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ABSTRACT 

 

Steel bucking bars used in sheet metal assembly tasks lack application of 

ergonomic principles.  Four bucking bar interventions were evaluated and compared to a 

steel bucking bar.  The interventions included a tungsten bucking bar, Viscolas® rubber 

wrap adhered to a steel bucking bar, a steel bar paired with an anti-vibration glove, and a 

steel bar with a detachable handle.  All interventions and the steel bar were evaluated for 

vibration transmitted to the hand and elbow, relative muscle activity of the flexor and 

extensor muscle groups of the forearms, and usability. 

Vibration data collected at the hand revealed that the steel bucking bar transmitted 

the most vibration and the tungsten bucking bar transmitted the least.  Transmission of 

vibration to the hand using the detachable handle was comparable to the tungsten bucking 

bar.  All bucking bar interventions failed to meet the ANSI S2.70 standard for vibration 

exposure at the hand.  Vibration measured at the elbow revealed that the tungsten 

bucking bar and the handle transmitted the least amount of vibration while the steel 

bucking bar and the steel bar with the Viscolas® wrap transmitted the most vibration to 

the elbow. The anti-vibration glove transmitted more vibration than the tungsten bar and 

the handle, but overall, less vibration was transmitted using the anti-vibration glove than 

the steel bar at both the hand and elbow.  Electromyography (EMG) was used to measure 

relative muscle activity of the flexor and extensor muscle groups.  There were no 

significant differences between any of the interventions or the steel bar for the extensor 

muscle group.  However, the handle produced the least amount of relative forearm flexor 

muscle activity.    



 vii 

In terms of usability, participants perceived less exertion using the tungsten 

bucking bar and were more likely to recommend the tungsten bucking bars to others.  

Half of the participants ranked the tungsten bucking bar as their first choice of all the 

interventions tested.  The handle and the wrap were also considered usable by most 

participants.  Participants perceived the most exertion using the steel bucking bar and 

were less likely to recommend it to others. 

Vibration, EMG, and usability measures were also analyzed for differences 

between asymptomatic and symptomatic participants.  Relative flexor muscle activity 

was found to be significantly different between the two groups.  Symptomatic 

participants required less flexor muscle activity to grip the handle during the bucking task 

comparable to muscle activity levels in asymptomatic participants.  The anti-vibration 

glove produced the highest mean flexor muscle activity in symptomatic participants.  

Conversely, the glove produced the lowest mean flexor muscle activity in asymptomatic 

participants. 

 In conclusion, the steel bucking bar transmitted more vibration to the hand and 

elbow and was not considered usable in terms of preference and perceived exertion.  The 

tungsten bucking bar decreased vibration transmission to the hand and elbow without 

increased relative grip muscle activity.  Decreased flexor muscle activity was observed 

for the handle and was especially pronounced in symptomatic participants.  In general, 

the anti-vibration glove and Viscolas® wrap did transmit less vibration than the steel 

bucking bar alone.  However, these types of interventions may be better suited for 

damping high frequency, low impact vibration.    
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CHAPTER 1 

INTRODUCTION 

 Aircraft manufacturing involves intensive manual assembly requiring use of 

various hand tools.  These tools include drills, rivet guns, pneumatic ratchets and 

wrenches, grinders, and sanders.  Many typical tools used in aircraft manufacturing 

produce vibration that is transmitted to the hand and arm of the worker, exposing the 

worker to injury.  Other risk factors that lead to injury in production workers include the 

repetition, contact stress and force, and awkward working postures.  These risk factors 

violate ergonomic principles that protect workers from developing an injury over an 

extended period of time.   

The types of hand tools used and the tool characteristics can influence this risk of 

developing a work-related musculoskeletal disorder (WMSD).  The benefits of 

appropriate tool selection and workstation design include not only lowering the risk of 

developing a WMSD, but also increase productivity, improve product quality, reduce 

worker turnover, and increase satisfaction of the worker.  The selection of an appropriate 

hand tool depends on many factors specific to the working environment.  Sometimes, 

even if appropriate hand tools are identified, a company may not be able to afford new 

hand tools for all of their employees.  In those situations it is imperative to identify 

interventions and modify current tools to reduce any risks they may pose to a worker’s 

health until the tools wear out and can be replaced with newer, improved tools.  It should 

also be considered that many old tools remain in use even after new tools are provided.  

Notions of worker preference, an actual or perceived difference in quality, or an actual or 
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perceived difference in productivity are some of the reasons why workers insist on 

continued use of their old tools.   

One tool aircraft manufacturers frequently use is called a bucking bar.  During a 

riveting task, the rivet punch or rivet gun punches a stroke on the rivet head.  The 

bucking bar, which is held up against the other end of the rivet, then closes up the rivet.  

This cycle is repeated about 25 times until the rivet is completely closed.  The entire 

procedure takes about 1 second (Dandanell & Engstrom, 1986).  The bucking bar usually 

consists of a piece of steel and typically lacks application of ergonomic principles.  

Bucking bars have sharp edges, diameters that are too small or too large, odd angles, and 

lack features that dampen vibration transmission to the human worker.  Bucking bar 

interventions intended to dampen vibration have been investigated.  One bucking bar 

intervention that has been well received is the use of tungsten rather than steel.  A recent 

study by Jorgensen and Viswanathan (2005) compared steel bucking bars to newly 

designed tungsten bucking bars of the same size and shape.  It was found that the 

tungsten bucking bars dampened the vibration approximately 35% versus the steel bars.  

Tungsten is denser than steel, adding weight which dampens the vibration resulting in 

less vibration transmission to the hand-arm system.  

While tungsten bucking bars are more effective at damping vibration than 

traditional steel bars, limited availability and high cost of tungsten bucking bars has to be 

taken into consideration. Compared to steel bucking bars, tungsten bars are 10 to 20 times 

more expensive, depending on size and shape (www.theyardstore.com, 2007).  There are 

other affordable interventions available to use with steel bucking bars that are also 

designed to dampen vibration.  These items include rubber tool wraps, anti-vibration 
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gloves, and handles.  Yet few studies have examined the usability of these interventions.  

Therefore, this study was designed to 1) measure vibration levels at the hand and elbow 

for interventions to steel bucking bars, 2) measure the relative grip muscle activity 

involved for each intervention and 3) examine the usability and level of perceived 

exertion for each intervention.  The goal of the study is to find usable, cost-effective 

interventions for steel bucking bars that lower grip force and vibration transmission levels 

to those comparable of tungsten bucking bars.  Ultimately, implementing such 

interventions should lessen the risk of aircraft manufacturing employees developing a 

work-related musculoskeletal injury. 
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CHAPTER 2 

LITERATURE REVIEW 

 Over 1,000,000 people suffered from an occupational injury or illness resulting in 

at least one day away from work in the United States in 2004.  Of those injuries, more 

than 2,000 were related to aircraft manufacturing and over 500 of those included injuries 

to the fingers, hands, and wrists (BLS, 2004).  Employees in aircraft manufacturing are 

exposed to high levels of repetition, vibration, and contact stress.  These tasks frequently 

require awkward postures of the neck, trunk, upper and lower extremities. 

 Repetitive motion or overuse injuries sustained during work are collectively 

termed Work-Related Musculoskeletal Disorders (WMSDs).  WMSDs of the upper 

extremities are particularly problematic in aircraft manufacturing due to the nature of the 

job tasks required for constructing an aircraft.  Sheet metal assembly, for example, 

requires exposure to vibrating power hand tools, operated often times while maintaining 

awkward postures of the upper extremities, trunk, and legs. 

Work-Related Musculoskeletal Disorders  

 Recognition of adverse effects from work was recorded more than 200 years ago 

by Italian physician, Bernardino Ramazinni.  He identified two types of workplace 

hazards: “harmful character of the materials…handled” and “certain violent and irregular 

motions and unnatural postures of the body, by reason of which the natural structure of 

the vital machine is so impaired that serious disease gradually develop therefrom” (p.1) 

(Putz-Anderson, 1988).  WMSDs are injuries that develop gradually over a period of time 

as a result of repeated stress on a part of the body.  WMSDs are also known as repetitive 
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strain injuries, repetitive trauma injuries, repetitive motion injuries, overuse syndromes, 

or occupational cervicobrachial disorders (Armstrong et al., 1993).   

Work related diseases can be partially caused by adverse work conditions.  They 

can be exacerbated by workplace exposures and they can impair work capacity.  Personal 

characteristics, environmental, and sociocultural factors play a role as risk factors for 

these diseases (Armstrong et al., 1993).  Repetitive or intense use of the hands is a 

common trait of occupational groups that suffer from WMSDs of the upper extremities.  

Other common risk factors for WMSDs include repetition, awkward postures, contact 

stress, weight of the load, and vibration (NIOSH, 1997).  

WMSDs in Workers of Vibratory Tools 

Nerve disorders such as carpal tunnel syndrome and musculoskeletal disorders, 

(disorders affecting the muscles, bones, joints, and tendons), are WMSDs found in 

workers of vibratory tools (Bonvenzi et al., 1987; Gemne & Saraste, 1987; Kihlberg & 

Hagberg, 1997; Malchaire et al., 1986; McDowell et al., 2006; Sakakibara et al., 1993).  

Vascular disorders are also reported amongst workers of vibratory tools (Burdorf & 

Monster, 1991; Dandanell & Engstrom, 1986).  These disorders include Vibration White 

Finger (VWF) or Raynaud’s phenomenon and Hand-Arm Vibration Syndrome (HAVS) 

which is comprised of vascular and musculoskeletal symptoms.  

Many variables are involved in the study and measurement of vibration and grip 

forces of workers using vibratory tools.  Figure 1 illustrates the cause and effect 

relationship for hand-transmitted vibration and the variables that must be considered 

when relating a WMSD to vibratory tool use.  
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Figure 1. Cause-Effect Relationship for Hand Transmitted Vibration (Griffin, 1990)    

Carpal Tunnel Syndrome 

 WMSDs of the nerves can occur when repeated or sustained work activities 

expose the nerves to pressure from hard, sharp edges of the work surface or tools, or to 

nearby bones, ligaments, and tendons (Putz-Anderson, 1988).  The median nerve, blood 

vessels and tendons pass through the carpal tunnel, under the carpal tunnel ligament, 

from the forearm to the hand.  The median nerve is responsible for flexing of three 

fingers.  If any of the tendon sheaths become swollen in the crowded carpal tunnel, the 

median nerve may be pinched (Putz-Anderson, 1988).  Extreme flexion and extension of 

the wrist, highly repetitive hand-wrist movements and the use of pinch grips may also be 

responsible for the onset of carpal tunnel syndrome (Putz-Anderson, 1988). 
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Carpal tunnel syndrome involves impairment of motor, sensory, and autonomic 

functions of the median nerve.  Motor nerve impairments are expressed as reduced motor 

control and atrophy of the abductor pollicis brevis, a major thumb abductor which is 

located at the base of the thumb.  Weakness in precision grip is also observed.  Sensory 

nerve impairment manifests as paresthesia (described as burning, prickling and tingling) 

and hypesthesia (diminished sensitivity to stimulation) in the thumb and first three 

fingers.  Autonomic impairment of the median nerve is shown as diminished sweat 

function resulting in dry and shiny skin in the area of sensory nerve impairment 

(Armstrong, 1984).  Carpal tunnel syndrome is normally associated with repetitive 

manual tasks involving gripping and pulling with the fingers or hands (NIOSH, 1995; 

Putz-Anderson, 1988).   Frequent wrist deviation and frequent use of a pinch grip are 

occupational risk factors for carpal tunnel syndrome (NIOSH, 1995).   

The three main occupational risk factors of carpal tunnel syndrome are wrist 

repetition, deviated wrist angle, and tendon force (Armstrong, 1984).  The basic 

anatomical structure of the wrist (small structure of the body compact with bones, 

tendons, nerves, and ligaments) combined with these risk factors can increase the 

pressure in the carpal tunnel and compress the median nerve.  This combination can 

result in: 

1. increase in carpal tunnel pressure at deviated wrist angles dues to 

reduction in tunnel volume 

2. general increase in carpal tunnel pressure from wrist deviation 

3. thickening and fibrosis of synovium (soft tissue that lines the joints 

containing synovial fluid) and hypertrophy of synovial sheaths 
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Repeated exertions with a flexed or extended wrist are an important factor in the etiology 

of the degeneration and hypertrophy of tissue surrounding the tendon (Armstrong, 1984).  

Some cases of carpal tunnel syndrome are diagnosed among workers of pneumatic 

powered hand-held tools which may arise from the need to simultaneously grip and twist 

a heavy tool, compressing the median nerve (Griffin, 1990).   The use of vibratory tools, 

in combination with forceful and repetitive hand motions, may result in a higher 

incidence of carpal tunnel syndrome (McDowell et al., 2006).  In summary, repetitive 

deviated wrist postures and forceful exertions of the tendons in the wrist have been found 

to be risk factors of carpal tunnel syndrome.  These risk factors are often present when 

using vibratory tools.  However, the direct link between vibration exposure and 

development of carpal tunnel syndrome has not been clearly defined. 

Hand Arm Vibration Syndrome 

 Hand-Arm Vibration (HAV) is defined as the transfer of vibration from a tool to a 

worker’s hand and arm (NIOSH, 1997).  The amount of HAV is characterized by the 

acceleration level of the tool when grasped by the worker and in use.  Reports of tingling, 

numbness, and finger blanching of operators of hand-held, vibrating tools first appeared 

in the scientific literature between 1911 and 1920 (Brammer & Taylor, 1982).  Episodic 

numbness, tingling and blanching of the fingers, with pain in response to cold exposure, 

and reduction in grip strength and finger dexterity is diagnosed as Hand-Arm Vibration 

Syndrome (HAVS) (Brammer & Taylor, 1982).  These signs and symptoms can increase 

in severity as exposure to vibration increases in intensity and duration, indicating that the 

underlying pathology is related to the cumulative energy entering the hands (Brammer & 

Taylor, 1982; NIOSH, 1997).  This is directly linked to the work environment as 
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demonstrated with less severe cases where the symptoms recede during breaks from work 

such as weekends and holidays, and symptoms become progressively worse as duration 

and intensity of vibratory hand-held tools increases.  In advanced cases of HAVS, 

episodes of finger blanching are replaced by a continuous cyanotic or bluish appearance 

of the fingers, the loss of ability for blood vessels to constrict and dilate, and progressive 

reduction of the lumen (space or channel in the blood vessel).  This may lead to 

malnutrition and atrophy of the skin at the fingertips that can result in tissue death 

(necrosis) and gangrene in extremely rare cases (Brammer & Taylor, 1982).  

