transformation was applied to TTC data. The final ANOVA model constructed for the log of 

TTC is as follows: 

Yijkl = µ + CTi + Lj + Fk + Al + S(F)m(k) + (CT × A)il + Ɛijkl 

(i= 0-1, j= 0-1, k= 0-2, l= 0-1, m= 1-9) 
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Where: 

Y = response measure 

 µ = grand mean 

CT = coupler-type 

L = level 

F = fatigue level 

A = activity 

S= subject 

CT × A = interaction of coupler-type and activity 

Ɛ = model error 
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4  Results 

In this section, the results are presented for each experiment. The first sub section 

(4.1) covers the results obtained for Experiment 1: walk-board tie-down task. The second sub 

section (4.2) covers the results from Experiment 2: frame tube coupling. In both sections, the 

main-effects ANOVA model results are presented first. This is followed by the results of the 

diagnostics on the response measures including use of the normal quantile plot and Shapiro-

Wilks test to assess the ANOVA normality assumption. The MANOVA results are then 

presented followed by the univariate ANOVAs on each response measure and correlation 

analyses. 

4.1  Experiment 1 

The main effects model revealed a significant effect of the independent variables tie-

type (FCR: F-ratio(1, 205) = 134.64, p<0.0001; FCU: F-ratio(1, 205) =  122.408, p<0.0001; 

ECR: F-ratio(1, 205) = 45.996, p<0.0001; ECU: F-ratio(1, 205) = 228.625, p<0.0001) and 

level (FCR: F-ratio(1, 205) =  21.71, p<0.0001; FCU: F-ratio(1, 205) =  27.718, p<0.0001; 

ECR: F-ratio(1, 205) =  7.595, p=0.0064; ECU: F-ratio(1, 205) = 10.429, p=0.0015) across 

all the muscle response measures. For the variables plank and pre-condition, there was some 

variability in significance as follows: plank (FCR: F-ratio(1, 205)=  0.613, p= 0.4347; FCU: 

F-ratio(1, 205)=  5.051, p=0.0257; ECR: F-ratio(1, 205)=  6.771, df= 1, p=0.0099; ECU: F-

ratio(1, 205)=  4.420, df= 1, p=0.0368) and pre-condition (FCR: F-ratio(2, 410)=  1.039, p= 

0.3557; FCU: F-ratio(2, 410)=  15.756, p<0.0001; ECR: F-ratio(2, 410)=  4.079, p=0.0183; 

ECU: F-ratio(2, 410)=  1.204, p=0.3021). As previously mentioned, fatigue was found to be 

insignificant across all response measures (FCR: F-ratio(2, 410)=  0.399, p= 0.6715; FCU: F-
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ratio(2, 410)=  0.335, p=0.7610; ECR: F-ratio(2, 410)=  0.577, p=0.5627, ECU: F-ratio(2, 

410)=  2.036, p=0.1333). For TTC, significant main effects included tie-type (F-ratio(1,204)= 

144.937, p<0.0001), fatigue (F-ratio(2, 408)= 47.518, p=<0.0001) and subject within fatigue 

(F-ratio(6,1224)= 11.565, p=<0.0001). Insignificant main effects included plank (F-

ratio(1,204)= 0.023, p=0.8800); level (F-ratio(1,204)= 1.651, p=0.2003) and pre-condition 

within tie-type (F-ratio(1,204)= 1.729, p=0.1901). 

Regarding data set diagnostics, plots for assessing normality and constant variance 

assumptions are included in Appendix C. The muscle activation results revealed no violation 

of the assumptions. For TTC, it was found that there was an over-prediction of the model at 

low and high values and under-prediction at the mean value. Hence as a corrective action, a 

logarithmic transformation was applied to TTC data. This plot can also be found in Appendix 

C. Inspection of the plot after the revealed no assumption violation. The residuals versus 

predicted values were also plotted to assess the constant variance assumption. The plots 

revealed a random cluster of values equally spaced about the X and Y-axis and hence the 

homoscedasticity assumption was upheld.  

The full-model MANOVA results for Experiment 1 are shown in Table 4.1. A total of 

four main effects and two interactions were found to be significant across all four muscle 

response measures. These were tie-type (p<0.0001), plank material (p=0.0316), level 

(p<0.0001), pre-condition (tie-type) (p=0.0002), Tie-type × Fatigue (p<0.0001) and Level × 

Fatigue (p=0.0088). The remaining nine main effects and interactions were removed from 

subsequent univariate analyses. Since fatigue was not significant as a main effect and the 

associated interactions were heavily influenced by differences in tie-type and level, the two 
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interactions along with the main effect of fatigue were removed from the univariate analyses. 

This resulted in inclusion of four terms in the univariate ANOVA model (i.e., tie-type, plank 

material, level and pre-condition (tie-type)). 

Table 4.1: Experiment 1 MANOVA results 

Effect F-value 
Num 

df 

Den 

df 
p-value 

Tie-type 84.4978 4 172 < 0.0001* 

Plank 2.715 4 172 0.0316* 

Level 10.4497 4 172 < 0.0001* 

Fatigue 1.3885 8 344 0.2001 

PC (Tie-type) 3.8722 8 344 0.0002* 

Tie-type × Plank 0.6414 4 172 0.6336 

Tie-type × Level 0.6746 4 172 0.6104 

Tie-type × Fatigue 10.7923 8 344 <0.0001* 

Plank × Level 1.8387 8 344 0.1237 

Plank × Fatigue 0.7152 4 172 0.6781 

Level × Fatigue 2.6087 8 344 0.0088* 

Tie-type × Plank × Level 0.7806 8 344 0.5392 

Tie-type × Plank × Fatigue 1.0875 4 172 0.3712 

Tie-type × Level × Fatigue 0.6994 8 344 0.6921 

Plank × Level × Fatigue 0.2793 8 344 0.9725 

Tie-type × Plank × Level × Fatigue 1.7956 8 344 0.0768 

 

Figures 4.1 to 4.4 present the tie-type × fatigue interaction for each muscle response. 

Across all four plots it can be seen that for a given tie-type, the level of fatigue produced 

little to no variability in the response measures. 
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Figure 4.1: Mean EMG response of FCR for tie-type × fatigue interaction 

 

 

Figure 4.2: Mean EMG response of FCU for tie-type × fatigue interaction  
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Figure 4.3: Mean EMG response of ECR for tie-type × fatigue interaction 

 

 

Figure 4.4: Mean EMG response of ECU for tie-type × fatigue interaction 
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p<0.0001) and ECU (F-ratio(1,207)= 223.632, p<0.0001). The effect of plank was found to 

be significant in three of the responses namely FCU (F-ratio(1,207)= 5.170, p=0.024); ECR 

(F-ratio(1,207)= 6.912, p=0.0092) and ECU (F-ratio(1,207)= 4.374, p=0.0378) while 

insignificant in FCR (F-ratio(1,207)= 0.6398, p=0.4247). The effect of level was significant 

across all four muscle responses i.e. for FCR (F-ratio(1,207)= 21.709, p<0.0001); FCU (F-

ratio(1,207)= 27.721, p<0.0001); ECR (F-ratio(1,207)= 7.516, p=0.0066) and ECU (F-

ratio(1,207)= 10.321, p=0.0015). Tie-type nested in pre-condition was found to be only 

significant for two of the muscles, including FCU (F-ratio(2,414)= 16.527, p<0.0001) and 

ECR (F-ratio(2,414)= 4.272, p=0.0152). It was found to be insignificant for FCR (F-

ratio(2,414)= 1.127, p=0.3260) and ECU (F-ratio(2,414)= 1.138, p=0.3225).  

Tukey‟s HSD tests were applied to further investigate the tie-type within pre-

condition. It was found that the mean normalized EMG responses were not significantly 

different for the wire tie-down as the first technology used by a participant or the second test 

trial, after use of the ratchet coupler (mean for Trial 1= 1.1265 and mean for Trial 2= 

1.0501). The mean of the EMG response was significantly different for Trial 3, which 

assessed the use of the plastic zip-ties, after the trials involving the wire tie-down and ratchet 

couplers (mean=0.7177) and Trial 4, which was conducted after the trials involving the 

ratchet coupler, wire tie-down and lever coupler (mean=0.9046). 

Following the analysis of normalized mean muscle activity responses, an ANOVA 

was conducted on log (TTC). The initial analysis revealed significant effects of tie-type 

(p<0.0001), fatigue (p<0.0001), Subject (fatigue) (p<0.0001) and tie-type × plank 

(p<0.0001). Table 4.2 shows the full model ANOVA results for the log (TTC) response. 
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Retaining only the significant terms in the model, a reduced model was run on the TTC 

response. 

Table 4.2: Full model ANOVA on log (TTC) for Experiment 1 

Effect Num df Den df F-value p-value 

Tie-type 1 185 179.551 <.0001 

Plank 1 185 0.0284 0.8665 

Level 1 185 2.0502 0.1539 

Fatigue 2 370 59.0011 <.0001 

PC (Tie-type) 2 370 1.7867 0.183 

Tie-type × Plank 1 185 47.3843 <.0001 

Tie-type × Level 1 185 0.0073 0.9321 

Tie-type × Fatigue 2 370 1.9675 0.1427 

Plank × Level 1 185 0.8749 0.3508 

Plank × Fatigue 2 370 1.488 0.2285 

Level × Fatigue 2 370 1.7075 0.1842 

Tie-type × Plank × Level 1 185 0.1598 0.6898 

Tie-type × Plank × Fatigue 2 370 2.2999 0.1031 

Tie-type × Level × Fatigue 2 370 0.7582 0.47 

Plank × Level × Fatigue 2 370 0.3117 0.7326 

Tie-type × Plank × Level × Fatigue 2 370 0.7834 0.4584 

Subject (Fatigue) 6 1110 14.3602 <.0001 

 

Results of the reduced model ANOVA indicated that tie-type had a significant impact 

on TTC (p<0.0001). Mean TTC for the current method of tie-down using the #9 gauge wire 

was 25.45 seconds and plastic zip-ties required 16.96 seconds. This represented a reduction 

of 8.49 seconds. The effect of manipulating the type of plank or walk-board material was 

insignificant as a main effect (F-ratio(1,206)= 0.0277, p=0.8867) but when combined with 

tie-type, in an interaction, it yielded a significant result (F-ratio(1,206)= 46.279, p<0.0001). 

Wood walk-boards had an average TTC of 20.83 seconds and metal required 20.72 seconds 
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with no significant difference between the two. The slightly larger time for wood walk-

boards may be attributed to the fact that they have a longer distance for looping the tie 

around the board. 

The fatiguing task to which the participants were exposed and resulting fatigue level 

was found to have a significant effect on the walk-board tie-down task (F-ratio(2,412)= 

40.152, p<0.0001). For fatigue level of 0, which indicates no pre-fatiguing condition, mean 

TTC was 22.76 seconds. For fatigue level 1, mean TTC was observed to be 23.05 seconds. 

This condition represented data collection after the pre-fatiguing manual material handling 

(MMH) task. For the final level of fatigue, level 2, which represented pre-fatiguing task 

exposure followed by a lunch break, mean TTC was observed to be significantly lower at 

17.10 seconds. This mean was significantly different from the other two conditions. It is 

possible that although the level 2 subjects performed the MMH task before data collection, 

the lunch break might have eliminated the fatigue effect and invigorated them for the test 

trials. 

The tie-type by walk-board material interaction was found to be significant in effect 

on TTC (p<0.0001). It was observed that both types of ties produced differences in TTC 

across the two types of walk-board materials. Tukey‟s HSD tests were conducted to confirm 

this. All levels of interaction were significantly different from one another (F-ratio(1,206)= 

46.279, p<0.0001). The use of #9 gauge wire on a wooden walk-board produced the longest 

TTC with a mean of 28.33 seconds followed by the wire tie-type on a metal walk-board at 

22.86 seconds. The TTC was lowest for use of plastic zip-ties on wooden walk-boards with a 

mean of 15.32 seconds and slightly higher when used on metal walk-boards at 18.79 seconds. 
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Figure 4.5 shows the interaction for tie-type and walk-board material for the mean TTC 

response. 

 

Figure 4.5: Mean TTC for tie-type × walk-board material interaction.  

(Note: The plot presents trends on the actual condition means. The Tukey’s 

classification of conditions was based on LS mean values.) 

 

The final step of the analysis of Experiment 1 was construction of a correlation table 

which is presented in Table 4.3. It was expected that the FCR and FCU responses would be 

positively correlated as they are the flexor muscles which initiate the flexion action of the 

forearm; ECR and ECU were expected to be correlated as they are the extensors and are 

responsible for forearm extension. For the correlation of normalized EMG measures with 

TTC, it was expected that as muscle activity increased, TTC would increase. There appeared 

to be strong positive relationship among the flexors and extensors as expected. The 



86 
 

correlation between the muscle activity and TTC was significant but only moderately 

positive in strength. 

Table 4.3: Experiment 1 correlation table 

  FCR FCU ECR ECU log(TTC) 

FCR 
Correlation 

1 
        

p-value         

FCU 
Correlation 0.6783 

1 
      

p-value <.0001       

ECR 
Correlation 0.6056 0.6352 

1 
    

p-value <.0001 <.0001     

ECU 
Correlation 0.6674 0.6354 0.7086 

1 
  

p-value <.0001 <.0001 <.0001   

log(TTC) 
Correlation 0.3266 0.2962 0.2326 0.3797 

1 
p-value <.0001 <.0001 0.0003 <.0001 

 

4.2  Experiment 2 

The main effects ANOVA model revealed a significant effect of the coupler-type 

across all the muscle response measures including FCR (F-ratio(1,280)= 450.519, p<0.0001), 

FCU (F-ratio(1,280)= 445.88, p<0.0001), ECR (F-ratio(1,280)= 263.094, p<0.0001) and log 

(ECU) was (F-ratio(1,280)= 371.625, p<0.0001). The effect of work level was found to be 

significant in three of the four muscle activation responses, including FCR ((F-ratio(1,280)= 

24.408, p<0.0001), FCU (F-ratio(1,280)= 34.554, p<0.0001) and log (ECU): (F-ratio(1,280)= 

19.195, p=0.0016). It was found to be insignificant for ECR with (F-ratio(1,280)= 1.2092, 

p=0.0064).  With respect to the pre-fatigue condition, there was a lack of significance 

observed for three out of four muscle responses, including FCR (F-ratio(2,560)= 0.584, p= 

0.5583), FCU (F-ratio(2,560)= 0.483, p=0.6176), ECR (F-ratio(2,560)= 2.8925, p=0.0571). 
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Only the response of log (ECU) revealed a significant effect (F-ratio(2,560)= 3.781, 

p=0.024). For the effect of activity type, a lack of significance was observed cross all 

responses including FCR (F-ratio(1,280)= 0.0217, p= 0.8830), FCU (F-ratio(1,280)= 0.429, 

p=0.5130), ECR (F-ratio(1,280)= 3.788, p=0.0526) and log (ECU): (F-ratio(1,280)= 0.826, 

p=0.3644). For the extensor muscles coupler type nested within pre-condition was found to 

be significant, including ECR (F-ratio(2,560)= 7.684, p=0.0006) and log (ECU): (F-

ratio(2,560)= 3.223, p=0.0413). Coupler type nested within pre-condition was found to be 

insignificant for both the flexor response measures with FCR (F-ratio(2,560)= 1.079, p= 

0.3412) and FCU (F-ratio(2,560)= 2.512, p=0.0829). For TTC, significant main effects 

included coupler-type (F-ratio(1,275)= 7.4032, p= 0.0069), level (F-ratio(1,275)= 7.0241, p= 

0.0085), fatigue (F-ratio(2, 550)= 33.697, p<0.0001), activity (F-ratio(1,275)= 530.957, 

p<0.0001) and fatigue nested within subject (F-ratio(6, 1650)= 9.689, p<0.0001). Coupler 

type nested within pre-condition was insignificant (F-ratio(2, 550)= 0.0532, p= 0. 8178). 