Detection of HAV disorders is determined using a variety of methods.  Some of 

the objective tests of neurological changes provided by Brammer and Taylor (1982) 

include vibrotactile finger pulp thresholds, tactile discrimination tests (esthesiometry), 

electroneuromyographic measurements of the motor and sensory conduction velocities of 

the median and ulnar nerves, and conduction velocity motor fiber tests (CVSP).  Changes 

in the musculoskeletal system are evaluated via tests of grip force, pinching power, 

tapping ability, tonic vibration reflex (TVR) and urinary hydroxyproline excretion tests 

(from breakdown in collagen fibers) (Brammer & Taylor, 1982).  It is reported that 

exposure to vibration at the hand resulted in elevated vibrotactile thresholds (level at 

which subject can perceive vibration) and reduced nerve conduction velocities on the arm 

(Griffin, 1990). 

The severity of the biological effects of hand-transmitted vibration in working 

conditions is influenced by the frequency spectrum of vibration, magnitude and direction 

of forces applied by the operator through his hands to the tool, posture of hand, arm, and 

body, type and condition of the vibrating machinery or hand tool, as well as the area and 
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location of the parts of the hand exposed (ISO, 1986).  The duration of exposure per 

working day, the temporal exposure pattern, and the cumulative exposure to date also 

impacts the severity of biological effects (ISO, 1986).  Other factors that may specifically 

affect the circulation changes caused by hand-arm vibration include: climatic conditions, 

diseases which affect circulation, agents affecting the peripheral circulation such as 

smoking, medicines, and chemicals in the working environment, and noise. These factors 

influence the amount of vibration transmitted to the hand and arm which can eventually 

lead to the development of a WMSD as illustrated in Figure 1. The factors studied and 

known to influence the severity of vibration exposure are summarized in Table 1.   

Table 1. Factors Influencing the Severity of Occupational Exposure of the Hand to 

Vibration (Brammer & Taylor, 1982). 

Physical  Dominant vibration amplitudes entering the hand 

   Dominant vibration frequencies entering the hand 

   Years of employment involving vibration exposure 

   Total duration of exposure each work day 

Biodynamics  Hand grip force (compressive and push/pull forces) 

   Surface area, location and mass of parts of the hand in contact with 

    the source of vibration 

   Posture of the hand and arm relative to the body 

   Other factors influencing the coupling of vibration into the hand  

    (i.e. texture of the handle, soft compliant vs. rigid material) 
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Individual  Factors influencing source intensity and exposure duration (i.e. 

     state of tool maintenance, operator control of tool or 

     machine work rate, skill and productivity) 

   Biological susceptibility to vibration 

   Vasoconstructive agents affecting the peripheral circulation (i.e. 

     smoking, drugs, etc.) 

   Predisposing disease or prior injury to the fingers or hands  

     (trauma, lacerations, etc.) 

   Hand size and weight 

   Demographic factors, such as age      

 

Three types of disorders generally fall under the category of HAVS: neurological, 

musculoskeletal and vascular disorders.  Neurological and musculoskeletal disorders are 

found more commonly in workers of percussive tools (i.e. rivet guns and bucking bars) 

than are vascular disorders such as Vibration White Finger (VWF) which are seen in 

workers using high frequency, low impact pneumatic tools.  Muscular weakness, 

decreased grip strength and pain in the wrists, elbows, neck, shoulders and back may 

occur among vibration-exposed workers (Bonvenzi et al., 1991; Burdorf & Monster, 

1991; Farkkila, 1978; Kihlberg & Hagberg, 1997).  The symptoms may lead to a 

reduction in the quality of life and ability to cope with job tasks and leisure activities 

(Gemne et al., 1993).  
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Neurological disorders 

Reduced sensitivity to vibration in the fingertips (a function of nerve integrity) 

has been found in those exposed to segmental vibration, to hand force, and in office 

workers (Gold et al., 2005).  Burdorf and Monster (1991) investigated riveters and 

controls in an aircraft company for the effect of vibration exposure and health complaints.  

The results of this cross-sectional study provided some evidence that the use of impact 

power tools could result in neurovascular symptoms and damage of bones and joints in 

the hand-arm system.  Riveters (n = 101) completed surveys regarding their tool use, 

vibration exposure and health complaints.  Their results were compared to a control 

group (n = 76) exposed to little or no work related vibration exposure.  After 10 years of 

exposure, symptoms of VWF and complaints of pain and stiffness in the wrists were 

strongly associated with duration of exposure to vibration.  Riveters experienced finger 

blanching after an average of 5.9 years and the latency time until first signs of finger 

blanching ranged from 1 to 29 years. 

Musculoskeletal disorders 

 Musculoskeletal disorders including bone and joint disorders are prevalent 

amongst workers of vibratory hand tools.  There are more than 100 reports of vibration-

exposed groups with bone and joint injuries reported in the scientific literature (Griffin, 

1990).  Characteristics of percussive tools such as vibration frequencies around 30 Hz 

and the high magnitude or amplitude of shocks may be the main cause of bone and joint 

disorders (Griffin, 1990).  There is some evidence of bone cysts in the fingers and wrists 

and joint degeneration in the wrist and elbow when exposed to prolonged use of vibratory 

hand tools (Brammer & Taylor, 1982). Some injuries plague specific bones in the form of 
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cysts, vacuoles, decalcification, degeneration or deformity of the carpal, metacarpal or 

phalangeal bones.  Some pain at the elbow might be attributable to bursitis (inflammation 

and swelling of the lubricating pad on the outside of the elbow) (Griffin, 1990).  

Bonvenzi et al. (1987) showed no increase in bone cysts but significantly increased signs 

of osteoarthritis in the wrist and abnormalities in the elbow, including olecranon spurs.  

The study examined chipping and grinding workers and revealed WMSD symptoms such 

as arthralgias of the wrist and elbow joints, muscle pain and decreased muscular force 

were found to be significantly increased compared with the control group.  Radiological 

signs of osteoarthritis in the wrist joint were more frequent among the vibration-exposed 

workers.  Overall, prevalence of radiographic abnormalities in the elbow joint was higher 

in the vibration group than the control group.  In addition, prevalence of degenerative 

joint disease in the wrist was significantly greater in the vibration group.  Furthermore, 

subjective complaints including decreased muscle force and muscle pain in the forearms 

and upper arms were more frequent in the vibration-exposed group.  Published literature 

investigating elbow joint disorders and work with percussive tools suggest a link between 

the increased muscle force of the extensors during a pinch grip and increased vibration 

transmission to the lateral epicondyle area of the elbow (Bonvenzi, 1987; Gemne & 

Saraste, 1987; Kihlberg & Hagberg, 1997; Sakakibara, 1993).  Thus, eliminating pinch 

grips may eliminate or at least reduce the amount of vibration that is transmitted through 

the upper arm when using tools such as rivet guns and bucking bars. 

 Kihlberg and Hagberg (1997) studied hand and arm symptoms such as pain, 

numbness, and finger blanching among workers using impact and non-impact hand-held 

power tools.  Workers using low frequency impact tools reported more symptoms in the 
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elbows and shoulders.  Wrist symptoms were reported more frequently by those working 

with the high frequency impact tools.  Kihlberg and Hagberg (1997) concluded that a 

possible explanation for their results is that low frequency impact vibration is transmitted 

further up the arm so the shoulder and elbow are at risk, while high frequency impact 

vibration is attenuated in the hand and wrist and may predominantly cause symptoms in 

those regions. 

 While the formation of cysts may be found in workers exposed to vibration, 

vibration is not believed to be a contributing factor as alluded to in Bonvenzi (1987) and 

supported by Gemne and Saraste (1987).  An examination of cysts in users of rock drills 

and a control group led Malchaire et al. (1986) to conclude that the number of cysts 

increases with age but does not depend on vibration exposure.  There is a high incidence 

of cysts among workers not exposed to vibration and the variable criteria used for their 

identification casts doubts on the findings from any study of cysts among vibration-

exposed groups where a suitable control population has not also been investigated.  

Malchaire et al. (1986) however, did find evidence of vibration causing degeneration of 

the lunate bone and possibly at the elbow. 

Vibration 

 Workers are exposed to certain physical risk factors for WMSDs when using 

percussive hand tools.  These risk factors include vibration, increased grip force, and 

awkward postures of the wrist.  Vibration is oscillatory motion and by definition, the 

motion is not constant but alternately greater and lesser than some average value (Griffin, 

1990).  The extent of the oscillation determines the magnitude of the vibration and the 

repetition rate of the cycles of oscillation determines the frequency of the vibration.  A 
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vibrating system contains mass, elasticity, and damping components which enable the 

energy in the system to alternate between kinetic and potential energy (Farris, 1998).  

When the system does not contain a mechanism to remove energy, the oscillations from 

kinetic to potential energy could continue indefinitely.  Damping is the mechanism that 

transfers potential and kinetic energy to heat energy (NIOSH, 1989).  Without a 

continued source of energy coming into the system, the initial energy will dissipate and 

the motion will stop.  Like that of a vibrating system, the hand-arm system of humans 

also contains mass, elasticity, and damping.  Therefore, it is feasible to visualize the 

hand-arm system as a series of masses connected by elastic and damping elements 

(Farris, 1998). 

 Vibration has both magnitude and direction, making it a vector quantity (NIOSH, 

1989).  When describing the characteristics of vibration, it is often necessary to work 

with multiple axes.  ISO-5349 (1986) has specified that the vibration produced by the 

tool or the vibration transmitted to the hand should be measured in three orthogonal 

basicentric or biodynamic directions as depicted in Figure 2.   

 

Figure 2. Coordinate System for the Hand (Adapted from ISO 5349, 1986) 
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 The biodynamic response to vibration has usually been expressed in terms of 

mechanical impedance (McDowell et al., 2006).  A high mechanical impedance value 

indicates that the system is more responsive to vibration stimuli.  Mechanical systems, 

including the hand-arm system, exhibit particularly high impedance values at certain 

vibration frequencies.  The frequency at which the system exhibits its highest mechanical 

impedance is referred to as the system’s natural frequency or resonance point.  The 

natural, resonance frequency of the hand is between 30 - 50 Hz (Peng, 1994).  It is 

speculated that vibration-induced disruptions in force perception may be particularly 

pronounced at the resonance frequency (McDowell et al., 2006).  There is likely an 

interaction between force level and the biodynamic response to vibration.  Studies have 

shown that increased muscle force increases the biodynamic system stiffness, which in 

turn increases its mechanical impedance (Dong et al., 2004; Kihlberg, 1995; McDowell et 

al., 2006).  Thus increased or decreased grip and push forces might influence the 

resonance effect and the vibration-induced sensorineural disturbances at certain 

frequencies (McDowell et al., 2006). 

Published Standards for Vibration Exposure  

Acceptable daily exposure to vibration is defined by the American National 

Standards Institute (ANSI) standard S2.70 as 2.5 m/s
2
 for an eight hour workday.  This 

value represents the Daily Exposure Action Value.  The Daily Exposure Limit Value is 

equal to 5.0 m/s
2
.   Workers exposed to hand-transmitted vibration at or above this level 

are expected to have a high health risk (ANSI, 2006). Riveters and buckers in aircraft 

manufacturing are at exceptionally high risk.  Reported vibration values of bucking bars 

range from 10.2- 10.8 m/s
2
 for tungsten bucking bars and from 5.5 to 12.3 m/s

2
 for steel 
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bucking bars (Burdorf & Monster, 1991; Dandanell & Engstrom, 1986; Jorgensen & 

Viswanathan, 2005).  The ISO 5349 standard has also been used to define acceptable 

vibration exposure limits.  However, this standard is better suited for rotating, steady-

state vibrating tools as it tends to underestimate the health effect of exposure to dynamic, 

low frequency vibration impact tools (Engstrom & Dandanell, 1986).  

Vibration Characteristics of Tools  

Manufacturing of aircraft requires the use of numerous tools.  Several of these 

tools produce varying frequencies of vibration.  Sanders, such as orbital or palm sanders 

produce high frequency vibration and low impact shocks.  Rivet guns and bucking bars, 

on the other hand, produce low frequency vibration and high impact shocks.  At lower 

frequencies, the energy is not absorbed locally into the hand, and high accelerations at 

low frequencies would produce large displacements and render many tools unsafe.  Kattel 

and Fernandez (1999) found that type 4 rivet guns produced the highest values of root 

mean square (RMS) accelerations compared to other types of guns, yet, the type 4 rivet 

gun is most commonly used in aircraft manufacturing.  The relative importance of shocks 

and continuous vibration in the production of the various vibration injuries is not well 

understood, but there is some evidence that injury to the bones and joints is particularly 

associated with tools producing low-frequency shocks (Griffin, 1990). 

Grip Force 

Power vs. Pinch Grip 

High hand force at work has been considered a risk factor causing WMSDs of the 

upper extremities.  Epidemiological studies have shown that high hand force is an 

independent risk factor for carpal tunnel syndrome and wrist and hand tendonitis (Bao & 
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Silverstein, 2005).  Armstrong and Chaffin (1979) showed operators with a history of 

carpal tunnel syndrome used pinch grips more frequently, and the force used during these 

pinch grips exertions was greater than that employed by the control group (women 

performing the same jobs at the time that the case group members reported their 

symptoms).  Carpal tunnel pressure increases as a reaction to exertion of force, especially 

in pinching activities (Viikari- Juntura & Silverstein, 1999).  Punnett and Keyserling 

(1987) found a positive correlation between pinch grip duration and hand pain in a 

population of garment shop employees.  

Muscles in the forearm are able to generate more force during a power grip versus 

a pinch grip.  Power grips require less internal muscle force to achieve the same external 

force as a pinch grip.  Requiring less internal muscle force increases the time before the 

muscles begin to fatigue.  Unfortunately, the typical designs of bucking bars used in 

aircraft manufacturing afford a pinch grip instead of a power grip.  Bao and Silverstein 

(2005) found the average pinch grip strength was 88.6 N for women and 121.3 N for 

men.  Average power grip strength was 277.7 N for women and 407.0 N for men.  

Theoretically, modifying a tool, such as a bucking bar, to allow workers to use a power 

grip instead of a pinch grip would result in less muscle fatigue and take longer for a soft 

tissue injury to develop.  Grant et al. (1992) measured the electromyographic (EMG) 

signal of the forearm flexor and extensor musculature while subjects gripped various 

diameters of handles and found contractions of the extensor muscles up to 30% 

maximum voluntary contraction (MVC) for pinch grips.  Co-activation of the extensors 

stabilizes the wrist during flexion movements and helps guide and stabilize the hand 

while it exerts a pinch grip (Grant, 1992).   
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Effect of Vibration on Grip Force  

The influence of vibration during a sustained grip exertion exacerbates fatigue 

and the risk of developing a WMSD (Adamo, 2002).  Radwin, Armstrong, and Chaffin 

(1987) performed an experiment to study grip force exerted by 14 subjects operating a 

simulated hand tool vibrating at 9.8 m/s
2
 and 49 m/s

2
 acceleration magnitudes, at 40 Hz 

and 160 Hz frequencies, with vibration delivered in three orthogonal directions, and with 

1.5 kg and 3 kg load weights.  Average grip force increased from 25.3 N without 

vibration to 32.1 N (16%) at 49 m/s
2
.  Significant interactions between acceleration x 

frequency, and frequency x direction were also found.  The largest average grip force 

increase was from 25.3 N without vibration to 35.8 N (42%) for 40 Hz and 49 m/s
2
.  The 

magnitude of this increase was of the same order as for a two-fold increase in load 

weight, where average grip force increased from 22.5 N to 35 N (56%).  A second 

experiment conducted by Radwin et al. (1987) studied hand flexor and extensor muscle 

responses using electromyography for five subjects holding a handle vibrating at 8 m/s
2
 

using ISO weighted acceleration, with frequencies of 20 Hz, 40 Hz, 80 Hz and 160 Hz, 

and grip forces of 5%, 10%, 15% of maximum voluntary contraction (MVC).  Muscle 

responses were greatest at frequencies where grip force was affected, indicating that the 

tonic vibration reflex (a sustained contraction of the muscles caused by vibration 

activation of the muscle spindles) was likely the cause of increased grip exertions 

(Radwin et al., 1987).   