Regarding the data set diagnostics, the muscle activation responses revealed no 

violation of assumptions, except for the ECU muscle. For the TTC and ECU responses, an 

over-prediction was observed towards the low and high tails of the dataset along with an 

under-prediction towards the mean value. To account for this observation, a logarithmic 

transformation was performed on the normalized muscle response values and a normal 

distribution was fitted to these transformed data points. This plot and a Shapiro-Wilk‟s 

Goodness of Fit test revealed no violations of the normality assumptions. Hence the 

transformation was successful. The residuals versus predicted values were plotted to assess 
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the equal variance assumption. The plots revealed random clusters of values equally spaced 

about the X and Y-axes and hence the homoscedasticity assumption was upheld.  

The results of the MANOVA for Experiment 2 are presented in Table 4.4. A total of 

eight main effects and interactions were found to be significant across all four EMG response 

measures. The significant three main effects were coupler type (p<0.0001), work level 

(p<0.0001) and coupler type nested within pre-condition (p<0.0001). The interactions were 

coupler × fatigue (p<0.0001), coupler × activity (p=0.0166),  level × fatigue (p<0.0001), 

fatigue × activity (p=0.0020), coupler × fatigue × activity (p=0.0261) and lastly coupler × 

level × fatigue × activity (p=0.0261).  

Table 4.4: Experiment 2 MANOVA results 

Effect F-value 
Num 

df 

Den 

df 
p-value 

Coupler 153.861 4 259 < 0.0001* 

Level 9.9388 4 259 < 0.0001* 

Fatigue 1.12 8 518 0.3478 

Activity 1.6294 4 259 0.1672 

PC(CT) 3.7275 8 518 0.0003* 

Coupler × Level 0.8124 4 259 0.5182 

Coupler × Fatigue 5.5792 8 518 <0.0001* 

Coupler × Activity 3.0838 4 259 0.0166* 

Level × Fatigue 2.8387 8 518 0.0043* 

Level × Activity 0.6661 4 259 0.6161 

Fatigue × Activity 1.9301 8 518 0.0535 

Coupler × Level × Fatigue 1.525 8 518 0.1456 

Coupler × Level × Activity 1.0215 4 259 0.3967 

Coupler × Fatigue × Activity 2.3773 8 518 0.0161* 

Level × Fatigue × Activity 0.65 8 518 0.7356 

Coupler × Level × Fatigue  × Activity 1.459 8 518 0.1695 
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All other main effects and interactions were not significant. The effects of coupler 

and level dominated the interaction terms while the effect of fatigue and activity were not 

prominent. Since the main effects were not significant and the significance of the interactions 

was due to the coupler type and work level effects, all terms involving fatigue and activity 

were dropped from the model. This resulted in a final reduced model with three main effects 

of coupler, level and coupler type nested within pre-condition for univariate ANOVAs. 

Figures 4.6 to 4.9 present the coupler × fatigue interaction for each muscle response. Across 

all four plots it can be seen that for a given coupler type, the level of fatigue produced little to 

no variability in the response measures. 

 

Figure 4.6: Mean EMG response of FCR for coupler × fatigue interaction 
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Figure 4.7: Mean EMG response of FCU for coupler × fatigue interaction 

 

 

 

 

Figure 4.8: Mean EMG response of ECR for coupler × fatigue interaction 
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Figure 4.9: Mean EMG response of ECU for coupler × fatigue interaction 

Figures 4.10 to 4.13 present the coupler × activity interaction for each muscle 

response. Across all four plots it can be seen that for a given coupler type, the level of 

activity produced little to no variability in the response measures. 

 

 

Figure 4.10: Mean EMG response of FCR for coupler × activity interaction 
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Figure 4.11: Mean EMG response of FCU for coupler × activity interaction 

 

 

 

 

Figure 4.12: Mean EMG response of ECR for coupler × activity interaction 
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Figure 4.13: Mean EMG response of ECU for coupler × activity interaction 
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Following the analysis of normalized mean muscle activity responses, an ANOVA 

was conducted on log (TTC) for Experiment 2. The initial analysis revealed significant 

effects of coupler type (p=0.0011), level (p=0.0125), fatigue (p<0.0001), activity (p<0.0001) 

and coupler-type × activity (p<0.0001). The full ANOVA model results for log (TTC) are 

shown in Table 4.5. Retaining these terms in the model, a reduced model was run on the TTC 

response measure. 

Table 4.5: Full model ANOVA results on log (TTC) in Experiment 2 

Effect Num df Den df F-value p-value 

Coupler 1 257 7.7059 0.0059 

Level 1 257 7.4433 0.0068 

Fatigue 2 514 35.7078 <.0001 

Activity 2 514 562.644 <.0001 

PC(CT) 2 514 0.0008 0.9773 

Coupler × Level 1 257 0.0702 0.7912 

Coupler × Fatigue 2 514 2.2699 0.1054 

Coupler × Activity 2 514 18.4487 <.0001 

Level × Fatigue 2 514 0.3403 0.7119 

Level × Activity 1 257 0.0112 0.9156 

Fatigue × Activity 2 514 1.2743 0.2814 

Coupler × Level × Fatigue 2 514 1.4314 0.2409 

Coupler × Level × Activity 1 257 1.2172 0.2709 

Coupler × Fatigue × Activity 2 514 1.1955 0.3042 

Level × Fatigue × Activity 2 514 0.6288 0.5341 

Coupler × Level × Fatigue  × Activity 2 514 0.1922 0.8252 

Subject (Fatigue) 6 1542 10.2669 <.0001 

 

The reduced model for log (TTC) was run using the main effects of coupler type, 

level, fatigue, activity and the interaction term of coupler-type × activity. Coupler type was 

found to be significant in effect on TTC (F-ratio(1,275)= 7.851, p=0.0054). The mean TTC 
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for the ratchet coupler was 30.68 seconds and for the lever coupler it was 28.12 seconds. The 

work level was also significant in TTC (F-ratio= 7.497, p=0.0066). The TTC for lower level 

assembly and disassembly was found to be 30.65 seconds and 28.15 seconds for the higher 

level. Fatigue was also found to significantly affect TTC (F-ratio(2,550)= 20.433, p<0.0001). 

Mean TTCs for the no pre-fatigue condition (level 0) and for the pre-fatigue condition (level 

1) were 32.13 and 30.83 seconds, respectively, and were not significantly different. The TTC 

for the condition of pre-fatigue with break (level 2) was found to be significantly different 

and was 25.58 seconds. Activity type was found to significantly impact the TTC (F-

ratio(1,275)= 566.725, p<0.0001). Mean TTC for the coupler assembly was observed to be 

42.24 seconds and 20.30 seconds for coupler-tube disassembly. 

The interaction of coupler-type × activity was also found to significantly affect TTC 

(F-ratio(1,275)= 18.583, p<0.0001). Figure 4.14 shows the interaction plot with values 

representing actual condition means and classification based on Tukey‟s HSD tests on LS 

means. The use of lever couplers during assembly produced the highest average TTC of 43.5 

seconds followed by the ratchet couplers during assembly at 41.51 seconds. Tukey‟s HSD 

tests indicated these conditions to be similar. The TTC for the remaining two settings of the 

interaction were significantly different from the preceding conditions. TTC for the ratchet 

coupler in disassembly was found to be 22.67 seconds. The lowest TTC was observed for 

ratchet couplers during the disassembly activity and at 18.18 seconds. 
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Figure 4.14: Mean TTC for the coupler-type × activity interaction.  

(Note: The plot presents trends on the actual condition means. The Tukey’s 

classification of conditions was based on LS means values.) 

 

The final step of the analyses of Experiment 2 was construction of a correlation table 

on all response measures. Table 4.6 presents the Pearson coefficients for the linear 

associations of the EMG and TTC responses. It was expected that FCR and FCU would be 

positively correlated and that ECR and ECU would be positively correlated. For the 

correlation of normalized EMG measures with TTC, it was expected that as muscle activity 

increased, TTC would increase. There appeared to be strong positive relation among the 

flexors and extensors, as expected. The correlation between the muscle activity and TTC was 

significant but only moderately positive in nature for the two flexors and log (ECU). Counter 

to expectation, the relationship between ECR and log (TTC) was found to be weakly 

negative. 
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Table 4.6: Experiment 2 correlation table 

  FCR FCU ECR log(ECU) log(TTC) 

FCR 
Correlation 

1 
        

p-value         

FCU 
Correlation 0.8042 

1 
      

p-value <.0001       

ECR 
Correlation 0.7334 0.7383 

1 
    

p-value <.0001 <.0001     

log(ECU) 
Correlation 0.7653 0.7376 0.7789 

1 
  

p-value <.0001 <.0001 <.0001   

log(TTC) 
Correlation 0.1191 0.1143 -0.0129 0.0827 

1 
p-value 0.0433 0.0527 0.828 0.1617 
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5 Discussion 

5.1  Experiment 1 

There were two hypotheses tested through the first tie-down experiment. The first 

was that normalized muscle activity would be reduced for the four muscles of interest, 

including FCR, FCU, ECR and ECU when plastic zip-ties were used versus the #9 wire. For 

this hypothesis, results for each muscle are discussed separately. The second hypothesis was 

that plastic zip-ties would produce shorter TTC and therefore reduced risk exposure as 

compared to the existing #9 gauge wire, when securing walk-boards to a frame. For this 

hypothesis, TTC results are discussed for each significant work factor. 

With respect to the FCR, both main effects of tie-type and level accounted for 

significant variability in the response. The existing #9 gauge wire produced an average 

normalized muscle activity response of 1.1121 while the plastic zip-ties produced a response 

of 0.7468.  This amounts to a 33.7% reduction in mean normalized muscle activity. This 

difference can be attributed to the manner in which each type of tie is used to secure a walk-

board to a frame. With respect to the level of work, inducing a standing or kneeling posture, 

muscle activity was found to be 1.0020 at the lower level as compared to a 0.8568 at the 

higher level. The locations of the walk-boards were at knee height or slightly above shoulder 

height for most participants. The muscle activity at the higher level appeared to be 14.5% 

lower as compared to the lower level. This may be attributed to the fact that less muscle force 

and hence lower activation maybe required in the standing versus kneeling posture for tie-

down tasks. The two factors that were insignificant in impact on FCR muscle response were 

the walk-board material and pre-condition nested in tie-type.  
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For the FCU, all four independent variables were found to be significant, including 

tie-type, material of walk-board, level and pre-condition nested in tie-type. The use of 

existing #9 gauge wire ties resulted in a normalized muscle activity response of 1.0883 as 

compared to a response of 0.8112 when using the plastic zip ties. This represents a reduction 

of 25.5% compared to the existing technology. Thus, it can be concluded that with the use of 

plastic zip-ties, the amount of muscle activity is lowered for the FCU due to the change in the 

way the walk-board is secured to the frame. The force required to manipulate the tie material 

is substantially reduced. The material of the walk-board also significantly affects the muscle 

activity with the wooden walk-board producing significantly higher responses of 0.9779 as 

compared to 0.9215 observed in use of the metal walk-board. This may be attributed to 

differences in the width of the walk-boards resulting in differences in wrist deviations and 

associated force requirements. The level of work was found to produce a 1.0150 normalized 

FCU response for the low position as compared to a 0.8844 response for the high position. 

This 12.9% reduction in muscle activity may be attributed to the fact that larger amounts of 

muscle force maybe required at the lower level as compared to the higher level due to the 

location of the walk-board relative to the forearm. The final independent variable that was 

found to be significant is that of pre-condition nested in tie-type. The average normalized 

muscle activity responses for the wire tie-down were not different for the first trial (1.1265) 

and trial following ratchet coupler testing (1.0501). In the case of use of the plastic tie after 

wire tie-down and ratchet coupler tests, muscle activity was lowest at 0.7177. The use of 

plastic zip-ties in the very last trial of the session resulted in a higher muscle activity of 

0.9046. This may be due to lactic acid accumulation in the muscles and requirement for extra 
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force and muscle activity to perform the task. The high value for the first trial may be 

attributed to this being the very first exertion in a session. In comparison to the strenuous 

ratcheting activity, the use of plastic zip-ties for walk-board to frame coupling may generally 

result in lower muscle activity in the forearm muscle. 

For the ECR muscle all four independent variables in the statistical model were found 

to be significant. The differences in tie-type produced significant differences in the muscle 

activity. For the metal wire tie-type, the mean activity level was 1.0387 and for the plastic 

zip-tie, it was 0.8832. This 14.5% reduction in activity may be due to the fact that use of 

plastic zip-ties does not require extreme extension of the muscle and radial deviation of the 

wrist is eliminated. When conducting a tie-down activity using the metal wire, a participant 

has to grasp the two ends of the tie, overlap them using forceful hand motions and then 

tighten them. Use of plastic zip-ties involves looping the tie around the plank and fitting the 

loose end into the tie head. Thus, use of the plastic zip-ties eliminates the extensive twisting 

motion of the pliers and reduces the amount of muscle force and activity required to make 

this manipulation. The effect of walk-board material also significantly impacted ECR activity 

resulting in a normalized response of 0.9909 for the wood boards and 0.9310 for the metal 

boards. This difference might be explained by the amount of wrist extension and radial 

deviation facilitated by the ECR when performing a tie-down on the wooden walk-board, 

which has a larger width as compared to the metal walk-board. The work level was also 

significant in impacting the mean normalized ECR response. The lower level yielded an 

average activity of 0.9922 and the higher level resulted in an activity of 0.9298. By 

eliminating the use of pliers to tighten the wire tie-down, there was a reduction in amount of 
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force exerted by the ECR and consequently the muscle activity in the ECR muscle. The 

variable of pre-condition nested within tie-type was significant in effect on ECR muscle 

activity. For the wire tie-type in the first or second trials, the average muscle activity was not 

significantly different with means of 1.0433 and 1.0342 respectively. The use of plastic zip-

ties in the third trial resulted in the lowest muscle activity of 0.8364 and when used in the 

very last trial of the session, a normalized response of 0.9299 was observed. 

The last muscle on which EMG data was collected was the ECU, which is responsible 

for extending and ulnar deviating the wrist. ANOVA results revealed tie-type, walk-board 

material and level to be significant in influencing the ECU activity. While using the metal 

wire in tie-down the average normalized muscle activity was 1.1638 and while using a plastic 

zip-tie it was 0.7602. This 34.7% reduction was due to the elimination of use of pliers while 

tightening the #9 gauge wire ties once they are looped around the walk-board. Repeated wrist 

rotation and high muscle force is required to tighten the loose ends of the two wires, which 

was eliminated by using the plastic zip-ties. The wooden walk-board resulted in a ECU 

activity of 0.9890 and the metal walk-board resulted in an activity of 0.9350. This maybe 

explained by the intensive effort required to loop a tie around a large area, as is the case with 

the wooden walk-board. The last significant effect was due to work level with the lower level 

resulting in a 1.0035 average normalized muscle activity and the higher level yielding an 

activity of 0.9205. 

In conclusion, the use of plastic zip-ties had a positive effect on all four muscle 

groups for which EMG activity was recorded. Regarding the two flexors, a reduction of 

33.7% in the mean normalized FCR response and 25.5% for the FCU was observed 
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compared to the existing metal wire tie-down technology. For the two extensor muscles, a 

reduction of 14.5% for the ECR and 34.7% for the ECU were observed. 

The second hypothesis for Experiment 1 was that plastic zip-ties would result in 

shorter TTC than the existing wire ties. A comparison of the mean TTC for tie types showed 

that plastic ties required less time, as compared to #9 gauge wire tie-downs. The average tie-

down time using metal wire was 25.45 seconds while plastic ties required 16.96 seconds on 

average. This resulted in an improvement of 33.4%. The reason for this improvement can be 

explained through the interaction of tie-type with walk-board material. 

A visual inspection of the interaction plot of tie-type × walk-board material (Figure 

4.1) revealed a significant difference between TTC using each tie-type for each material of 

walk-board. For wooden walk-boards, plastic zip-ties were 13.01 seconds faster than #9 

gauge wires. For metal walk-boards, the difference between ties was observed to be 4.07 

seconds sooner than metal wire ties. A substantial difference was observed for each tie-type 

across the two types of walk-board material. The #9 gauge wire ties took 5.47 seconds less to 

secure to a metal walk-board as compared to a wooden one whereas the plastic zip-ties took 

3.47 seconds more on metal as compared to wooden walk-boards. For the metal wire, this 

effect could be attributed to the fact that with the wooden walk-boards, the tie needs to be 

looped around the width of the board, whereas, for metal walk-boards, it is looped between 

ridges at the end. Hence, less time is required to loop and position the wire in place. In the 

use of plastic zip-ties on wooden walk-boards, it was easier for operator to loop the ties 

around a larger width with a shorter TTC. When a plastic tie was used with a metal walk-
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board, this resulted in longer times to loop the free-end of the plastic through a metal board 

ridge. This required higher hand-eye coordination.  