Electrical activity of finger flexor muscles increases with grip force, where the 

increase is larger at higher acceleration levels (Gurram et al. 1995).  Gemne and Saraste 

(1987) summarize that impulsive loading of the joint (such as shocks by pneumatic tools) 
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eventually damage cartilage.  Lee et al. (1974) agree and point out that there seems to be 

an optimum cartilage load above and below which the prevalence of joint disease 

increases.  If this threshold is surpassed, (which may happen in occupations with heavy 

loads on the joints), extrinsic forces, especially those caused by isometric muscle 

contraction, may result in osteoarthosis.  Kihlberg (1995) concluded that increasing grip 

as well as push forces while using impact hammers increased mechanical impedance, 

both in resonance frequency and in magnitude.  Dissipated power (when the oscillations 

lose energy over time due to friction or interference and change to heat energy), 

depended on the frequency content of both vibration and grip and push forces (Kilberg, 

1995). 

In comparison with work with non-vibrating tools, Gemne and Saraste (1987) 

concluded that guiding a vibrating tool properly (especially a low frequency tool 

producing shock) may necessitate a firmer grip around the handle and a greater amount of 

joint stabilization to hold the tool steady.   Work with low frequency vibration, high 

impact tools such as bucking bars also requires pressing the tool against the work piece.  

Furthermore, vibration stimulates muscle contraction (tonic vibration reflex) and impairs 

tactility (Gemne & Saraste, 1987).  These mechanisms lead to a tendency towards the use 

of extra muscle force which may increase the risk not only of chronic tendon and nerve 

disorders, but also of arthrosis by increasing joint load (Gemne & Saraste, 1987).  

Awkward postures of the hand and arm may increase this risk still further by increasing 

joint load on less wear-resistant susceptible parts of the articular surfaces. There is 

evidence that work with pneumatic percussive tools may cause premature elbow and 

wrist osteoarthrosis, although of very low prevalence (Bonvenzi, 1987; Sakakibara, 
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1993).  While vibration may play a role, Gemne and Saraste (1987) believe this is not 

specific to vibration exposure.  Instead, it is likely to result from the strong dynamic and 

static loading (often in extreme positions of the joint) and the repetitive hand-arm 

movements.  Exposure to low frequency percussion may, however, play a particular 

etiologic role: damage to the joint cartilage by repeated shocks from the tool, additional 

articular load (and consequent strain) associated with a vibration-induced increase in the 

need for joint stabilization and higher gripping forces, the tonic vibration reflex (which 

increases muscle contraction), and a stronger grip induced when tactile sensibility is 

diminished by vibration (Gemne & Saraste, 1987). 

Sensorimotor and biomechanical mechanisms are likely to contribute to an 

increase in muscle contractions and thus to the development of muscle fatigue (Adamo et 

al., 2002).  Vibration can influence the neurological network by stimulating sensory 

receptors within the cutaneous, muscular, and articular structures and its ability to affect 

spinal reflexes (Park & Martin, 1993).  The vibration-induced activity of these receptors 

is considered a leading cause of specific perceptive and sensorimotor impairments in 

workers exposed to a vibratory environment.  The tonic vibration reflex is a commonly 

observed motor effect of vibration.  The tonic contraction increases progressively with 

exposure time and can persist a few seconds after vibration ends and appears in both 

contracting and relaxed muscles (Park & Martin, 1993). The primary and secondary 

endings of the muscle spindles connected to some of the afferent neurons (Ia and II) are 

very sensitive to the vibratory stimulus, and their strong facilitatory influence activates 

the motor neurons.  The tonic vibration reflex is mediated primarily by the Ia 

monosynaptic, polysnaptic and cutaneous pathways.  All of these ‘feedback’ systems act 
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to facilitate motor neurons’ accessibility and increase contraction in the flexor muscles 

(Adamo et al., 2002).  Simultaneously, an increase in antagonist muscle co-contraction 

occurs in order to maintain the required grip force output, as observed in other studies 

(Radwin et al., 1987; Park & Martin, 1993).  Hence, this reorganization of the motor 

command of peripheral and central origins increases the overall muscle tension and 

contributes to the development of fatigue (Adamo et al., 2002). On the one hand, tonic 

activity superimposed on ongoing voluntary contractions is partly responsible for the 

alteration of force control which results in an increase in force exertion, force variability, 

and tendon stress (Park & Martin, 1993).  On the other hand, the tonic vibration reflex 

can contribute to muscle fatigue and increase the risk of WMSDs resulting from exposure 

to repetitive long-duration vibration.  Park and Martin (1993) state the tonic vibration 

reflex can be the origin of motor control perturbation and that it can contribute to specific 

soft-tissue disorders. Additionally, they conclude the contribution of the tonic vibration 

reflex to muscle activity may already reach a maximum at low vibration frequencies.  

Also, the general increase in muscle activity resulting from vibration exposure 

contributes to muscle stress and fatigue (Park & Martin, 1993).   

Adamo et al. (2002) relates muscle fatigue to the Cinderella hypothesis proposed 

by Haag (1991) where muscle activity in manual work solicits the continuous activity of 

the same pool of muscle fibers.  The process of muscle fiber recruitment and de-

recruitment is based on fiber type and susceptibility to fatigue.  It is hypothesized that the 

vibration-induced facilitatory drive forces the continuous firing of some motor units, 

which eventually leads to an inability of the muscle fibers to maintain contraction, 

resulting in fatigue (Adamo et al., 2002).  This hypothesis is supported by the 
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synchronization of motor units firing under vibration stimulation that persists during 

vibration.  This demonstrates the powerful and long-lasting drive of the vibratory 

stimulus.  The additional recruitment of muscle fibers also contributes to an increase in 

muscle tension.  The influence of vibration during sustained grip exertion exacerbates 

fatigue as the hand-arm system stiffens, enabling increased transmissibility of the 

vibration through the system (Adamo et al., 2002).  McDowell et al (2006) also support 

this notion of a tight hand-tool coupling increasing vibration to the hand and arm, as well 

as imposing higher stresses on the anatomical structures of the hand-arm system and 

obstructed peripheral circulation.  More effort is required to maintain the grasp on the 

handle, contributing to increased fatigue.   

 Vibration in the hand may mask the normal sensation of the hand grip force which 

might then be increased to a greater force than necessary (Griffin, 1990; Radwin et al., 

1987).  Presence of tool vibration can encourage the use of a tight grip in order to steady 

the tool or to obtain a better ‘feel’ of its movements (Griffin, 1990).  While the precise 

relation between grip force and injury must be complex, it can be assumed that a tight 

grip will generally reduce the circulation of blood in the fingers and reduce finger 

temperature but increase the vibration entering the hand; any of these changes may 

increase the hazard (Farkkila et al., 1982).  The influence of grip is likely to be variable 

because it causes large changes in the mechanical impedance of the finger and arm and 

can also alter the vibration on the tool handle: a tight grip may reduce the vibration 

magnitude measured on a handle but increase the vibration in the hands (Griffin, 1990).  

A tight grip is often associated with an increase in mechanical impedance, or the hand-

arm’s resistance to movement or vibration, and allows more vibration to enter the hand 



 24 

and arm (Park & Martin, 1993).  Thus, the magnitude of grip force can influence the 

harmfulness of vibration. 

Posture 

 Fredericks (1995) conducted an experiment to investigate the effect of vibration 

on maximum acceptable frequency (MAF) for a riveting task and concluded that wrist 

posture and applied force had a significant effect on vibration response variables. 

Fredericks (1995) concluded work rates (and therefore, MAF) should be reduced when 

riveting tasks require employees to work in deviated wrist postures, decreasing the risk of 

WMSDs.  Deviated wrist postures had significant effects on some physiological 

responses and vibration response variables. Kattel and Fernandez (1999) found that 1/3 

maximum flexion of the wrist produced a significantly higher root mean square (RMS) 

acceleration and an increase in heart rate than other postures.  Schoenmarklin et al. 

(1994) found that accelerations of the wrist in the flexor/extension plane discriminated 

best between groups of low and high incidence rates of WMSDs.  Although hand tools 

were not examined in the study, this study is the best evidence available using 

quantitative measures showing that peak accelerations of the wrists are a risk factor for 

WMSDs.  

Percussive Tools and Elbow Joint Disorders 

 As previously mentioned in the section discussing musculoskeletal disorders, 

published literature investigating elbow joint disorders and work with percussive tools 

suggest a link between the increased muscle force during a pinch grip and increased 

vibration transmission to the elbow (Bonvenzi et al., 1987; Kihlberg & Hagberg, 1997; 

Malchaire et al., 1986).  However, studies investigating percussive tools and vibration 
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transmission generally measure vibration only at the hand or hand/tool coupling even 

though it is suspected from these studies that vibration from low frequency, high impact 

tools can be transmitted to the elbow and possibly to the shoulder. 

Bucking Bar Interventions 

 While the riveting and bucking process has a physical impact on both the bucker 

and the riveter, it has been shown that vibration measured at the bucking bar is greater 

than the vibration produced at the rivet gun handle (Peng, 1994).  Several studies have 

investigated the effectiveness of bucking bar interventions at damping vibration and 

decreasing necessary grip force required to hold a bucking bar in place during riveting.  

In general, tools should be designed to minimize the exposure of the hands and fingers to 

vibration and be designed according to good ergonomic practice (i.e. not require tight 

grip, strong push forces or contact with parts having high magnitudes of vibration) 

(Griffin, 1990).  Based on these guidelines, many tool modifications and interventions 

have been developed including handles, hand grips, rubber wrapping and coating, impact 

and anti-vibration gloves, and the use of alternative materials.  Farris (1998) investigated 

the effectiveness of four different damping devices through measuring the vibration at the 

wrist and on the tool handle at the hand-tool coupling.  A total of 8 rivet guns were used 

(four small, four large) that were determined to emit similar levels of vibrations.  Three 

guns of each size were coated with vibration damping materials (grey, black, and a 

double black rubber wrap).  The fourth gun of each size was used in two trials: one 

without a damping device and one with a damping glove.  The specific material 

properties of the wraps and gloves were not defined.  Farris (1998) found the RMS values 

produced by a grey, black and double black wraps emitted the least vibration measured at 
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the hand-tool coupling in comparison to no damping device.  The use of gloves combined 

with a conventional rivet gun produced the highest RMS vibration and were found to be 

ineffective at decreasing vibration exposure.   

Hor (1999) conducted experiments to determine the vibration transmitted during a 

drilling task at the coupling of the drill and hand and at the wrist.  The main objectives of 

the study were to determine the amount of vibration at the coupling while handling a 

drilling tool (with damping or without damping), determine the amount of vibration at the 

wrist while handling a drilling tool (with damping and without damping), compare the 

data collected with the damped and undamped conditions, and compare the results of this 

study with international standards and propose recommendations. The study also 

investigated three drilling devices for drilling both titanium and aluminum (a 

conventional drill, a conventional drill with anti-vibration gloves, a drill with grey wrap 

and a drill with black wrap). Based on the results of the experiments, it was determined 

that the RMS vibration produced at the coupling for both titanium and aluminum drilling 

was the highest when using the glove.  This finding indicates that these types of gloves 

are ineffective and could possibly increase the risk of vibration related WMSDs (Hor, 

1999).  The RMS vibration produced at the coupling for titanium and aluminum was the 

least with the grey wrap and the black wrap, respectively.  Hor (1999) stated the use of 

these wraps could decrease the risk of vibration related WMSDs.  When the results of this 

study were compared to the ISO 5349 recommendations, it was determined that the black 

and grey wrap were the only damping devices that was acceptable for an eight hour work 

period for drilling titanium and only black wrap was acceptable for drilling aluminum.  
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However, the material properties of the gloves and wraps used in this study were not well 

defined.  

Handles 

Application of vibration damping materials between the tool and the hand is one 

alternative to modifying internal tool design.  The damping materials may be applied to 

the area of the tool directly contacted by the operator, such as a handle, or in a glove 

containing a vibration absorbing pad.  Adding a handle to a tool is one way to modify the 

grip used for holding a tool and modify the amount and the location of vibration 

transmitted into the body (Dale et al., 2006).  A handle is a common intervention for 

isolating vibration of the tool from the grip surface (Skogsberg, 2006).  However, handles 

and other interventions are not necessarily produced and tested under the same conditions 

that workers are exposed to in the workplace (Dale et al., 2006).   

Style type is an important consideration when designing a handle as an 

intervention.  Tubular handles can negatively affect the contents of the carpal tunnel, as 

gripping tubular handles tenses asymmetric muscle groups in the forearm (Tillim, 2006).  

Handles should support the maximum area of the hand and absorb vibration, but not 

direct vibration to the carpal tunnel.  Design principles for optimal hand functions state 

that handles should be placed on tools to maintain a neutral position of the wrist and 

elbow (Tillim, 2006).   For maximum effectiveness, handles should be available in a 

number of sizes to accommodate variations of hand measurements. 

Peng (1994) looked specifically at interventions for rivet guns and bucking bars. 

It was found that a recoilless spring, air damping, and a cylindrical handle design for 
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bucking bars were effective at reducing vibration to the workers.  However, the usability 

of this type of bucking bar intervention was not investigated. 

Gloves 

 Factors other than injury reduction are often taken into consideration when a 

worker decides whether or not to wear gloves.  For example, a worker may discard them 

if they reduce the ‘feel’ of the material being worked (Griffin, 1990).  If given a choice, it 

may be wise to wear gloves to provide the attenuation of the higher vibration frequencies.  

However, commonly available general purpose gloves do not attenuate the vibration 

reaching the fingers at frequencies below a few hundred hertz and provide little useful 

vibration attenuation.  Additionally, many commercially available anti-vibration gloves 

do not attenuate vibration below 100 Hz and perhaps lower (Sampson & van Niekerk, 

2003).  Griffin (1990) states a prototype glove was constructed that attenuated vibration 

reaching the knuckle at frequencies above 75 Hz when gripping with the whole hand.  