In conclusion, the empirical data supported the hypothesis that plastic zip-ties are 

quicker than existing #9 gauge wires for securing a walk-board to a frame in a tie-down task. 

An overall improvement of 8.49 seconds can be achieved when plastic zip-ties are used in 

place of wire ties in the tie-down activity. 

5.2  Experiment 2 

There were two hypotheses tested through the second experiment on coupler 

technology. The first was that normalized muscle activity would be reduced for the four 

muscles of interest including FCR, FCU, ECR and ECU when lever couplers were used 

instead of ratchet couplers. For this hypothesis, results for each muscle are discussed 

separately. The second hypothesis was that lever couplers would produce shorter TTC and 

therefore reduced risk exposure as compared to the existing ratchet coupler when securing 

frame tubes together, orthogonally. For this hypothesis, TTC results are discussed for each 

significant work factor. 

For the FCR, both main effects of coupler-type and level accounted for significant 

variability in the response measure. The existing ratchet coupler produced an average 

normalized muscle activity of 1.2745 while the proposed lever couplers produced muscle 

activity of 0.6265.  This amounts to a 48.7% reduction in mean normalized muscle activity. 

This difference can be attributed to the manner in which each type of coupler is used to 

secure tubes together. With the use of the lever coupler, the ratcheting action was eliminated. 

The ratchet couplers require seating a bolt on the upper portion of the coupler onto which a 
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nut is ratcheted until it is tight. This action forces the upper arm of the coupler to close onto a 

scaffold frame tube. This action requires wrist flexion and radial deviation, which is 

supported by the FCR muscle. The lever couplers are secured to tubes using just one forceful 

exertion downward on the lever arm. The upper jaw of the coupler is tightened to the base 

using the hook and catch mechanism. This action of securing a coupler to the tube requires a 

simple tightening mechanism as opposed to the repeated ratcheting. The work level required 

standing (high) or kneeling (low) posture. The muscle activity was found to be 1.0255 at the 

lower level, which was about knee height, compared to a 0.8756 for the higher level which 

was slightly above shoulder height for most participants. The muscle activity at the higher 

level was to be 14.6% lower as compared to the lower level. This may be attributed to the 

fact that less muscle force and hence lower activation was required in the standing versus 

kneeling posture. The lower work level may require higher exertion due to its location and 

the orientation of the levers for the new coupler or nut and bolt for the ratchet coupler.  

For the FCU, both main effects of coupler-type and the level of coupler assembly 

height accounted for significant variability in the response measure. The existing ratchet 

coupler produced an average normalized muscle activity of 1.2799 while the lever coupler 

produced an activity of 0. 6652.  This amounts to a 48.0% reduction in mean normalized 

muscle response. This difference can be attributed to the manner in which each type of 

coupler is used in frame assembly. The ratchet coupler requires high muscle force to tighten 

the coupler and constant activation for wrist flexion and ulnar deviation. The low work level 

resulted in a normalized mean FCU activity of 1.0575 and 0.8875 for the higher level. This 
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may be attributed to the differences in posture for assembling and disassembling couplers at 

different levels.  

The ECR muscle also revealed main effects of coupler and pre-condition nested in 

coupler type to be significant. The existing ratchet coupler produced an average normalized 

muscle activity response of 1.1565 while the lever couplers produced an activity of 0.7623.  

This amounts to a 34.1% reduction in mean normalized muscle activity. This can be 

explained by the fact that the lever coupler required less extension and radial deviation in 

clamping. Only one motion was required to force the lever in to position and hold it coupled 

with the tube. Hence, there was less posture deviation and muscle force observed. The pre-

condition variable represented the effect of the sequence of trials within a session. The 

existing coupler technology, when used in the first trial, resulted in an activity level of 

1.2157, which was significantly different from the second trial with a level of 1.0973. The 

use of the lever coupler, either in the third or fourth trial did not yield significantly different 

results with activity levels of 0.7503 and 0.7743, respectively.  

The last ECU response was subjected to a log transformation, revealed the two main 

effects of coupler type and work level. The existing ratchet coupler produced an average 

normalized muscle activity of 1.2077 while the lever couplers produced an activity of 0.6126.  

This amounts to a 49.3% reduction in the mean normalized muscle activity response. The 

ratcheting associated with the use of existing coupler involved extensive use of the ECU to 

produce extension and ulnar deviation. This was eliminated when the lever coupler was used, 

requiring one simple action to secure the clamp with the new technology. The normalized 

mean muscle activity at the lower work level was 0.9095 and at the higher level it was 
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0.8133. This represents a 10.6% reduction that can be attributed to the difference in operator 

posture assumed when working at different heights. A higher force and greater muscle 

activity in the ECU is associated with working at a lower level as compared to the higher 

level. 

In conclusion, the use of lever couplers in frame assembly had a positive effect on all 

four muscle groups for which EMG activity was recorded. In the case of the two flexors, a 

reduction of 48.7% in the mean normalized response for the FCR and 48.0% for the FCU 

was observed compared to the existing ratchet coupler technology. For the two extensor 

muscles, a reduction of 34.1% for the ECR and 49.3% for the ECU were observed. 

The second hypothesis for Experiment 2 was that lever couplers would result in 

shorter TTC than the existing ratchet couplers. A comparison of the mean TTC for coupler 

types showed that lever couplers required less time, as compared to ratchet couplers. The 

average time for coupling using a ratchet coupler was 30.67 seconds while lever couplers 

required 28.12 seconds. This resulted in an improvement of 8.3%. This improvement was not 

as dramatic or large as the utility had hoped but there are a couple of reasons why it may be 

so. One of the factors could be that the lever couplers used a very different clamping 

technology which than the trained scaffold operators were accustomed to using as with the 

ratchet couplers. That is, there may have been some learning curve with the use of the 

technology despite sufficient training provided at the start of the session. Another cause for 

the lesser pronounced difference in TTC may be the plastic material of the lever couplers, 

which were still in the prototype phase of development. The scaffold operators were asked to 

be cautious in the use of these couplers which may have induced some amount of caution in 
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delay when using these during the trials. To hold the coupler lever arm in place, locking pins 

were used. These were quite small and difficult to manipulate especially after wearing 

gloves. An investigation of other locking mechanisms might yield greater reduction in TTC 

when using lever couplers. 

With respect to the effect of level on TTC, it took 30.65 seconds to assemble a 

coupler at the lower level and 28.15 seconds for one at the higher level. This may be 

attributed to the fact that the posture required to complete a coupler assembly supports 

shorter assembly and disassembly time when performed near shoulder level as compared to 

knee level. The next significant factor was that of fatigue level. Fatigue had three levels 

including no exposure to pre-fatigue (condition 0), exposure to the pre-fatigue task (condition 

1) and exposure to the pre-fatigue task with break (condition 2). The average TTC for 

conditions 0 and 1 were not significantly different but that of condition 2 was. For no 

exposure to the pre-fatigue task, the average TTC was observed to be 32.13 seconds and for 

exposure to MMH task it was 30.84 seconds. For pre-condition with break, the average TTC 

was observed to be 25.58 seconds. The next main effect which produced significantly 

different TTCs was activity which included either coupler assembly or disassembly. Coupler 

assembly required 42.49 seconds while disassembly took 20.30 seconds to execute. This may 

be attributed to the fact that assembly requires an initial placement and adjustment to either 

set a nut correctly or get the ratchet in motion, in the case of the ratchet coupler, or an initial 

placement of pins in the holes provided, in the case of the lever coupler.  