However, cumbersome 12 mm thick padding was required to achieve this result.  Some 

anti-vibration gloves have been developed and advertised, without recognizing that the 

transmission of vibration through a glove to the hand depends on the mechanical 

impedance of the hand.  At vibration frequencies below those at which attenuation 

occurs, a glove will often amplify vibration (Griffin, 1990).  This finding is of particular 

interest as anti-vibration gloves are considered a cost effective solution to damping 

vibration for workers of vibratory tools, especially in aircraft manufacturing.  However, 

at lower frequencies, these gloves may actually be intensifying the amount of vibration 

that is transmitted to the hand and arm. 
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 Dong et al. (2005) found that vibration transmissibility of the glove examined in 

their study was reliably correlated with the apparent mass in the frequency range of 40-

200 Hz, and the glove became more effective when the apparent mass was increased.  

The study further identified the effective stiffness of the hand-arm system at the 

frequencies from 63 to 100 Hz as the key factor that influenced the biodynamic response 

and the glove transmissibility measured at the palm of the hand.  Dong et al. (2005) also 

found a trend for anti-vibration gloves to be less effective in the middle frequency range 

(50 - 100 Hz) for people with larger hand sizes. 

 Dale et al. (2006) tested four anti-vibration gloves and one handle wrapped with 

Viscolas® material compared to a no intervention condition.  In their study, all 

interventions produced less vibration energy at the hand compared to the control 

condition.  The glove with a foam palm and the Viscolas® wrap around the tool handle 

transmitted the least amount of vibration (Dale et al., 2006).  Vibration frequencies of the 

fastener tool used in the study were not provided.  

Tungsten 

 One approach intended to dampen vibration emitted from a bucking bar is to use 

an alternative material.  Tungsten has been found to be a suitable material for damping 

vibration.  A recent study by Jorgensen and Viswanathan (2005) compared steel bucking 

bars to newly designed tungsten bucking bars of the same size and shape.  It was found 

that approximately 35% less vibration was transmitted to the tungsten bucking bars 

versus the steel bars presumably because tungsten is denser and heavier than steel.  The 

tungsten bucking bars used in their study weighed 807.2 g and 902.3 g versus the steel 

bucking bars (389.6 g and 385.5 g).  The increased weight of tungsten bucking bars may 
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be interpreted as a disadvantage; however, EMG data revealed no increase in grip muscle 

activity was necessary to hold the heavier tungsten bucking bars.   

 Another study also measured vibration transmission of tungsten and steel bucking 

bars.  Khan (2006) evaluated rivet gun and bucking bar combinations to determine which 

combination transmitted the least vibration to the riveter and the bucker.  Tungsten 

bucking bars reduced mean frequency-weighted resultant vibration by 35% using size 5 

rivets and 41.8% using size 6 rivets. 

Usability and Worker Perception 

 A worker’s perception of the usability or ease-of-use of a tool greatly influences 

which tools are selected to perform work.  Some interventions proven to be effective at 

damping vibration and/or reducing grip force are not usable to many workers for varying 

reasons. Notions of worker preference, an actual or perceived difference in quality, or an 

actual or perceived difference in productivity are some of the reasons why workers 

forego effective interventions and insist on continued use of their old tools (Farris, 1998). 

To be competitive, tool manufactures must design tools powerful enough to efficiently 

and effectively complete a task and simultaneously incorporate safety and usability 

features into the design.  Tools from the early 20
th

 century were constructed to be 

powerful and complete the task quick and effectively.  With the emergence of the study 

of human factors and ergonomics in parallel with the inception of the Occupational 

Safety and Health Administration (OSHA) and National Institute for Occupational Safety 

and Health (NIOSH) and the rise in Worker’s Compensation claims, there was 

motivation to ensure that tools were safe to use and easy to operate.  However, the 

safeguards can render the tool useless to a worker.  Melhorn (1996) studied the impact of 
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posture training, exercise training, and rivet-gun type as they related to decreasing the 

risk of aircraft manufacturing employees developing a WMSD.  Workers accustomed to 

vibratory feedback produced by conventional rivet guns found it difficult to determine the 

end point of riveting using a vibration-damping gun.  Thus, they tended to overshoot the 

rivet and produced more rework parts, increasing labor and material costs (Melhorn, 

1996).   

Summary 

 Aircraft manufacturing tools such as rivet guns and bucking bars are low 

frequency vibratory tools that produce high acceleration values.  Low frequency vibration 

is not predominately attenuated at the hand and wrist in comparison to high frequency 

vibration.  Low frequency vibration is transmitted unattenuated up to the elbow and 

shoulders.  Vibration at lower frequencies increases grip force and the grip force required 

to maintain a pinch grip is greater than that of a power grip.  Unfortunately, typical 

bucking bars used in aircraft manufacturing do not afford the use of a power grip.  Grip 

force is measured in terms of muscle activity.  An increase in generated muscle activity 

leads to quicker muscle fatigue which increases the risk of developing a WMSD.  

Interventions have been developed to combat the negative effects of using low frequency, 

high impact tools.  However, these interventions either have not been tested for usability 

or have failed to be accepted by workers because of an actual or perceived difference in 

quality, or an actual or perceived difference in productivity. 

The present study attempts to find a safe, usable, cost-effective intervention for 

steel bucking bars.  Safe and usable interventions shall lower vibration transmission to 

the hand-arm system and absorb more energy, reducing the amount of vibration entering 
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the hand, as well as reduce the amount of muscle force required to hold the bucking bar. 

These vibration-damping, muscle force decreasing interventions, in theory, should 

decrease, or at least delay the development of signs and symptoms of vibration-related 

disorders and lower the incidence of developing a disorder in aircraft manufacturing 

workers.   
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CHAPTER 3 

RATIONALE AND OBJECTIVES 

Purpose 

 This experiment measured and compared the vibration transmitted to the hand and 

elbow during a riveting task using four different bucking bar interventions compared to a 

control.  Previous studies have not examined the amount of vibration transmission to the 

elbow, but have suggested that low-frequency vibration can be transmitted unattenuated 

and cause damage to the elbow and upper arm.   

Traditional bucking bars often require a pinch grip which results in high activity 

of the muscles in the forearm.  Power grips require less internal muscle force compared to 

pinch grips and therefore delay muscle fatigue.  Adding a handle to a traditional steel 

bucking bar that enables a power grip instead of a pinch grip should result in less muscle 

activity of the forearm muscle groups.  To determine the exertion level of hand grip 

muscles using the five bucking bar interventions, electromyography (EMG) data was 

collected and compared.   

The design of hand tools is critical to worker preference.  Workers are reluctant to 

re-train with new tools, so the benefits gained by adapting to a new tool design must be 

significant.  Subjective measures were collected to determine the usability of each 

bucking bar intervention according to worker preference, perceived level of exertion and 

perceived rivet quality. Vibration results were also compared to published safety 

standards.    

Based on this rationale, the following questions are of interest to aircraft 

manufacturers to aid in minimizing the risk of injury to sheet metal assembly workers: 
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1. Which bucking bar intervention transmits the least amount of vibration to the 

hand and elbow? 

2. Which bucking bar interventions are within the permissible vibration exposure 

limits according to published standards?    

3. Which bucking bar intervention requires the least amount of forearm muscle 

activity to use?  

4. According to subjective measures, which bucking bar intervention is deemed 

most usable by sheet metal assembly workers based on preference, perceived 

exertion, perceived rivet quality, and willingness to recommend to others? 

Hypotheses: 

1. The tungsten bucking bar intervention will transmit the least amount of vibration 

to the hand and elbow given the vibration damping properties of the tungsten 

material (increased density). 

2. The tungsten bucking bar will produce results closest to the permissible vibration 

limits versus the steel bar.   

3. The handle intervention will require less forearm muscle activity as the round 

shape of the handle affords a power grip. 

4. The tungsten bucking bar will be perceived as most usable by workers as it does 

not diminish the feel of rivet setting in contrast to most other bucking bar 

interventions. 
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CHAPTER 4 

METHODS 

Participants 

Participants were ten sheet metal assembly employees from a Mid-Western 

aircraft manufacturer.  The eight male participants and two female participants ranged in 

age from 25 - 60 (mean = 38.7 years). All participants had prior experience using rivet 

guns and bucking bars in industry.   

Apparatus 

The following equipment was used to collect data for this study. 

Simulated Workstation 

 A height-adjustable workstation was produced capable of allowing 

standardization of postures.  The simulated workstation (shown in Figure 5) was adjusted 

as necessary for each participant to standardize initial wrist posture.  The height of the 

workstation was adjusted to ensure each participant began each column of rivets with the 

elbow at a 90° angle. Sheet metal panels were mounted to a jig using C-clamps.   

Accelerometers  

The amplitude of vibration was measured in three orthogonal axes (x, y, and z) 

using a 1000 g and a 10 g tri-axial accelerometer.  As shown in Figure 5, one 

accelerometer (S3-1000G-HA) was placed on the top of the dominant hand near the third 

metacarpal according to ISO 5349 (1986).  A second accelerometer (S2-10G-MF Series 

Z) was placed near the lateral epicondyle of the humerus bone also shown in Figure 5.   

 Vibration signals were recorded by a Biometrics DataLOG II datalogger. 
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The accelerometer voltages were collected at 5000 Hz at the elbow and 10,000 Hz at the 

hand. 

Electromyography 

Electrical activity of the dominant forearm flexor digitorum superficialis and 

extensor digitorum muscle groups was assessed using a Biometrics SX230 bipolar 

electromyography (EMG) sensor.  Electrodes were placed over the flexor and extensor 

muscle groups of the dominant arm and a ground electrode placed near the lateral 

epicondyle of the humerus bone using double-sided tape.  EMG voltages were collected 

at 1000 Hz by the same Biometrics datalogger used to record vibration data.   

Hand grip dynamometer 

 A JAMAR hand grip dynamometer was used to measure participants’ maximum 

grip strength of the dominant forearm flexor digitorum superficialis muscle group.  

Pinch grip dynamometer 

 A B&L Engineering Pinch Gauge was used to collect the maximum voluntary 

contraction (MVC) of the extensor and flexor muscle groups activated during a pinch 

grip. 

Rivet Gun 

An E2 Cleco Reed Roller conventional pistol grip style rivet gun commonly used 

in industry was used to drive size 5 rivets. This gun was used for all trials by the same 

riveter and was determined by aircraft manufacturing employees to be in good condition.  

The rivet gun is shown in Figure 4. 
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Bucking Bar Interventions 

 The steel and tungsten bucking bars used are shown in Figure 3.  Both bucking 

bars were of the same size and shape.  The steel bar weighed 818.8 g and the tungsten bar 

weighed 2000.9 g. The rubber material used to wrap the steel bucking bar was Viscolas® 

Grip Master Vibration Damping Tool Wrap.  Viscolas® is a visco-elastic polymer 

material designed to reduce shock (www.viscolas.com, 2007).  The anti-vibration gloves 

used in this study were Viscolas® Black Maxx Vibration Damping Gloves.  The gloves 

were made of Lycra® and the palm was covered with Viscolas® material.  The 

detachable handle was a prototype constructed from a nylon material and weighed 485.3 

g.  Powerful rare earth magnets were adhered to the inside of the handle opening to 

securely grip the steel bucking bar.  The rivet gun, handle attachment, Viscolas® rubber 

wrap adhered to a steel bar, and the vibration damping gloves (size Large) are shown in 

Figure 4.   

Procedure 

 Participants were briefed on the study objectives and signed a consent form 

approved by the Wichita State University Institutional Review Board for Human 

Subjects.  Participants also completed a brief medical questionnaire adapted from Farris 

(1998). Measurements and experimental tasks were performed with the participants using 

their preferred hand.  All participants were allowed practice trials using the interventions 

prior to the commencement of the experiment.  Participants were allowed to buck as 

many rivets as they needed to feel comfortable using each intervention.  No practice trials 

were given for the steel bucking bar as all participants were familiar with the steel bar 

due to their daily use of steel bucking bars to complete sheet metal assembly tasks. 
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Strength Measurements 

 Maximum voluntary contraction (MVC) for grip strength was assessed using a 

neutral wrist posture.  Participants were requested to maintain a maximum grip exertion 

for five seconds.  

Procedures for Measurement 

 The bipolar EMG electrodes were placed over the flexor digitorum superficialis 

and the extensor digitorum muscle groups of the dominant forearm of the bucker using 

standardized techniques (Zipp, 1982).  A ground electrode was placed over the lateral 

epicondyle of the elbow.  A reference value of muscle activity was obtained to compare 

values obtained during the experimental trials.  Participants performed two, five second 

hand grip exertions to capture EMG muscle activity and two, five second MVC for wrist 

extension against resistance.  Participants also performed two, five second pinch grips to 

obtain MVC of the extensor and flexor muscle groups during a pinch grip using the pinch 

grip dynamometer.   

One accelerometer was securely attached with industrial tape to the distal end of 

the third metacarpal of the dominant hand holding the bucking bar and the other 

accelerometer was attached near the elbow (Figure 5).  The basicentric orthogonal 

directions X, Y, and Z for the hand and elbow relative to the placement of the 

accelerometers are shown in Figure 6.  At the hand, vibration in the X-direction traveled 

fore and aft, vibration in the Y-direction traveled medially and laterally, and vibration in 

the Z-direction traveled vertically.  At the elbow, vibration in the X-direction traveled 

medially and laterally, vibration in the Y-direction traveled fore and aft, and vibration in 

the Z-direction traveled vertically.   
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One riveter drove seven consecutive rivets (one vertical column of rivets) for each 

participant and each bucking bar intervention.  The order of trials was counter-balanced 

and participants were allowed to rest briefly between trials.  

Usability Measures 

After completion of each bucking bar intervention, the participants completed a 

Borg Rating of Perceived Exertion Scale.  The Borg Perceived Exertion Scale provides a 

6 - 20 point scale (6 = No Exertion, 20 = Maximum Exertion) and the participants select 

the number that correspond to their level of perceived exertion for a given task.  The 

scale from 6 - 20 is constructed so that the rating is linearly related to the heart rate 

expected for that level of exertion during dynamic work (Borg, 1990; Sanders & 

McCormick, 1993).    

At the completion of the experiment, each bucker ranked their preference of 

interventions and answered questions related to the usability of each intervention.  Those 

questions included rating the level of perceived exertion, rating of rivet quality, and 

rating of whether or not participants would recommend each intervention to others.  

These questions were rated by participants using a 7-point Likert scale.  Both the riveter 

and the participant judged perceived rivet quality.  After reviewing the quality of all 

rivets per trial, the participant and riveter came to an agreement when deciding the 

overall perceived rivet quality score for each intervention.  

Statistical Software 

All statistical analysis was performed using SPSS 15.0 statistical software (SPSS, 

2006).  All analyses were performed at a level of significance of α = 0.05 
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Figure 3. Steel and Tungsten Bucking Bars  

Tungsten Steel 
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Figure 4. Handle, Gloves, Viscolas® Wrap, and Rivet Gun  
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Figure 5. Participant Wearing Apparatus  
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Figure 6.  Basicentric Directions Relative to Accelerometer Placements 
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Experimental Variables 

 The independent variable of this study consisted of the bucking bar intervention.  