A visual inspection of the interaction plot of coupler × activity (Figure 3.2) revealed a 

significant difference between TTC using each coupler type for each sub-task of assembly 
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and disassembly. For frame assembly, the proposed lever couplers took 43.50 seconds while 

the existing ratchet couplers took 41.50 seconds. This difference of 2.0 seconds was found to 

be insignificant. For disassembly activity, the two coupler types revealed significantly 

different results. The existing ratchet couplers required 22.67 seconds while the lever coupler 

disassembly was completed in 18.18 seconds. A substantial difference was observed for each 

coupler-type across the two levels of activity. For the existing ratchet coupler, assembly took 

18.83 seconds longer than disassembly. Similarly for the lever couplers, this difference was 

more pronounced with assembly taking 25.32 seconds longer than disassembly. The use of 

pins to secure the lever may require some time due to high hand- eye coordination. The 

orientation of the lever clamps was another aspect of the technology that scaffold operators 

were seen to have difficulty in assembly. Lever clamp disassembly though was relatively 

simple as the first step involved detachment of pins and then lifting of the lever arm to 

release the coupler from a tube. This disassembly task was completed in the shortest time. In 

general, frame assembly using ratchet couplers took a considerable amount of time due to the 

repeated hand motions significant tightening. Coupler disassembly on the other hand required 

lesser time as the nut-bolt combination only had to be loosened sufficiently to uncouple it 

from a tube. This involved less ratcheting and therefore less time as compared to assembly. 

In conclusion, the empirical data supported the hypothesis that lever couplers are 

quicker than the existing ratchet couplers for securing two frame tubes together. An overall 

improvement of 2.5 seconds can be achieved when lever couplers are used in place of ratchet 

couplers in the frame-tube assembly task. The improvement is more pronounced when the 

task is broken down in terms of activity type. In the case of assembly, the new couplers took 
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(on average) 2.0 seconds longer than ratchet couplers but 4.49 seconds less during 

disassembly. 
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6        Conclusion 

6.1       Overall Recommendations 

 The objectives of this research were two-fold; first, to come up with interventions to 

reduce ergonomics related injuries in high-risk jobs identified through use of a job screening 

tool and, second, to test the impact of the interventions on muscle activity and task 

performance through experiments in a controlled setup. Two high risk jobs were selected by 

considering injury database records, specifically scaffold frame assembly by maintenance 

operators. Target activities included walk-board tie-down to frame tubes and frame tube 

coupling. The walk-board tie-down had produced ergonomics-related injuries due to extreme 

postures, repeated motions and excessive forces required while using pliers to secure walk-

boards with the #9 gauge wire. An alternative to this was the use of high tensile strength 

plastic zip ties which was evaluated in Experiment 1. The second high-risk job was tube 

coupling in frame assembly and disassembly using ratchet couplers. The tasks involved high 

repetition ratcheting to tighten coupler nuts which held bolts in place and the coupler with a 

tube. New lever-based couplers, with a quick-clamping swing arm were investigated as an 

alternative to the existing ratchet couplers in Experiment 2. 

 The goal of Experiment 1 was to examine the difference in muscle activity and TTC 

when plastic zip-ties were used in place of #9 gauge wires. The muscle activity measured on 

four muscles including FCR, FCU, ECR and ECU revealed reduced levels when the 

proposed intervention was used. The plastic ties also resulted in a reduced TTC. The amount 

of flexor muscle activity was reduced by approximately 30% when using plastic zip-ties. In 
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the case of extensor muscles, activity was reduced by approximately 25%. An overall 

improvement of 8.49 seconds was observed when the existing #9 gauge wires were replaced 

by plastic zip-ties. Based on both the objectives of reduced muscle activity and TTC being 

met, a recommendation was made to the utility to use plastic ties in place of the #9 gauge 

wire at the NPPs. 

 Experiment 2 was conducted to assess the impact of use of the proposed lever 

couplers on muscle activity and TTC in the frame assembly task. Overall, the flexor muscle 

EMG was reduced by approximately 48% when lever couplers were used in place of ratchet 

couplers. In the case of the extensor muscles, there was an observed reduction of 

approximately 42% in muscle activity. This was mainly due to elimination of the repeated 

ratcheting motion which caused high activity in the forearm muscles. This was replaced by 

one action of pushing the lever arm down on the lever couplers. In terms of TTC, a 

significant but relatively small improvement of 2.55 seconds was observed with the lever 

coupler. This maybe more pronounced with more training and operator familiarity with the 

new technology. Also development of lever couplers in material other than the plastic used in 

the present study might lead to a greater reduction in TTC. Related to this, the benefits of the 

proposed coupler technology were more pronounced when considering the interaction with 

the activity of assembly or disassembly. Investigation of alternate ways of securing the lever 

arm to the coupler, instead of locking pins, should be conducted. This might serve to further 

reduce task time with the new technology. Since both the objectives of reduced muscle 

activity and TTC were met using the proposed lever couplers, the technology was 

recommended to the utility for frame assembly tasks. The new couplers were found to 
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provide a positive ergonomic impact on forearm muscle activity of scaffold operators and to 

improve task efficiency. The proposed lever couplers will need additional strength testing to 

confirm validity and application in a NPP setting. A comparison between the strength of the 

nut and bolt mechanism of the existing ratchet couplers should be made with the “ski-boot” 

clamping concept adopted for the lever couplers. 

6.2      Limitations 

The study had several limitations associated with the facility used for experiment, 

measurement equipment, environmental conditions, and range of tasks analyzed and design 

of experiments. Due to the restricted dimensions of the facility in which the experiment was 

conducted, the frames constructed were not full size frames, like those commonly used in the 

NPPs. Two fixed work heights were used in both experiments for the walk-board tie-downs 

or assembly of couplers with tubes. In NPPs, these tasks may occur at different heights, 

sometimes even above shoulder height or the heads of scaffold operators. Use of different 

frame configurations based on the facility being maintained can impact the construction of 

scaffolds and the corresponding working height levels. Thus, more extreme postures and 

forearm muscle activity may be observed in the actual nuclear facilities. Hence, adequate 

caution needs to be exercised prior to application of study results to situations other than 

those described for the experiment testing. 

The measurement equipment introduced a certain amount of restriction on the 

recording of muscle activity data. First, the electrode sensors were tethered to an amplifier 

and data collection unit. This induced a reduced range of travel from the measurement 

equipment. This also restricted data collection to occur at one end of the frame as the wires 
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connecting the electrode sensors were of a fixed length. However, within the fixed range of 

travel, the test operators had complete freedom of movement. Another limitation was that 

EMG electrode sensors were mounted only on the dominant hand of test operators and they 

were requested to use only this hand for executing the different task motions. This may have 

introduced some amount of delay and awkwardness with the use of the test equipment as 

there may have been times when the operators felt like using both hands to execute a 

particular task. Future work could involve use of telemetry in measurement equipment and 

mounting of sensors on both hands as opposed to one. 

Another limitation of the study was associated with the environment in which the 

experiments were conducted. The temperature and humidity of the training facility were 

controlled during the course of the experiment. Opposite to this, the NPPs often have 

extremely hot conditions due to the presence of reactor and absence of air conditioning in 

certain areas. This leads to high heat stress working conditions and can affect onset of fatigue 

in participants contributing to increased muscle activity in the forearms. The training facility 

had a relatively low and comfortable working temperature around 74°F and with low 

humidity. A future study should be conducted replicating the actual NPP work environment 

to further assess the effect of the new tie-down and coupler technology on forearm muscle 

activity. Plastic zip-ties with a tensile strength of 175 lbs. were used as test material in the 

experiment. The the NPPs of the power utility require the use of ties with 250 lbs. test. Ties 

with higher tensile strength capacity are generally tougher and more difficult to bend than the 

ties tested in the study. Consequently, the results on task time and muscle activation levels 

presented here may under-predict the times and effort associated with high test ties that 
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would be used by the power utility. The durability of the plastic zip ties as compared with 

wire ties is also a caveat. Plastic ties may be more susceptible to breaking due to the impact 

of tools falling on them or workers walking across assembled ties. This issue should be 

studied in future research. 

The approach taken in this study was examination of an injury database, screening of 

jobs for ergonomic risk factors and finally conducting a “deep-dive” analysis on high risk 

jobs. The analysis revealed that two maintenance jobs should be investigated for application 

of ergonomic interventions. The range of tasks investigated was also limited by the available 

experimental resources. Although representative tasks were selected for the purpose of 

analysis, a wider range of tasks needs to be examined through test sessions involving 

activities other than walk-board tie-down to frame and frame tube coupling in scaffolding 

operations. Future studies could investigate the entire range of activities associated with 

maintenance and scaffolding operations. 