The five levels of the independent variable included: 1) a traditional steel bar (control), 2) 

steel bar with a detachable handle, 3) steel bar with rubber backing (Viscolas ®), 4) steel 

bar combined with an anti-vibration glove, and 5) a tungsten bar.  The dependent 

variables included: 1) the ISO 5349 mean frequency-weighted resultant vibration 

acceleration, 2) mean percent maximum hand grip muscle activity of the flexor and 

extensor muscle groups using electromyography (EMG), and 3) subjective measures of 

usability including the Borg Rating of Perceived Exertion Scale (Borg, 1991), preference 

rankings, and ratings of perceived exertion, rivet quality, and recommend to others using 

a Likert scale. The same rivet gun was used for all conditions and only size five rivets 

were analyzed.  To control for variations in riveting, the same person riveted for all 

participants and all conditions.  

Table 2. Experimental Variables 

Class    Variable 

Independent   Bucking bar intervention 

 

Dependent   Vibration measures 

Mean frequency-weighted resultant vibration 

acceleration 

   Electromyography measures  

Mean percent maximum flexor muscle activity  

    Mean percent maximum extensor muscle activity  

   Subjective measures 

Psychophysical ratings 

     Borg Rating of Perceived Exertion Scale 

    Preference rankings 

 

Controlled   Riveter 

Rivet gun 

    Rivet size 

    Initial elbow and wrist posture 
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Analysis of Vibration Data 

 Vibration data collected from the triaxial accelerometers were analyzed for the 

mean frequency-resultant weighted acceleration for each intervention at the hand and 

elbow.  The datalogger was used to partition out non-vibration data for both vibration and 

EMG analyses.  Individual rivet files were cut using Biometrics software.  The files were 

then analyzed using Vibration Analysis Tool Set (VATS) software (NexGen 

Ergonomics).  Window bins of 1024 data points and a Hanning filter order of 2 were 

selected with a low cutoff frequency of 1 Hz and high cutoff frequency of 2500 Hz.  All 

data were screened for outliers and 11 data points in the vibration data were greater than 

plus or minus two standard deviation units from the mean.  Those outliers were replaced 

with one unit deviation larger (or smaller) than the next most extreme score in the 

distribution to maintain the overall shape of the distribution (Tabachnick and Fidell, 

2001).  Repeated-measures Analysis of Variance (ANOVA) compared the mean 

frequency-weighted resultant vibration acceleration data across the experimental 

conditions.  Paired samples t-tests were used for post hoc analyses. All seven rivets per 

trial were included in the analysis.   

Analysis of Electromyography Data 

 EMG signals from the sensors were band-pass filtered between 20 Hz and 450 

Hz.  All EMG signals were rectified and smoothed using a 60 msec sliding moving 

average window.  The experimental trial EMG analysis consisted of normalizing the 

wrist flexor and extensor muscle activity during the bucking bar exertions to the peak 

flexor and extensor muscle group activity yielded during the MVCs.  Analysis on the 

normalized EMG signals included determining the mean normalized EMG signal across 
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different subjects as a function of each bucking bar intervention.  All data were screened 

for outliers and 14 values were replaced using the same methods as previously discussed.  

Repeated-measures ANOVA compared EMG data muscle activity of the flexor and 

extensor muscle groups across the experimental conditions.  Paired samples t-tests were 

used for post hoc analyses.  All seven rivets per trial were included in the analysis.   

Analysis of Usability Data 

 Averages and standard deviations of the Borg Perceived Exertion Scale data were 

analyzed.  Perceived exertion measures, perceived rivet quality, and willingness to 

recommend interventions to others were also analyzed using a repeated-measures 

ANOVA.  Paired samples t-tests were used for post hoc analyses.  Ranked preferences 

(measure of usability) were analyzed using a Friedman χ
2
. 
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CHAPTER 5 

RESULTS  

Effect of Interventions on Vibration 

 

 These results are related to the completion of the first objective of this study.  The 

objective measures collected to investigate the effect of vibration for each bucking bar 

intervention and control include the following: 

I. Objective Measures 

1. Vibration response variables 

a. Mean frequency-weighted acceleration in the X, Y, Z axes at the 

hand. 

b. Resultant of the accelerations in the three basicentric orthogonal 

axes as measured at the hand. 

c. Mean frequency-weighted acceleration in the X, Y, Z axes at the 

elbow. 

d. Resultant of the accelerations in the three basicentric orthogonal 

axes as measured at the elbow. 

Descriptive Statistics 

 The descriptive statistics collected during the experiment are shown in Table 3. 

 

Table 3. Descriptive Statistics for Participant Population 

Variable (n=10) Mean St. 

Dev. 

Min Max 

Age (years) 38.7 11.0 25 60 

Height (cm) 179.3 10.7 163 196 

Weight (kg) 90.7 15.8 68 115 

Sheet Metal Assembly Experience (years) 9.0 6.12 1 22 

Power Grip Strength (N) 484.4 114.8 266.9 622.8 

Pinch Grip Strength (N) 99.2 28.7 31.1 133.4 
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Results of Mean Frequency-Weighted Acceleration Vibration Data at the Hand 

 

 Table 4 presents a summary of the mean frequency-weighted acceleration 

vibrations in the X, Y, Z, directions and the resultant collected at the hand using each of 

the four bucking bar interventions and the control.  Table 5 presents a summary of the 

repeated-measures ANOVA results of the mean frequency-weighted acceleration 

vibrations in the X, Y, Z, directions and the resultant collected at the hand. 

Table 4. Summary of Data at the Hand   

Mean Frequency-Weighted Acceleration Vibrations in m/s
2
. Mean(Std Dev) 

Intervention X-Direction Y-Direction Z-Direction Resultant 

Steel (Control) 7.033(2.12) 6.644(2.01) 5.043(1.92) 11.427(2.28) 

Tungsten 5.434(1.82) 4.770(1.37) 2.593(0.91) 7.771(0.94) 

Steel w/Wrap 6.420(2.06) 5.981(1.70) 4.595(1.37) 10.302(1.66) 

Steel w/ Glove 6.189(1.89) 5.392(1.27) 4.125(1.38) 9.424(1.61) 

Steel w/ Handle 5.374(2.18) 4.473(1.11) 3.700(1.85) 8.082(2.55) 

 

Table 5. ANOVA Summary of Vibration Data at the Hand for All Interventions 

Direction Df Sum of 

Squares 

Mean 

Square 

F Probability 

X 4 19.524 4.881 5.313 0.002 

Y 4 31.275 7.819 4.237 0.006 

Z 4 35.261 8.815 5.514 0.001 

Resultant 4 93.162 23.291 12.256 0.001 

 

Mean Frequency-Weighted Acceleration in the X-Direction at the Hand 

A repeated-measures ANOVA was performed on the data and is shown in Table 

5.  The results indicate that intervention type had a statistically significant effect on the 

mean frequency-weighted accelerations in the X-direction F(4,36) = 5.313, p <0.01, 

partial η
2
 =0.37.  Table 6 shows the results of post hoc t-test analyses for multiple 

comparisons and the results are graphically represented in Figure 7.  Significant 

differences were found between several conditions.   
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Table 6. T-Test Results for Mean Frequency-Weighted Accelerations in the X-Direction 

at the Hand 

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten 

7.033(2.12) 

5.434(1.82) 

t(9) = 5.154, p < 0.001 

Steel-  

Handle 

7.033(2.12) 

5.374(2.18) 

t(9) = 3.698, p < 0.005 

Tungsten- 

Glove 

5.434(1.82) 

6.189(1.89) 

t(9) = -3.261, p < 0.01 

Tungsten- 

Wrap 

5.434(1.82) 

6.420(2.06) 

t(9) = -2.984, p < 0.05 
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Figure 7.  Mean Frequency-Weighted Acceleration Vibrations in the X-Direction at the 

Hand 

 

* Note axes labels change for all graphs 

* Letters indicate significant differences   
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Mean Frequency-Weighted Acceleration in the Y-Direction at the Hand 

A repeated-measures ANOVA was performed on the data and is shown in Table 

5.  The results indicate that intervention type had a statistically significant effect on the 

mean frequency-weighted accelerations in the Y-direction F(4,36) = 4.237, p <0.01, 

partial η
2
 =0.33.  Table 7 shows the results of post hoc t-test analyses for multiple 

comparisons and the results are displayed in Figure 8.  Significance was found between 

several conditions. 

Table 7. T-Test Results for Mean Frequency-Weighted Accelerations in the Y-Direction  

at the Hand 

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel - 

Tungsten  

6.644(2.01) 

4.770(1.37) 

t(9) = 3.097, p < 0.05 

Steel - 

Handle 

6.644(2.01) 

4.473(1.11) 

t(9) = 2.531, p < 0.05 

Tungsten – 

Wrap 

4.770(1.37) 

5.981(1.70) 

    t(9) = -3.738, p < 0.005 
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Figure 8.  Mean Frequency-Weighted Acceleration Vibrations in the Y-Direction at the 

Hand 

 

Mean Frequency-Weighted Acceleration in the Z-Direction at the Hand 

A repeated-measures ANOVA was performed on the data and is shown in Table 

5.  The results indicate that intervention type had a statistically significant effect on the 

mean frequency-weighted accelerations in the Z-direction F(4,36) = 5.514, p <0.01, 

partial η
2
 =0.38.  Table 8 shows the results of post hoc t-test analyses for multiple 

comparisons.  Significant differences were found between several conditions.  The results 

are shown graphically in Figure 9.   
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Table 8. T-Test Results for Mean Frequency-Weighted Accelerations in the Z-Direction 

at the Hand 

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten 

5.043(1.92) 

2.593(0.91) 

          t(9) = 4.734, p < 0.001 

Tungsten – 

Wrap 

2.593(0.91) 

4.595(1.37) 

t(9) = -4.728, p < 0.001 

Tungsten – 

Glove 

2.593(0.91) 

4.125(1.40) 

t(9) = -4.428, p < 0.005 
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Figure 9.  Mean Weighted Acceleration Vibrations in the Z-Direction at the Hand 

Resultant Mean Frequency-Weighted Acceleration at the Hand 

A repeated-measures ANOVA was performed on the data and is shown in Table 

5.  The results indicate that intervention type had a statistically significant effect on the 
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resultant mean weighted accelerations at the hand F(4,36) =12.256, p <0.001, partial η
2
 

=0.58.  Table 9 shows the results of post hoc t-test analyses for multiple comparisons.  

Significant differences were found between several conditions.  The results are 

graphically displayed in Figure 10. 

Table 9. T-Test Results for Resultant Mean Frequency-Weighted Accelerations at the 

Hand 

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten 

                11.427(2.28) 

7.809(1.02) 

t(9) = 5.465, p < 0.001 

Steel –  

Handle 

                11.427(2.28) 

 8.082(2.55) 

t(9) = 4.623, p < 0.001 

Steel –  

Glove 

 7.809(1.02) 

 9.424(1.61) 

           t(9) =  3.086, p < 0.05 

Tungsten – 

Wrap 

 7.809(1.02) 

                 10.302(1.66) 

 t(9) =  -6.800, p < 0.001 

Tungsten – 

Glove 

  7.809(1.02) 

  9.424(1.61) 

t(9) = -4.543, p < 0.001 

Wrap- 

Handle 

10.302(1.66) 

  8.082(2.55) 

           t(9) = 2.893, p < 0.05 
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Figure 10.  Resultant Mean Frequency-Weighted Acceleration Vibrations at the Hand 

 In summary, the tungsten bucking bar transmitted the least amount of mean 

frequency-weighted vibration to the hand confirming the first hypothesis.  In addition, the 

handle paired with the steel bucking bar transmitted the least amount of mean frequency-

weighted vibration to the hand, followed by the anti-vibration glove.  The steel bucking 

bar and the Viscolas® wrapped steel bucking bar consistently transmitted the most 

vibration to the hand.  
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Results of Mean Frequency-Weighted Acceleration Vibration Data at the Elbow 

 

Table 10 presents a summary of the mean frequency-weighted acceleration 

vibrations in the X, Y, Z, directions and the resultant collected at the elbow using each of 

the four bucking bar interventions and the control. 

Table 10. Summary of Data at the Elbow   

Mean Frequency-Weighted Acceleration Vibrations in m/s
2
. Mean(Std Dev) 

Intervention X-Direction Y-Direction Z-Direction Resultant 

Steel (Control) 0.886(0.37) 2.813(1.31) 0.962(0.15) 3.227(1.28) 

Tungsten 0.750(0.22) 1.874(0.50) 0.742(0.13) 2.205(0.44) 

Steel w/Wrap 0.930(0.49) 2.944(1.29) 1.010(0.21) 3.321(1.33) 

Steel w/ Glove 1.201(0.54) 2.636(0.88) 0.813(0.08) 3.113(0.70) 

Steel w/ Handle 1.009(0.50) 2.579(0.89) 0.596(0.24) 2.948(1.01) 

 

Table 11. ANOVA Summary of Data at the Elbow for All Interventions 

Direction df Sum of 

Squares 

Mean 

Square 

F Probability 

X* 2.312 1.110 0.480 5.666 0.009 

Y 4 6.877 1.719 4.461 0.005 

Z 4 1.123 0.281 12.516 0.001 

Resultant 4 7.951 1.988 4.523 0.005 

*Greenhouse-Geisser Adjustment 

Mean Frequency-Weighted Acceleration in the X-Direction at the Elbow 

A repeated-measures ANOVA was performed on the data and is shown in Table 

11.  A Greenhouse-Geisser adjustment was used as the sphericity assumption was not 

met.  The results indicate that intervention type had a statistically significant effect on the 

mean frequency-weighted accelerations in the X-direction F(2.312,20.811) = 5.666, p 

<0.01, partial η
2
 =0.39.  Table 12 shows the results of post hoc t-test analyses for multiple 

comparisons.  Significant differences were found between several conditions and are 

depicted in Figure 11. 
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Table 12. T-Test Results for Mean Frequency-Weighted Accelerations in the X-Direction 

at the Elbow 

Intervention Mean(Std Dev) Paired Samples t Test 

Tungsten – 

Glove 

0.750(0.22) 

1.201(0.54) 

 t(9) = -3.750, p < 0.005 

Tungsten – 

Handle  

0.750(0.22) 

1.009(0.50) 

t(9) = -2.310, p < 0.05 
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Figure 11.  Mean Frequency-Weighted Acceleration Vibrations in the X-Direction at the 

Elbow 

 

Mean Frequency-Weighted Acceleration in the Y-Direction at the Elbow 

A repeated-measures ANOVA was performed on the data and is shown in Table 

11.  The results indicate that intervention type had a statistically significant effect on the 
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mean frequency-weighted accelerations in the Y-direction F(4,36) = 4.461, p <0.005, 

partial η
2
 =0.33.  Table 13 shows the results of post hoc t-test analyses for multiple 

comparisons and are graphically displayed in Figure 12.  Significant differences were 

found between several conditions. 

Table 13. T-Test Results for Mean Frequency-Weighted Accelerations in the Y-Direction 

at the Elbow 

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel–  

Tungsten 

2.813(1.31) 

1.874(0.50) 

          t(9) = 3.057, p < 0.05 

Tungsten – 

Handle 

1.874(0.50) 

2.579(0.89) 

t(9) = -4.020, p < 0.005 

Tungsten- 

Wrap 

1.874(0.50) 

2.944(1.29) 

t(9) = -3.443, p < 0.010 

Tungsten- 

Glove 

1.874(0.50) 

2.636(0.88) 

           t(9) = -3.383, p < 0.05 
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Figure 12.  Mean Frequency-Weighted Acceleration Vibrations in the Y-Direction at the 

Elbow 

 

Mean Frequency-Weighted Acceleration in the Z-Direction at the Elbow 

A repeated-measures ANOVA was performed on the data and is shown in Table 

11.  The results indicate that intervention type had a statistically significant effect on the 

mean frequency-weighted accelerations in the Z-direction F(4,36) = 10.588, p <0.001, 

partial η
2
 =0.54.  Table 14 shows the results of post hoc t-test analyses for multiple 

comparisons.  Significant differences were found between several conditions.  Results are 

graphically displayed in Figure 13.  
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Table 14. T-Test Results for Mean Frequency-Weighted Accelerations in the Z-Direction 

at the Elbow 

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten 

0.962(0.15) 

0.742(0.13) 

t(9) = 5.825, p < 0.001 

Steel – 

Glove 

0.962(0.15) 

0.813(0.08) 

           t(9) = 4.408, p < 0.01 

Steel – 

Handle 

0.962(0.15) 

0.596(0.24) 

t(9) = 4.408, p < 0.005 

Tungsten – 

Wrap 

0.742(0.13) 

1.010(0.21) 

 t(9) = -3.395, p < 0.005 

Wrap –  

Glove 

1.010(0.21) 

0.813(0.08) 

t(9) = -3.395, p < 0.05 

Wrap –  

Handle 

1.010(0.21) 

0.596(0.24) 

t(9) = 4.433, p < 0.005 

Glove –  

Handle 

0.813(0.08) 

0.596(0.24) 

           t(9) = 3.122, p < 0.05 
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Figure 13.  Mean Frequency-Weighted Acceleration Vibrations in the Z-Direction at the 

Elbow 

 

Resultant Mean Frequency-Weighted Acceleration at the Elbow 

A repeated-measures ANOVA was performed on the data and is shown in Table 

11.  The results indicate that intervention type had a statistically significant effect on the 

resultant mean frequency-weighted accelerations at the elbow F(4,36) = 4.523, p <0.005, 

partial η
2
 =0.33.  Table 15 shows the results of post hoc t-test analyses for multiple 

comparisons.  Significant differences were found between several conditions and are 

displayed in Figure 14. 
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Table 15. T-Test Results for Resultant Mean Frequency-Weighted Accelerations at the 

Elbow  

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten  

3.227(1.28) 

2.205(0.44) 

          t(9) = 3.135, p < 0.05 

Tungsten – 

Wrap 

2.205(0.44) 

3.321(1.33) 

          t(9) = -3.291, p < 0.01 

Tungsten – 

Glove 

2.205(0.44) 

3.113(0.70) 

 t(9) =  -5.701, p < 0.001 

Tungsten – 

Handle 

2.205(0.44) 

2.948(1.01) 

t(9) =  -3.029, p < 0.05 
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Figure 14.  Resultant Mean Frequency-Weighted Acceleration Vibrations at the Elbow 
 

 Results for vibration transmitted to the elbow indicate that the tungsten bucking 

bar transmitted the least amount of mean frequency-weighted vibration to the elbow.  

This finding also supports the first hypothesis of this study.  Overall, higher mean 
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frequency-weighted accelerations were produced by the Viscolas® wrapped steel 

bucking bar, followed by the control condition.  The anti-vibration glove transmitted 

more vibration in the X-direction, but produced less mean frequency-weighted 

accelerations overall than the steel bucking bar and the wrap.   

The second study hypothesis stated the tungsten bucking bar would produce 

results closest to published permissible limits.  This was confirmed for vibration 

transmitted to the elbow; however, no intervention met the published ANSI S2.70 

standard for vibration measured at the hand.  More aggressive approaches are necessary 

to meet the 2.5 m/s
2
 Daily Exposure Action Value and the 5.0 m/s

2
 Daily Exposure Limit 

Value limits.   

Effect of Interventions on Relative Muscle Activity 

The results of data analysis are related to the completion of the second objective 

of this study.  The objective measure collected to investigate the effect of muscle activity 

for each bucking bar intervention and control include the following: 

I. Objective Measures 

 

1. Electromyography  

a. Mean normalized EMG values as measured at the flexor digitorum 

superficialis  

b. Mean normalized EMG values as measured at the extensor 

digitorum muscle groups. 

Results of Mean Normalized Flexor EMG  

Table 16 presents a summary of the mean normalized flexor EMG activity based 

on the percent of MVC for each bucking bar intervention and the control. The results of a 
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repeated-measures ANOVA indicated that intervention type had a statistically significant 

effect on the mean normalized flexor EMG activity F(4,36) = 3.205, p = .024, partial η
2
 = 

0.26.  Table 17 shows the results of post hoc t-test analyses for multiple comparisons.  As 

displayed in Figure 16, the handle intervention produced significantly lower flexor EMG 

activity than steel, tungsten, or the wrap. 

Table 16. Summary of Mean Normalized Flexor EMG  

Intervention Mean (Std Dev) 

Steel (Control) 0.2005(0.12) 

Tungsten 0.2004(0.10) 

Steel w/ Wrap 0.2027(0.10) 

Steel w/ Glove 0.1978(0.13) 

Steel w/ Handle 0.1331(0.06) 

 

Table 17. T-Test Results for Mean Normalized Flexor EMG 

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel –  

Handle 

0.2005(0.12) 

0.1331(0.06) 

t(9) = 2.805, p < 0.05 

Tungsten – 

Handle 

0.2004(0.10) 

0.1331(0.06) 

t(9) = 2.411, p < 0.05 

Wrap –  

Handle 

0.2027(0.10) 

0.1331(0.06) 

t(9) = 2.944, p < 0.05 

Glove –  

Handle 

0.1978(0.13) 

0.1331(0.06) 

t(9) = 2.188, p = .056 
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Figure 15.  Mean Normalized Flexor EMG Results 

 

Results of Mean Normalized Extensor EMG 

Table 18 presents a summary of the mean normalized extensor EMG activity 

based on the percent of MVC for each bucking bar intervention and the results are shown 

graphically in Figure 16.  A repeated-measures ANOVA did not reveal a significant 

difference between any of the interventions for percent MVC extensor activity, F(4,36) = 

0.919, p = 0.463.   
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Table 18. Summary of Mean Normalized Extensor EMG  

Intervention Mean (Std Dev) 

Steel (Control) 0.1987(0.09) 

Tungsten 0.1740(0.12) 

Steel w/ Wrap 0.1924(0.11) 

Steel w/ Glove 0.1591(0.05) 

Steel w/ Handle 0.1679(0.07) 

 

 
Figure 16.  Mean Normalized Extensor EMG Results 

 

 To summarize, no significant differences were found between any of the 

conditions in terms of relative extensor muscle group activity.  However, the handle did 

require less forearm flexor activity than the other conditions (mean = 13.31% MVC).  

This finding does partially support the third hypothesis stating less grip force would be 
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required to use the handle intervention provided the affordance of a power grip versus a 

pinch grip. 

Perceived Usability for Interventions 

The results of data analysis related to the completion of the third objective of this 

study.  The subjective measures collected to investigate the usability of each bucking bar 

intervention and control include the following: 

I. Subjective Measures 

1. Rank order of bucking bar interventions 

a. Participants completed a rank order of each bucking bar 

intervention and control based on their preference (1 = most 

preferred, 5 = least preferred). 

2. Rating of perceived exertion for each bucking bar interventions 

a. Completion of the Borg Perceived Exertion Scale after each 

trial. 

3.  Rating of Perceived Exertion Using a Likert Scale 

    

a. Participants completed a rating of perceived exertion for each 

intervention and control using a 7-point Likert scale (1 = 

extremely low exertion, 7 = extremely high exertion). 

4. Rating of Perceived Rivet Quality 

 

a. Participants completed a rating of perceived rivet quality, with 

agreement from the riveter, for each intervention and control 

using a 7-point Likert scale (1 = extremely poor rivet quality, 7 

= extremely good rivet quality). 
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5. Rating of Recommendation to Others 

a. Participants completed a rating of recommendation to others 

for each intervention and control using a 7-point Likert scale (1 

= definitely would not recommend, 7 = definitely would 

recommend). 

Perceived Usability Results Summary 

 Table 19 provides a summary of the usability measures used in this study.   

Table 19. Summary of Usability Measures. Means (Std Dev) 

Intervention Rank 

Order 

Borg 

Perceived 

Exertion 

Scale 

Perceived 

Exertion 

Rivet 

Quality 

Recommend 

to Others 

Steel (Control) 3.9 (1.10) 

 

13.50 (1.78) 

 

4.6 (1.07) 

 

5.5 (1.58) 

 

3.4 (1.78) 

 

Tungsten 2.2 (1.55) 

 

  9.75 (3.12) 

 

2.9 (1.29) 

 

6.3 (1.25) 

 

5.8 (1.62) 

 

Steel w/ Wrap 2.7 (1.77) 

 

11.05 (2.71) 

 

3.5 (1.27) 

 

5.5 (1.72) 

 

4.9 (1.97) 

 

Steel w/ Gloves 3.2 (0.92) 

 

11.60 (3.50) 

 

3.8 (1.23) 

 

5.8 (1.40) 

 

4.2 (2.10) 

 

Steel w/ Handle 3.0 (1.33) 

 

10.40 (3.59) 3.1 (1.52) 6.2 (0.63) 5.1 (2.13) 

        Scale:      1= 1st choice          6= No exertion           1= Extremely      1= Extremely    1= Definitely would 

                                       5= 5th choice        20= Maximal                     low exertion        low quality        not recommend 

                 Exertion                 7= Extremely      7= Extremely    7= Definitely would 

                                                                                                               high exertion      high quality       recommend 

 

 

Rank Order Preference Results 

 

 Due to small sample size, no bucking bar intervention ranked superior χ
2 

(4, N= 

10) = 6.32, p = 0.176.  The median preference ranking results are shown in Table 20 and 

graphically displayed in Figure 17. 
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Table 20. Median Preference Rankings Results   

Bucking Bar Intervention Preference Rank 

Steel (Control) 4.0  

Tungsten 1.5  

Steel w/ Wrap 2.5 

Steel w/ Gloves 3.5  

Steel w/ Handle 3.0  

 

Table 21 shows that the steel bar was not selected first by any of the participants 

and four participants ranked the steel bar last.  The tungsten bar was selected first by 50% 

of the participants.  Participants that did not select tungsten as first choice stated the 

weight of the bar influenced their decision.  The wrap was either strongly favored or 

disliked while the glove and detachable handle generally ranked somewhere in between 

first and last choice. 

Table 21. Summary of Preference Rankings  

Bucking Bar Intervention Most Preferred Least Preferred 

Steel (Control) 0 4 

Tungsten 5 1 

Steel w/ Wrap 4 3 

Steel w/ Gloves 0 0 

Steel w/ Handle 1 2 
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Figure 17. Median Preference Rankings Results 

 

Borg Perceived Exertion Scale Results 

 

 After each trial, participants were requested to complete a Borg Perceived 

Exertion Scale.  Table 22 shows a summary of the Borg Perceived Exertion Scale results. 

Table 22. Mean Borg Perceived Exertion Scores (Std Dev)  

Bucking Bar Intervention Borg Perceived Exertion Score 

Steel (Control) 13.50 (1.78) 

Tungsten   9.75 (3.12) 

Steel w/ Wrap 11.05 (2.71) 

Steel w/ Gloves 11.60 (3.50) 

Steel w/ Handle 10.40 (3.59) 

 

 A repeated-measures ANOVA was performed for the Borg Perceived Exertion 

Scale results and the results F(4,36) = 5.872, p = 0.001, partial η
2
 = .40.  The tungsten bar 
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produced significantly lower perceived exertion scores than the steel bar and the wrap 

according to paired t-test analyses shown in Table 23.  The results are represented in 

Figure 18.  Borg perceived exertion results for tungsten were also lower than the gloves; 

however, the results were not significant at α = 0.05. 

Table 23. T-Test Results for Borg Perceived Exertion Scores  

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten 

                 13.50 (1.78) 

 9.75 (3.12) 

          t(9) = 4.686, p < 0.001 

Tungsten – 

Wrap 

 9.75 (3.12) 

11.05 (2.71) 

          t(9) = -2.487, p < 0.05 

Tungsten – 

Glove 

  9.75 (3.12) 

                  11.60 (3.50) 

          t(9) = -2.247, p = 0.051 
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Figure 18.  Mean Borg Perceived Exertion Scale Ratings 

 

Rating of Perceived Exertion Results  

 

 Table 24 provides the results of participants’ perceived exertion for each 

intervention and the control using a Likert scale.   

Table 24. Summary of Perceived Exertion Results.  Mean (Std Dev). 

Bucking Bar Intervention Level of Perceived Exertion 

Steel (Control) 4.6 (1.07) 

Tungsten 2.9 (1.29) 

Steel w/ Wrap 3.5 (1.27) 

Steel w/ Gloves 3.8 (1.23) 

Steel w/ Handle 3.1 (1.52) 

 

 A repeated-measures ANOVA was performed for overall perceived exertion 

using the Likert scale F(4,36),= 5.073, p = 0.002, partial η
2
 =.36.  Table 25 shows the 
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results of post hoc t-test analyses.  Significant differences were found between several 

conditions and are graphically displayed in Figure 19. 

Table 25. T-Test Results for Ratings of Perceived Exertion Using a Likert Scale  

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten 

4.6 (1.07) 

2.9 (1.29) 

t(9) = 3.285, p < 0.01 

Steel –  

Wrap 

4.6 (1.07) 

3.5 (1.27) 

t(9) = 2.283, p < 0.05 

Steel –  

Glove 

4.6 (1.07) 

3.8 (1.23) 

t(9) = 2.753, p < 0.05 

Steel –  

Handle 

4.6 (1.07) 

3.1 (1.52) 

   t(9) =  4.025, p < 0.005 

    

 
Figure 19.  Ratings of Perceived Exertion Using a Likert Scale 
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Perceived Rivet Quality Results  

 

Table 26 provides the results of participants’ perceived rivet quality for each 

intervention using a Likert scale.  

Table 26. Summary of Perceived Rivet Quality Results. Mean (Std Dev). 

Bucking Bar Intervention Perceived Rivet Quality 

Steel (Control)  5.5 (1.58) 

Tungsten 6.3 (1.25) 

Steel w/ Wrap 5.5 (1.72) 

Steel w/ Gloves 5.8 (1.40) 

Steel w/ Handle 6.2 (0.63) 

 

 

 A repeated-measures ANOVA was performed for perceived rivet quality for each 

intervention F(4,36) = 1.451, p = 0.237.  However, overall perceived rivet quality was 

not significant as shown in Figure 20. 
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Figure 20.  Ratings of Perceived Rivet Quality Using a Likert Scale 

 

Ratings of Recommendation to Others Results 

 

Table 27 provides the results of participants’ willingness to recommend each 

intervention to others using a Likert scale.   