The final and most concerning limitation of the study was related to the MMH 

activity, which was introduced as a pre-fatiguing task during the experiment. Six of the nine 

participants were required to perform a frame–tube assembly task for between 30 to 40 

minutes prior to their assuming responsibility as the test operator in the experiment. The 

extent of this task inducing fatigue on the large motor units of the operators is questionable. 

The duration was limited relative to the standard 8 hour shift. The complexity of the 

assembly was also limited relative to in-plant framing work. The other issue was with the 

experiment scaffold operator schedule, specifically three of the nine operators being exposed 

to the pre-fatiguing condition but acting as test operators after an hour long break. This may 
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have affected lactic acid removal from the muscles and any potential effect of fatigue on 

small motor unit use. Also, in between trials, there were frequent rest breaks introduced of 

about 5 minutes each to secure the measurement equipment and ensure smooth functioning 

of the data collection process. This is contrary to the typical behavior of the scaffolding 

operators who go through extended periods of work with little rest or with scheduled breaks. 

The study of the effect of fatigue over the length of a typical shift and its effect on the muscle 

activity and performance time when using conventional equipment of the proposed 

interventions would be an interesting extension of the present study. 

6.3      Future Research 

Future research should be conducted to address the above limitations, namely the 

facility restriction, the measurement equipment restriction, environmental conditions, range 

of tasks analyzed and experiment schedule. Conducting a field study with a final production 

version of the lever couplers and high tensile strength zip ties in an actual NPP work 

environment of the task would be helpful to ensure applicability of outcome of this study. 

The effect of worker fatigue over an extended duration of time could be studied by 

improvising on the data collection process and modifying the design of experiments to 

eliminate any extensive periods of rest. From the results, it can be observed that both the zip 

tie and lever coupler technologies are beneficial for reducing scaffolder muscle activity. The 

impact of this benefit on operator safety and injury rates should be verified through a 

longitudinal study of in-plant use and recordable incident rates. Thus, field studies are needed 

to further validate the proposed technology and analysis of incident rates might further 

support the effectiveness of zip-ties and lever couplers for scaffolding operations. 
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In addition, or as a parallel approach, to the one adopted in this study alternate 

response measures could be identified and measured during an experiment. The effect of 

repetition in ratcheting and use of pliers in wire tie-twisting maybe isolated and analyzed to 

further quantify the benefit of the proposed interventions on this risk factor. Grip force or 

hand pressure measurement maybe collected as well. The tasks selected in this study required 

high hand grip force exertion while twisting the wire with pliers, in the case of tie-down, and 

ratcheting in the case of the frame assembly. Use of force sensors could quantify the benefits 

of the proposed interventions, if any, compared to use of the existing technologies.  

Related to the present study, the Ergonomics Lab was also involved in study of effect 

of alternate tie-down and scaffold coupler technology on worker postures. This study was 

conducted using electrogoniometers mounted on an operator‟s dominant forearm to measure 

flexion, extension, radial deviation, ulnar deviation and pronation at the wrist. Results 

revealed significant benefits of the lever-based coupler and zip-ties for reducing extreme and 

awkward working postures. Finally, a comparative analysis of all the response measures 

collected across these studies could be conducted including correlations among EMG and 

goniometer data. This might allow for additional conclusions to be drawn on the 

effectiveness and suitability of the proposed ergonomic interventions in the scaffolding 

operations.  
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Appendix A: Informed Consent Form 

 

North Carolina State University  

INFORMED CONSENT FORM for RESEARCH 

Title of Study: Investigation of Ergonomic Interventions for Scaffold Use in Nuclear Power 

Facility Maintenance Tasks 

Principal Investigator:  DAVID B. KABER        Faculty Sponsor (if applicable) 

 

We are asking you to participate in a research study.  The purpose of this study is to identify 

and reduce repetitive strain injuries (RSI) in maintenance operations at a local power utility, 

specifically for scaffolding tasks. 

INFORMATION 

If you agree to participate in this study, you will be asked to assemble/disassemble a scaffold 

structure. In order to measure biomechanical stresses and anthropometric measures on your body, you 

will wear electrogoniometer and/or EMG electrodes depending on the experiment trial. There will be 

a total of 4 to 6 test trials, and you will be asked to commit up to 2-3hrs for each session of the 

experiment. A total of 2 to 3 session will be conducted for three days. Videotaping will be conducted 

in all trials to record your body moments during the trials. 

RISKS 

Potential risks include: (1) general pain in the hand/wrist and low back region due to ratcheting, 

kneeling tie-down tasks; and (2) general fatigue due to the biomechanical stress and EMG measuring 

devices mounted on you during the experiment. Adequate rest periods will be arranged in between 

test trials and between sessions. You will be given detailed information about the electrogoniometer 

and EMG regarding their functioning.  

BENEFITS 

There are no direct benefits of this research.  You may derive some indirect benefits including an 

understanding of human factors and ergonomic research methods. You will be exposed to the 

different techniques used to measure biomechanical stressors. 

CONFIDENTIALITY 

The information in the study records will be kept strictly confidential.  Information such as name, 

gender, age will be collected only for demographic statistics. Data will be stored securely in the 

Cognitive Ergonomics Lab in Edward P. Fitts Department of Industrial and Systems Engineering and 

will be made available only to the persons conducting the study. No reference will be made in oral or 

written reports which could link you to the study. Video recordings of subject participation will be 

made to determine the body postures and measure the repetition rate of hand/wrist exertions. All tapes 

will be kept in the Cognitive Ergonomics Lab of Dept. of Industrial & Systems Engineering during 

the study. The tapes will be erased at the close of our data analysis. 
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Appendix A: Informed Consent Form 

 

COMPENSATION 

All participants will be compensated for their time according to their normal wages by NPF.   

CONTACT 

If you have questions at any time about the study or the procedures, you may contact the researcher, 

David B. Kaber, Daniels Hall, Department of Industrial and Systems Engineering, or call at 919-515-

3086.  If you feel you have not been treated according to the descriptions in this form, or your rights 

as a participant in research have been violated during the course of this project, you may contact Dr. 

Arnold Bell, Chair of the NCSU IRB for the Use of Human Subjects in Research Committee, Box 

7514, NCSU Campus (919/515-4420) or Mr. Matthew Ronning, Assistant Vice Chancellor, Research 

Administration, Box 7514, NCSU Campus (919/513-2148) 

PARTICIPATION 

Your participation in this study is voluntary; you may decline to participate without penalty.  If you 

decide to participate, you may withdraw from the study at any time without penalty and without loss 

of benefits to which you are otherwise entitled.  If you withdraw from the study before data collection 

is completed your data will be returned to you or destroyed at your request. 

CONSENT 

“I have read and understand the above information.  I have received a copy of this form.  I agree to 

participate in this study with the understanding that I may withdraw at any time.” 