Table 27. Summary of Recommendation to Others Results (Std Dev) 

Bucking Bar Intervention Recommendation to Others 

Steel (Control)  3.4 (1.78) 

Tungsten 5.8 (1.62) 

Steel w/ Wrap 4.9 (1.97) 

Steel w/ Gloves 4.2 (2.10) 

Steel w/ Handle 5.1 (2.13) 

 

A repeated-measures ANOVA was performed for recommendation to others 

using a Likert scale F(4,36),= 5.073, p = 0.033, partial η
2
 =.36.  Table 28 shows the 
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results of post hoc t-test analyses.  Significant differences were found between several 

conditions.  The results are displayed in Figure 21. 

Table 28. T-Test Results for Recommend to Others Using a Likert Scale  

Intervention Mean(Std Dev) Paired Samples t-Test 

Steel – 

Tungsten 

2.657(0.94) 

1.885(0.30) 

            t(9) = 3.158, p < 0.05 

Steel –  

Wrap 

2.657(0.94) 

2.918(1.19) 

t(9) = -2.302, p < 0.05 

Tungsten – 

Wrap 

1.885(0.30) 

2.918(1.19) 

t(9) = -3.283, p < 0.01 

Tungsten – 

Glove 

1.885(0.30) 

2.674(0.62) 

   t(9) =  -6.273, p < 0.001 

Tungsten – 

Handle 

1.885(0.30) 

2.478(0.71) 

t(9) = -3.085, p < 0.05 
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Figure 21.  Ratings of Recommendation to Others Using a Likert Scale 

 

 Overall, participants preferred the tungsten bucking bar and perceived the 

tungsten bucking bar to be more usable for bucking tasks than the other interventions in 

terms of preference and perceived exertion according to both the Likert scale and the 

Borg Perceived Exertion Scale.  Participants also favored the handle and wrapped 

bucking bar interventions.  The steel bucking bar was perceived as least usable, followed 

by the anti-vibration glove.  Rivet quality as a measure of usability did not reveal any 

significant differences.   
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Asymptomatic Versus Symptomatic Participants 

 

 According to Table 29, 40% of the participants stated they had recently 

experienced recurring pain in the shoulders, elbows, wrists, or hands according their 

responses on the background questionnaire.  Based on their response to this question, 

participants were divided into two groups: asymptomatic or symptomatic.  Two-way 

mixed effects ANOVAs were computed for what effect participant health may have had 

on vibration, relative muscle activity, and usability data.  A significant finding was 

revealed for relative flexor muscle group activity.  A summary is provided in Table 30.   

Table 29. Summary of Participant Health Information 

Health Questions “Yes” Response “No” Response 

Diagnosed with a WMSD? 0% 100% 

High blood pressure? 10% 90% 

Heart or chest pain? 20% 80% 

Racing pulse? 10% 90% 

Heart skip a beat? 0% 100% 

Abnormal EKG? 0% 100% 

Difficulty breathing? 30% 70% 

Shortness of breath while sleeping? 30% 70% 

Rheumatoid arthritis? 0% 100% 

Recurring pain shoulder, elbows, wrists, hands? 40% 60% 

Migraine or recurring headaches? 20% 80% 

Kidney problems? 0% 100% 

Hearing or vision problem? 0% 100% 

Glaucoma? 0% 100% 

Diabetes? 0% 100% 

Vitamin B6 deficiency?  0% 100% 

 

Table 30. Descriptive Statistics for Asymptomatic and Symptomatic Participants 

 Asymptomatic (n = 6) Symptomatic (n = 4) 

Variable  Mean 

 (std dev) 

Min Max Mean  

(std dev) 

Min Max 

Age (years)   40.3 (17.4) 27 60  36.5 (10.2) 25 46 

Height (cm) 181.2 (16.9) 162.6 195.6 177.2(10.0) 162.6 185.4 

Weight (kg)   95.1 (10.5) 86.2 106.6    77.1 (6.4) 68.0 81.6 

Sheet Metal Assembly Experience (yrs)       6.8 (3.5) 1 9      9.8 (9.1) 1 22 

Power Grip Strength (N) 111.7 (22.6) 136 85 104.8 (33.3) 140 60 

Pinch Grip Strength (N)     23.4 (4.1) 30 18.1    20.8 (9.5) 29 7 
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 As shown in Table 30, there was more variability in grip strength among the 

symptomatic participants.  The symptomatic participants were slightly younger overall, 

but had more years of sheet metal assembly experience than the asymptomatic 

participants.  

Results of Mean Normalized Flexor EMG  

Table 31 presents a summary of the mean normalized flexor EMG activity based 

on the percent of MVC for each bucking bar intervention and the control for 

asymptomatic and symptomatic participants. A two-way mixed-fixed effects ANOVA 

was performed on the data.  The results indicate that there was a significant main effect 

for health F(1,8) = 7.863, p = 0.023, partial η
2
 =0.50.  There was also a significant 

interaction effect for intervention type x health for mean normalized flexor EMG activity 

F(4,36) = 4.119, p = 0.008, partial η
2
 =0.34.  Table 32 shows the results of post hoc t-test 

analyses for multiple comparisons.  Results are graphically displayed in Figure 22. 

Table 31. Summary of Mean Normalized Flexor EMG for Asymptomatic and 

Symptomatic Participants (Std Dev) 

Intervention Asymptomatic (n = 6) Symptomatic (n = 4) 

Steel (Control) 0.1441(0.10) 0.2852(0.08) 

Tungsten 0.1598(0.11) 0.2614(0.08) 

Steel w/ Wrap 0.1512(0.08) 0.2799(0.09) 

Steel w/ Glove 0.1093(0.07) 0.3304(0.07) 

Steel w/ Handle 0.1100(0.07) 0.1677(0.05) 

 

Table 32. T-Test Results for Mean Normalized Flexor EMG Differences for 

Asymptomatic and Symptomatic Participants 

Intervention Independent Samples t-Test 

Steel (Control) t(8) = -2.295, p = 0.051 

Tungsten  t(8) = -1.636, p = 0.140 

Steel w/ Wrap           t(8) = -2.345, p < 0.05 

Steel w/ Glove           t(8) = -4.824, p <0.001 

Steel w/ Handle t(8) = -1.484, p = 0.176 
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Figure 22. Mean Percent Flexor MVC for Asymptomatic and Symptomatic Participants 

 

The handle and tungsten produced significantly lower flexor EMG activity for the 

symptomatic participants than the glove and the wrap.  The anti-vibration glove produced 

the highest mean percent MVC flexor activity for the symptomatic participants, yet the 

glove required the least amount of flexor activity for the asymptomatic group.  The steel 

bucking bar negligibly reduced flexor muscle activity for asymptomatic and symptomatic 

participants. 
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CHAPTER 6 

DISCUSSION 

This study evaluated ergonomic interventions for steel bucking bars used in 

aircraft manufacturing.  Four bucking bar interventions and a control were evaluated: 1) a 

traditional steel bucking bar (control), 2) steel bar with a handle, 3) steel bar with 

Viscolas ® rubber wrap, 4) steel bar combined with an anti-vibration glove, and 5) a 

tungsten bucking bar.  The objective of this study was to find usable cost-effective 

interventions for steel bucking bars with lower grip force and vibration transmission 

levels to those comparable of tungsten bucking bars.  Ultimately, the goal is to provide 

workers safe tools to prevent or lessen the risk of developing work-related 

musculoskeletal injuries in aircraft manufacturing.  To accomplish this objective, a 

combination of objective and subjective measures were taken for each intervention and 

the control including: 1) vibration levels measured at the hand and elbow, 2) 

measurement of relative muscle activity of the flexor and extensor muscle groups, 3) and 

subjective measures of usability.   

Based on the findings of previous research, the following hypotheses were derived: 

1. The tungsten bucking bar intervention will transmit the least amount of vibration 

to the hand and elbow given the vibration damping properties of the tungsten 

material (increased density). 

2. The tungsten bucking bar will produce results closest to the permissible vibration 

limits versus the steel bar. 

3. The handle intervention will require less forearm muscle activity as the round 

shape of the handle affords a power grip. 
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4. The tungsten bucking bar will be perceived as most usable by workers as it does 

not diminish the feel of rivet setting in contrast to other bucking bar interventions. 

The specific research questions and study results are listed below. 

1. Which bucking bar intervention transmits the least amount of vibration to the hand 

and elbow? 

The resultant vibration measured at the hand revealed the tungsten bucking bar and 

the handle attached to a steel bucking bar transmitted the least amount of vibration.  This 

finding partially confirms the first study hypothesis.  More than half of the variance for 

mean-frequency weighted resultant vibration was accounted for by intervention type (η
2
 

= 0.58). The amount of mean frequency-weighted resultant vibration transmitted by the 

tungsten bar was lower in this study (mean = 7.8 m/s
2
) compared to previous research 

(Jorgensen & Viswanathan, 2005; Khan, 2006).  However, the current study measured 

the amount of vibration transmitted to the hand versus measuring vibration directly on the 

tungsten bucking bar.  Also, the tungsten bucking bar used in this study was heavier than 

the ones examined by Jorgensen and Viswanathan (2005) which resulted in more 

dampening then the lighter tungsten bars. The handle paired with a steel bucking bar also 

reduced mean frequency-weighted resultant vibration transmitted to the hand as implied 

by Skogsberg (2006).  More vibration was absorbed by the handle and increasing the 

weight of the steel bucking bar by adding a handle may have also facilitated the 

decreased vibration transmission.  In addition, previous research has stated that 

eliminating pinch grips may reduce vibration transmitted to the hand and arm. The round 

shape of the detachable handle used in the present study allowed use of a power grip.  
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This finding is encouraging for manufacturers seeking an affordable alternative to 

tungsten bucking bars. 

Vibration transmission to the elbow during a riveting task has not been previously 

investigated.  The results of this study indicate tungsten bucking bars transmitted the least 

amount of vibration to the elbow, also confirming the first hypothesis of this study.  

Based on this research, it is suspected that the current use of traditional steel bucking bars 

place workers at an increased risk of developing a WMSD of the elbow as speculated by 

previous research (Bonvenzi et al., 1987; Brammer & Taylor, 1982; Kihlberg & Hagberg, 

1997; Malchaire et al., 1986; Sakakibara, 1993).  The mean frequency-weighted 

accelerations transmitted by the steel bucking bar to the elbow was greater than the 

permissible exposure limits for the hand and arm expressed in the ANSI S2.70 standard 

(mean = 3.2 m/s
2
).    

For vibration measured at the hand and elbow, both the anti-vibration glove and the 

Viscolas® wrap produced unexpected results.  Previous research has shown that anti-

vibration gloves are not as effective at attenuating lower vibration frequencies (<50Hz) 

and may actually amplify vibration in the lower frequencies (Griffin, 1990; Farris, 1998; 

Hor 1999).  In the present study, mean resultant vibration was less using the anti-

vibration glove than using the steel bucking bar alone.  One study found a foam padded 

glove in combination with a Viscolas® wrap around the tool handle transmitted the least 

amount of vibration (Dale et al., 2006).  However, wrapping the Viscolas® material 

around a steel bucking bar transmitted nearly as much vibration to the hand as the steel 

bar alone.  Furthermore, the Viscolas® wrap on the steel bucking bar transmitted more 

vibration to the elbow on average than the steel bar although the difference was not 



 83 

significant (mean = 3.3 m/s
2
).  This is perhaps due to the thickness of the material which 

may amplify vibration at low frequencies, a phenomenon similar to what is experienced 

with most anti-vibration gloves for this type of vibration.   

2. Which bucking bar interventions are within the permissible vibration exposure limits 

according to published standards?     

 The mean-frequency accelerations transmitted by the tungsten bucking bar met 

the published standards as expected, but only at the elbow.  The tungsten bucking bar met 

the ANSI S2.70 DEAV and DELV hand-arm acceptable limits (mean = 2.2 m/s
2
).  The 

handle intervention also met the DELV, but not the DEAV (mean = 2.9 m/s
2
).  

Unfortunately, all the interventions tested at the hand failed to meet the ANSI S2.70 

Daily Exposure Action Value (DEAV) and the Daily Exposure Limit Value (DELV), 2.5 

m/s
2
 and 5.0 m/s

2
, respectively.  All interventions did transmit less vibration than the 

steel bucking bar alone, although the vibration transmitted to the hand by the glove and 

the wrap was not significantly less than the steel bar.    

3. Which bucking bar intervention requires the least amount of forearm muscle activity 

to use?  

 According to the EMG results, the percent of maximum voluntary contraction 

(MVC) of the extensor muscle group was not significantly different for any of the 

interventions (range = 15.9 - 19.9% MVC).  However, there was a significant difference 

found for relative flexor muscle activity.  Intervention type accounted for 26% of the total 

variability of mean percent MVC flexor EMG.  The benefit of a tool affording a power 

grip versus a pinch grip was pronounced as decreased flexor activation was necessary to 

hold the tool in place.  The handle intervention, the only intervention in this study to 
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allow use of a power grip, required the least percentage of MVC of the flexor muscle 

group (mean = 13.3% MVC).  This finding is important because the tonic vibration reflex 

is mediated by various afferent neurons that are highly sensitive to vibration that act to 

facilitate motor neurons and increase contraction in the flexor muscles (eventually 

leading to muscle fatigue).  An overall decrease in flexor muscle tension should delay 

development of muscle fatigue and furthermore delay development of a WMSD.   Other 

published studies have suggested a link between increased muscle force of the extensor 

muscle group during a pinch grip and increased vibration transmission to the lateral 

epicondyle area of the elbow (Bonvezi, 1987; Gemne & Saraste, 1987; Kihlberg & 

Hagberg, 1995; Sakakibara, 1993).  No decrease of extensor muscle activity was 

observed in this study, however the handle intervention which afforded use of a power 

grip, did result in a slight decrease of vibration to the elbow.  

4. According to subjective measures, which bucking bar intervention is deemed most 

useable to sheet metal assembly workers based on preference, perceived exertion, 

perceived rivet quality, and willingness to recommend to others? 

Interventions that impede a worker from feeling a rivet set may cause a worker to 

overshoot the rivet and create more re-worked parts.  So the very safeguards designed to 

reduce vibration and reduce a worker’s risk of injury often times deter the worker from 

their use.  Therefore, it is important to find interventions that keep workers safe while 

simultaneously allowing workers to perform tasks effectively and efficiently.  In this 

study, half of the participants ranked the tungsten bucking bar as the top choice for 

performing a riveting task.  Participants that did not select tungsten as their first choice 

stated the weight of the bar influenced their decision.  Interestingly, the steel bucking bar 
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wrapped with Viscolas® ranked second overall.  The participants perceived less vibration 

with the wrapped bar even though the data revealed otherwise.  Participants may have 

perceived that less vibration was transmitted due to the thickness of the wrap, however as 

previously stated, the thickness of the wrap may be responsible for the increased 

vibration transmission.    

Besides rank ordering of interventions, usability was also measured using two 

perceived exertion scales.  A large proportion of variance in the Borg Perceived Exertion 

Scale results was accounted for by the levels of the independent variable (η
2
 = 0.40). 

Participants perceived less exertion with the tungsten bar and that difference was 

significantly less than the steel bucking bar and the wrap.  Participants also perceived less 

exertion with the tungsten bar as compared to the glove, however this difference was not  

significant at the α = 0.05 level.  Participants also perceived less exertion with the handle 

as compared to the wrap, glove, and steel bar; however, the differences were not 

significant.  Using a Likert scale, participants perceived less exertion using the tungsten 

bar, followed by the handle, then the wrap, and glove.  Participants perceived the most 

exertion with the steel bar. 

Rivet quality was another measure of usability used in this study.  Overall, high 

ratings were provided for all conditions.  Certainly, the participants may have been biased 

as they rated the quality of their own work; however, the riveter also confirmed the rating 

by the participant.  The steel bucking bar and the wrapped steel bucking bar were rated 

the lowest; however, there were no significant differences in perceived rivet quality.  

The final usability measure was to capture the participants’ willingness to 

recommend each intervention and the steel bucking bar to others.  The results followed 
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the same trend as the perceived exertion results.  Participants were more willing to 

recommend the tungsten bucking bar to others, followed by the handle. 

In general, workers were less satisfied and found the familiar steel bucking bar to 

be less usable than all other bucking bar interventions. The tungsten bucking bar and the 

detachable handle were both considered usable by the participants.  

Using experienced sheet metal assemblers does have its drawbacks.  In this study, 

some participants did have symptoms of a WMSD including recurring pain in the 

shoulders, elbows, wrists and/or hands.  All vibration, EMG, and preference results were 

analyzed again to compare differences between asymptomatic and symptomatic 

participants.  The sole difference was found for relative flexor muscle activity.  A 

significant intervention type by health status interaction accounted for 34% of the total 

variability in the relative flexor muscle activity.  Symptomatic participants experienced 

significantly less relative flexor muscle activity using the steel bar with the detachable 

handle to levels comparable to asymptomatic participants.  Again, the round design of the 

handle affords a power grip and less internal muscle force is required to hold the bar 

steady as compared to bucking bars that require a pinch grip to use. Also, the tungsten 

bucking bar produced slightly less flexor muscle activity for the symptomatic 

participants.  This may be due to the density of the tungsten bar.  The increased density 

dampened vibration and the heavier weight prevented the tungsten bucking bar from 

moving or “dancing” during bucking.  Therefore, participants did not have to grip the 

tungsten bucking bar any tighter than the steel bucking bar to hold it steadily in place.  

Furthermore, the glove produced the highest mean relative flexor muscle activity in 
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symptomatic participants.  Conversely, the glove produced the lowest mean relative 

flexor muscle activity in asymptomatic participants.  

Limitations 

 It should be noted that there are limitations to consider when interpreting the 

results of this study.   

1. Grip force.  As discussed previously, grip force can influence how much vibration is 

transmitted to the hand-arm system.  Muscle activity was measured; however, 

participants were free to grip the tool handle as tightly or as loosely as they needed to 

maintain control of the bucking bar. 

2. Small sample size.  This study was conducted in a manufacturing setting, and 

therefore, minimal disruption to production was expected.  However, these study 

results generalize to the real world population of sheet metal assembly workers. 

3. Inclusion of self-reported symptomatic workers.  The physically demanding nature of 

this work increases risk of injury to workers.  In attempts to recruit experienced sheet 

metal assemblers, workers that reported recurring pain in the upper extremities were 

included in the study.  However, none of the workers reported any medically 

determined diagnoses or surgical interventions as a result of their pain.  Future studies 

should include objective measures for detecting negative health effects when 

recruiting participants from this population. 

4. Prior use of tungsten bucking bars.  All of the participants were familiar with the steel 

bucking bar.  However, 60% of participants had previously used a tungsten bucking 

bar, 20% of participants had prior experience using the anti-vibration gloves and 10% 
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had used a steel bucking bar wrapped with the Viscolas® rubber wrap used in this 

study. 

 Conclusions  

This study reveals the need for ergonomic interventions for steel bucking bars 

used in aircraft manufacturing.  More specifically, the conclusions that may be drawn 

from this research include the following: 

1. Overall, steel bucking bars transmitted more vibration to the hand and required a high 

percent MVC of the flexor and extensor muscle groups to use due to lack of 

ergonomic design applications (i.e., use of pinch grip, additional force required to 

hold steel bucking bars in position during a riveting and bucking task).   

2. In regards to usability, the steel bucking bar was not favored by any of the 

participants as they ranked the steel bucking bar the lowest, perceived more exertion 

required to use the steel bar, perceived poorer rivet quality, and were less likely to 

recommend the steel bucking bar to others.   

3. As expected, the tungsten bucking bar did decrease the amount of vibration 

transmitted to the hand and elbow without the cost of increased flexor and extensor 

muscle activity. 

4. Workers with injuries to the upper extremities may find a rounded handle added to a 

steel bucking bar useful as workers can hold and steady the bucking bar using a 

power grip; therefore, able to generate more force while delaying muscle fatigue and 

potential injury to the soft tissues of the forearms.  Except for the tungsten bucking 

bar, less vibration was transmitted using the handle than the other interventions. 
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5. The Viscolas® wrap and anti-vibration glove used in this study generally transmitted 

lower vibration than the steel bar alone at the hand.  The wrap tended to transmitted 

the most vibration to the elbow.  This type of wrap and glove may be better suited for 

dampening high frequency, low impact vibration. 

Recommendations 

 Based on the results of this study, the following recommendations include: 

1. Use tungsten bucking bars whenever applicable for sheet metal assembly tasks.  If 

cost and weight of tungsten is a concern, investigate reducing the mass.  It may not be 

necessary to duplicate the size of existing steel bucking bars to achieve vibration 

damping.  Reducing the mass of tungsten bucking bars will reduce the amount of 

material required and the cost.   

2. When task permitted, use a round handle for steel bucking bars.  Handles are also 

recommended for workers that experience weak grip. 

3. Use anti-vibration gloves and rubber wraps with caution.  Many anti-vibration gloves 

are only effective for use with tools that produce higher frequency vibrations.  These 

gloves may be particularly ill-suited for workers experiencing symptoms of a WMSD 

of the upper extremities.  Although the gloves in this study were somewhat effective 

and produced some lower mean frequency-weighted acceleration values than steel, 

the difference was not significant.  Furthermore, the glove produced the highest mean 

relative flexor muscle activity in symptomatic participants.  The Viscolas® wrap used 

in this study elevated transmission of vibration, especially to the elbow. 
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4. Implement administrative work practices such as task rotation, adequate work breaks, 

and stretching exercises to prevent development of WMSDs and promote early 

intervention and rehabilitation of injured workers.     

Future Research 

Based on the knowledge gained from this study, the following suggestions for future 

research can be made: 

 

1.  Conduct further research to determine the effects of vibration damping interventions at 

the shoulder. 

2.  Evaluate the effectiveness of reducing the mass of tungsten bucking bars. 

 

3.  Test the effectiveness of other high density materials for bucking bars. 

 

4. Evaluate the effects of controlling grip force using the same interventions. 

 

5. Evaluate the effects of an ergonomic, vibration dampening rivet gun using the same 

interventions. 

6. Conduct a prospective study using sheet metal assembly workers with limited 

experience and determine the risk of developing a WMSD using the interventions in 

this study.  
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PURPOSE:  You are invited to participate in a study involving an ergonomic evaluation of the use of 

different bucking bars during a riveting task.   

 

PARTICIPANT SELECTION:  You were selected as a possible participant in this study because this 

study focuses on riveting tasks, which you currently perform as part of your job duties.   

 

EXPLANATION OF PROCEDURES:  At least eight participants will be requested to participate. If you 

decide to participate, you will be asked to perform your bucking job as you normally do.  You will be asked 

to complete a background questionnaire and a brief medical history form. An accelerometer will be attached 

to the top of your hand near your middle knuckle and near your elbow (using tape wrapped around the hand 

and elbow) to measure vibration, and electromyography electrodes will be attached to the forearm of your 

dominant arm, by use of double sided tape, to measure muscle activity.  You will be asked to perform your 

bucking tasks in the manner that you normally perform your job, using at least five different bucking bar 

designs (steel, tungsten, steel with handle, steel with rubber wrap, steel with anti-vibration glove).  Your 

participation should last approximately one hour.  When the data collection is complete, the testing 

equipment will be removed from your arms. 

 

DISCOMFORT/RISKS: Minimal discomfort should be experienced from the electrodes since they will 

be attached by double-sided tape, with no conductive gel utilized.  Minimal discomfort may be experienced 

from removal of the tape around the elbow and hand that will be used to secure the accelerometers as these 

areas will not be shaved prior to attaching the electrodes and accelerometers.     

 

BENEFITS: This research will increase our knowledge and understanding of the affect of bucking bar 

design on vibration and impact force dampening and necessary grip force to control the bucking bar.  

Ultimately, this research may identify a suitable bucking bar design that may reduce vibration, which may 

increase our knowledge of how to reduce the risk of injury from vibration during riveting tasks.   

 

CONFIDENTIALITY:  All information obtained from this study in which you can be identified will 

remain confidential and will be disclosed only with your permission.   

 

COMPENSATION OR TREATMENT: Wichita State University does not provide medical treatment or 

other forms of reimbursement to persons injured as a result of or in connection with participation in 

research activities conducted by Wichita State University or its faculty, staff, or students.  If you believe 

that you have been injured as a result of participating in the research covered by this consent form, you can 

contact the Office of Research Administration, Wichita State University, Wichita, KS 67260-0007, 

telephone (316) 978-3285. 

 

REFUSAL/WITHDRAWAL:  Participation in this study is entirely voluntary.  Your decision whether or 

not to participate will not affect your future relations with Wichita State University.  If you agree to 

participate in this study, you are free to withdraw from the study at any time without penalty. 

 

CONTACT:  If you have any questions about this research, you can contact me at: Michael J. Jorgensen, 

Ph.D., 120 Engineering Building, Wichita, KS, 67260-0035, (316) 978-5904.  If you have questions 

pertaining to your rights as a research subject, or about research-related injury, you can contact the Office 

of Research Administration at Wichita State University, Wichita, KS 67260-0007, telephone (316) 978-

3285. 

 

You are under no obligation to participate in this study.  Your signature indicates that you have read the 

information provided above and have voluntarily decided to participate. 
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You will be given a copy of this consent form to keep. 

 

 

 

____________________________________________________ _______________________ 

Signature of Subject       Date 

 

 

____________________________________________________ _______________________ 

Witness  Signature       Date    
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Background Questionnaire 

 

Date__________     Height ______  

Age _____      Weight ______  

Gender (M/F) _____     Dominant Hand (R/L)_______ 

 

Hand Strength:  

Preferred Hand  Non-Preferred Hand 

Grip ____/____  Grip ____/____ 

 

 

Number years performing sheet metal assembly _______ 

 

 

Check if answer is ‘Yes’ only.  Leave ‘No’ answers blank. 

 

____    Have you ever been diagnosed with carpal tunnel syndrome, tendonitis,    

 tenosynovitis, bursitis, ganglionic cysts, or other cumulative trauma disorders? 

____    Have you ever been diagnosed as having high blood pressure? 

____    Do you ever have pain your heart or chest? 

____    Do you ever experience a “racing” heart beat? 

____    Does your heart ever skip beat? 

____    Have you ever been diagnosed with an abnormal EKG? 

____    Do you often experience difficulty in breathing? 

____    Do you ever experience shortness of breath when sitting still or sleeping? 

____    Do you have a history of rheumatoid arthritis?  

 

Check space if you have or recently had: 

 

____   Recurring pain in shoulders, elbows, wrists, hands? 

____   Migraine or recurring headaches? 

____   Kidney problems? 

____   Significant vision or hearing problems? 

____   Glaucoma or increased pressure in the eyes? 

____   Diabetes Mellitus? 

____   Vitamin B6 deficiency? 

 

Check space if taking medications for any of the following: 

 

____   Blood pressure      Other medications: ________ 

____   Glaucoma      ________________________ 

____   Anti-inflammatory (aspirin, corticosteroids)  ________________________ 

____   Thyroid 

____   Diabetes or abnormal blood sugar 
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Instructions for Rating of Perceived Exertion (RPE) Scale 

 
While participating in this study, you will be asked to rate your perception of exertion.  This 

feeling should reflect how heavy and strenuous the activity feels to you, combining all sensations 

and feelings of physical stress, effort, and fatigue.   

 

Please appraise your feeling of exertion as honestly as possible.  Look at the scales and the 

expressions and then give a number. 

 

 
6 No exertion at all 

 

7  

 Extremely light (7.5) 

8 

 

9 Very light 

 

10 

 

11 Light 

 

12 

 

13 Somewhat hard 

 

14 

 

15 Hard  

 

16 

 

17 Very hard 

 

18 

 

19 Extremely hard 

 

20 Maximal exertion 

 

9 corresponds to “very light” activity.  For a healthy person, it is like walking slowly at his/her 

own pace for some minutes 

 

13 “somewhat hard” activity, but still ok to continue 

 

17 “very hard” is very strenuous.  A healthy person can still go on, but he/she really has to push 

him- herself.  It feels very heavy and the person is very tired. 

 

19 is extremely strenuous activity.  For most people, this is the most strenuous activity they have 

ever experienced. 

 

Adapted from the Borg RPE scale 

Borg, G. (1970; 1990) 
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Please circle your level of perceived exertion 

 
Extremely      Extremely 

Low      High 

Exertion      Exertion 

 

1 2 3 4 5 6 7 

 

 

 

 

 

Please circle your level of perceived quality of rivets 

 
 Extremely     Extremely  

 Low      High 

 Quality      Quality 

 

1 2 3 4 5 6 7 

 

 

 

 

 

Please circle how likely you would be to recommend this intervention to others 

 
 Definitely     Definitely     
 Would NOT      Would 

 Recommend     Recommend 

 

1 2 3 4 5 6 7 
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Please rank the following treatments in order of preference (1= I prefer this intervention 

the most, 5 = I prefer this intervention the least). 

 

____ Steel bar  

 

____ Tungsten bar 

 

____ Bar with handle 

 

____ Bar with glove 

 

____  Bar with viscolas 

 

 

 

 

 

Please check each intervention you would use to perform a bucking task. 

 

____ Steel bar  

 

____ Tungsten bar 

 

____ Bar with handle 

 

____ Bar with glove 

 

____  Bar with viscolas 

 

 

 

 

 

Which of these interventions have you used prior to testing today? 

 

____ Steel bar  

 

____ Tungsten bar 

 

____ Bar with handle 

 

____ Bar with glove 

 

____  Bar with viscolas 

 