 

Subject's signature____________________________________ Date _________________ 

 

Investigator's signature________________________________ Date _________________ 
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Appendix B: Demographic Questionnaire 

 

1. Name : 

2. Age : 

3. Height (inches): 

4. Weight (lbs): 

5. Typical shift start time :  

6. Typical shift end time : 

7. Work years: Current  (Please provide a maximum 10 years OR maximum of 5 jobs as 

part of your work history) 

Position Title/Description Years Average Borg 

Rating 

Current    

Prior # 1    

Prior # 2    

Prior # 3    

Prior # 4    

Prior # 5    

 

8. Do you work on a second job outside of this facility? (circle one): Yes   No. 

If Yes, please provide the number of years and hours/ week you have worked at your 

second job: 

_____________ Years     _______________ hours/ week 

9. Dominant hand (circle one): Left             Right             Both 
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Appendix B: Demographic Questionnaire 

 

10. Maximum grip strength:  

Trial #1 Trial #2 Trial #3 Average 

    

    

    

    

11. Maximum linear force: 

Trial #1 Trial #2 Trial #3 Average 

    

    

    

    

12. Maximum back strength: 

Trial #1 Trial #2 Trial #3 Average 

    

    

    

    

13. Matching linear force for ratcheting task: 

Trial #1 Trial #2 Trial #3 Average 

    

    

    

    

 

14. Overall worker rating at beginning of shift (Borg CR-10): 

15. Overall worker rating at end of shift (Borg CR-10): 
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

Test for Normality 

 

The normal quantile plot for normalized EMG values of Experiment 1 FCR 

 

 

The normal quantile plot for normalized EMG values of Experiment 1 FCU 
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot for normalized EMG values of Experiment 1 ECR 

 

 

The normal quantile plot for normalized EMG values of Experiment 1 ECU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot for Experiment 1 time-to-task completion 

 

 

The normal quantile plot for Experiment 1 Log(TTC)  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot of residuals for Experiment 1 FCR 

 

 

The normal quantile plot of residuals for Experiment 1 FCU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot of residuals for Experiment 1 ECR 

 

 

The normal quantile plot of residuals for Experiment 1 ECU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot of residuals for Experiment 1 Log(TTC) 
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

Test for Equal Variance 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 1 FCR 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 1 FCU 
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 1 ECR 

 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 1 ECU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 1 

Log(TTC) 
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

Test for Normality 

 

The normal quantile plot for normalized EMG values of Experiment 2 FCR 

 

The normal quantile plot for normalized EMG values of Experiment 2 FCU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot for normalized EMG values of Experiment 2 ECR 

 

 

The normal quantile plot for normalized EMG values of Experiment 2 ECU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot for normalized EMG values of Experiment 2 log(ECU) 

 

 

The normal quantile plot for Experiment 2 time-to-task completion  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot for Experiment 2 Log(TTC) 
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot of residuals for Experiment 2 FCR 

 

 

The normal quantile plot of residuals for Experiment 2 FCU  



140 
 

Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot of residuals for Experiment 2 ECR 

 

 

The normal quantile plot of residuals for Experiment 2 log(ECU)  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

The normal quantile plot of residuals for Experiment 2 Log(TTC) 
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

Test for Equal Variance 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 2 FCR 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 2 FCU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 2 ECR 

 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 2 ECU  
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Appendix C: Diagnostic plots for ANOVA assumption evaluation 

 

 

Scatter plot of the residuals as a function of the predicted values for Experiment 2 

Log(TTC)  
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Appendix D: Outliers 

 

Experiment 1 FCR outliers 

Dataset Data Point Value Probable Cause 

FCR 146 2.62931 Measurement equipment was loose 

FCR 145 2.39949 Measurement equipment was loose 

FCR 2 2.14835 Measurement equipment error 

FCR 34 1.80015 Operator did not follow instructions adequately 

FCR 121 1.79924 Operator did not follow instructions adequately 

FCR 102 1.74258 Measurement equipment error 

FCR 26 1.70172 Operator did not follow instructions adequately 

FCR 193 1.63239 Operator did not follow instructions adequately 

FCR 30 1.59763 Operator did not follow instructions adequately 

FCR 204 1.28372 Operator did not follow instructions adequately 

FCR 50 1.26387 Measurement equipment error 

FCR 197 1.17863 Operator did not follow instructions adequately 

FCR 125 1.09517 Operator did not follow instructions adequately 

FCR 194 0.9589 Operator did not follow instructions adequately 
 

Experiment 1 FCU outliers 

Dataset Data Point Value Probable Cause 

FCU 2 1.98441 Measurement equipment error 

FCU 26 1.6777 Operator did not follow instructions adequately 

FCU 193 1.47259 Operator did not follow instructions adequately 

FCU 146 1.36757 Measurement equipment was loose 

FCU 197 1.3213 Operator did not follow instructions adequately 

FCU 50 1.28952 Measurement equipment error 

FCU 121 1.28207 Operator did not follow instructions adequately 

FCU 145 1.26347 Measurement equipment was loose 

FCU 102 1.17102 Measurement equipment error 

FCU 34 1.13928 Operator did not follow instructions adequately 

FCU 204 1.11297 Operator did not follow instructions adequately 

FCU 194 1.10686 Operator did not follow instructions adequately 

FCU 30 1.09923 Operator did not follow instructions adequately 

FCU 125 1.05187 Operator did not follow instructions adequately 
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Appendix D: Outliers 

 

Experiment 1 ECR outliers 

Dataset Data Point Value Probable Cause 

ECR 2 1.73207 Measurement equipment error 

ECR 26 1.66673 Operator did not follow instructions adequately 

ECR 102 1.63678 Measurement equipment error 

ECR 30 1.60051 Operator did not follow instructions adequately 

ECR 50 1.56298 Measurement equipment error 

ECR 121 1.53911 Operator did not follow instructions adequately 

ECR 34 1.52731 Operator did not follow instructions adequately 

ECR 146 1.49358 Measurement equipment was loose 

ECR 193 1.4241 Operator did not follow instructions adequately 

ECR 194 1.35923 Operator did not follow instructions adequately 

ECR 145 1.2229 Measurement equipment was loose 

ECR 197 1.21332 Operator did not follow instructions adequately 

ECR 204 1.13385 Operator did not follow instructions adequately 

ECR 125 1.13098 Operator did not follow instructions adequately 

 

Experiment 1 ECU outliers 

Dataset Data Point Value Probable Cause 

ECU 2 3.10696 Measurement equipment error 

ECU 194 2.02881 Operator did not follow instructions adequately 

ECU 197 1.87064 Operator did not follow instructions adequately 

ECU 193 1.8484 Operator did not follow instructions adequately 

ECU 26 1.7458 Operator did not follow instructions adequately 

 

Experiment 1 log (TTC)- no outliers were found in this dataset. 
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Appendix D: Outliers 

 

Experiment 2 FCR outliers 

Dataset Data Point Value Probable Cause 

FCR 39 4.32435 Measurement equipment error 

FCR 130 3.09182 Operator did not follow instructions adequately 

FCR 132 3.03752 Operator did not follow instructions adequately 

FCR 201 2.60415 Measurement equipment was loose 

FCR 10 2.54102 Measurement equipment error 

FCR 196 2.26846 Measurement equipment was loose 

FCR 234 0.26321 Measurement equipment error 

FCR 233 0.18257 Measurement equipment error 

 

Experiment 2 FCU outliers 

Dataset Data Point Value Probable Cause 

FCU 39 3.22031 Measurement equipment error 

FCU 132 2.50847 Operator did not follow instructions adequately 

FCU 201 2.32478 Measurement equipment was loose 

FCU 130 2.24732 Operator did not follow instructions adequately 

FCU 285 1.99217 Operator did not follow instructions adequately 

FCU 234 0.51044 Measurement equipment error 

FCU 233 0.26726 Measurement equipment error 

FCU 244 0.00059 Measurement equipment error 

 

Experiment 2 log (ECU) outliers 

Dataset Data Point Value Probable Cause 

ECU 39 2.06835 Measurement equipment error 

ECU 201 1.35935 Measurement equipment was loose 

ECU 233 -1.3659 Measurement equipment error 

ECU 234 -1.6321 Measurement equipment error 

ECU 147 -1.636 Operator did not follow instructions adequately 

ECU 244 -6.3956 Measurement equipment error 
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Appendix D: Outliers 

 

Experiment 2 ECR outliers 

Dataset Data Point Value Probable Cause 

ECR 39 7.34901 Measurement equipment error 

ECR 196 2.29021 Measurement equipment was loose 

ECR 130 2.21311 Operator did not follow instructions adequately 

ECR 200 1.85501 Measurement equipment was loose 

ECR 132 1.83115 Operator did not follow instructions adequately 

ECR 201 1.76603 Measurement equipment was loose 

ECR 10 1.46592 Measurement equipment error 

ECR 164 1.45015 Operator did not follow instructions adequately 

ECR 276 0.92582 Operator did not follow instructions adequately 

ECR 178 0.82987 Operator did not follow instructions adequately 

ECR 214 0.51083 Measurement equipment error 

ECR 233 0.17671 Measurement equipment error 

ECR 234 0.09268 Measurement equipment error 

ECR 244 0.00109 Measurement equipment error 

 

Experiment 2 log (TTC)- no outliers were found in this dataset. 


	1.
	2_finally-1.pdf
	3 final

