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ABSTRACT 

Daily exposure to vibrations produced by hand-held percussive vibratory power tools can 

be detrimental to aircraft manufacturing sheet metal mechanics. ISO (5349-1, 2001b) indicates 

that symptoms of the hand-arm vibration syndrome, which may develop within 10 years of 

exposure, depends on the magnitude, frequency, and duration of vibration exposure and on his/her 

susceptibility. The American National Standard Institution (ANSI, S2.7-2006) identifies the 

maximum daily exposure limit value among individuals exposed to hand-arm vibration for an 8-

hour workday at or above 5.0 m/s2 results in a high health risk. 

This research evaluates an ergonomic intervention using a new material called D3O® to 

reduce the vibration transmission to the hand-arm and elbow during a riveting and bucking task. 

This research evaluates two studies, a static test for energy absorbency and a dynamic test for 

impact force resistance, which were conducted to test the mechanical properties of three D3O® 

foam materials and two traditional silicone elastomers.  

The static test revealed D3O® materials had a higher energy absorbency than silicone 

elastomers (p = 0.00). Material DBP, DRH, and DRP show a dampening ratio of 0.16, 0.11, and 

0.10 compared to SFP and SSP of 0.05. Comparing between D3O® materials, results show a 

statistically significant difference in the way materials resist and dampen impact forces during 

dynamic testing. Material DBP ranks 1st and DRP ranks 3rd consistently. Material DRH ranks 3rd 

during the static test and ranks 1st during the dynamic test. Using D3O® materials may result in a 

higher dampening of the magnitude of vibration produced during riveting and bucking tasks. 

These results suggest utilizing D3O® in an ergonomic intervention to evaluate vibration 

transmission to the hand-arm and elbow to reduce WMSDs.  A limitation of the material testing is 

that it does not take into account human hand tissue and the vibration produced in a riveting task. 
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CHAPTER 1  

INTRODUCTION 

1.1  Introduction 

Vibration produced and transmitted to workers’ hands, arms, and elbows, from 

percussive pneumatic power tools used in many manufacturing occupations, remains a risk to 

workers’ health and safety. Ergonomic principles that protect human workers are violated by not 

limiting the exposure to risk factors such as repeated exposure to vibration, awkward postures, 

stress, and forces that often lead to injuries and work-related musculoskeletal disorders 

(WMSDs). Diseases of occupational origins caused by exposure to hand-arm vibration (HAV) 

include vibration induced white finger (VWF) or a secondary diagnosis called Raynaud’s 

Phenomena, hand-arm vibration syndrome (HAVS), Carpal tunnel syndrome (CTS), traumatic 

vasospastic disease, and dead hand (Pelmear et al., 1998). Vascular and/or neural symptoms may 

develop within 10 years of exposure, and depends on the magnitude, frequency, and duration of 

vibration exposure and on individuals’ susceptibility (ISO 5349-1, 2001b; Dandanell et al., 1986; 

Bylund et al., 2002; Cherniack et al., 2004).  

Neural symptoms, such as attacks of numbness in the hand or fingers, either with or 

without tingling, exhibited faster onset on workers’ hands as opposed to vascular symptoms, 

which consists of reduction of blood circulation that causes attacks affecting the tips of the distal 

phalanges of one or more fingers up to frequent attacks and whiteness affecting all phalanges of 

all fingers (Jang et al., 2002; Bylund et al., 2002; Cherniack et al., 2004). The development of 

such symptoms has been shown to be shorter in duration in females than in males when exposed 

to average duration of vibration, even when the exposure duration is shorter than in males due to 

the respect of the biological and physiological differences (Urban & Lukás, 2000). However, 

javascript:;
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comparisons between the latent period (time between the first exposures to HAV to the onset of 

the disease) for males and females are questionable, as they rarely perform the same work tasks 

(Bylund et al., 2002), and there should be more epidemiological studies for cause-effect for 

females exposed to vibratory tools (Bovenzi et al., 2005). Overall, the development of HAVS is 

dose-related and the reduction of intensity of vibration at the source should be as low as 

reasonably achievable (Pelmear & Leong, 2000). 

Industrial work environments involve many clear hazards that are often an interest to 

researchers to determine exposure risks and how to avoid them. One exposure hazard that is 

often present, but rarely addressed, is HAV. Dong et al. (2006) explained “vibrations caused by 

power tools, machinery, vehicles and heavy equipment are a universal feature of modern work 

environments.” In the U.S., an estimated six million workers are in occupations exposed to 

whole-body vibration and more than one million workers are in occupations exposed to hand-

transmitted vibration (HTV) (BLS, 2004).  

Aircraft manufacturing is one of the occupations that requires daily rivet gun and bucking 

bar use. Percussive pneumatic rivet guns are used for shooting the head of the rivet and bucking 

bars are used for pushing against the back of the rivet, which will flatten and expand the diameter 

of the rivet to securely connect two sheets of aluminum together. Depending on the type of gun 

and the blow of air pressure, the energy produced during shooting the rivet’s head reaches more 

than 230 kgf-cm forces spread around the human workers’ upper extremities, the bucking bar, 

and around the surrounding metal area of the gun (Cherng et al., 2009; Griffin, 1980). Riveting 

and bucking task have low and high frequency components reaching to the hand-arm system 

(Dandanell & Engström, 1986) and most of the strong impact forces are distributed in the low 

frequency region (Cherng et al., 2009). Low frequency impacts are transmitted through the hand 
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to the forearm and elbow, and high frequency impacts are mostly absorbed at the hand and place 

(Kihlberg & Hagberg, 1997). Neurological and musculoskeletal disorders were common among 

the users of percussive tools such as rivet guns, which produce low and high frequencies. 

Vascular disorders were seen more among users of high frequency tools such as grinders and 

sanders (Pelmear et al., 1998; Pelmear et al., 2000; Farkkila, 1978; Burdorf & Monster, 1991; 

Bonvenzi et al., 1991; Kihlberg & Hagberg, 1997).     

Personal protective equipment (PPE) such as anti-vibration gloves, some of which are 

filled with different types of cushioning, rubber and silicone-like materials, and material elastic 

wraps, have been marketed to provide safer vibration exposure. Workers are often averse to 

wearing the PPE (Griffin, 1990) due to the lack of tactile feedback in some situations, 

particularly during workers’ use of hand-held tools. This preference often stems from the need to 

receive the haptic feedback felt by the hand from the tool (e.g., rivet gun and bucking bar) when 

in use to ensure consistency of performance for production quality and satisfaction.  

HAVS cause-effect is multifactorial; acceleration of the tool, grip force and push forces, 

posture of hands and elbow, tools under use and handle types, and length of exposure; all are 

factors that impact the magnitude of vibration transmitted into the hand-arm system.  HTV 

exposure could be limited by controlling the daily exposure duration, irrespective of the tool type 

(Mallick, 2008; Mallick, 2010). Such an approach may, however, result in reducing production 

and delaying the planning schedule of manufacturing. Furthermore, it is difficult to control for all 

factors at same time due to the variations in the workplace environment and individuals’ 

susceptibility and working habits (e.g., workers may like to use their older designed guns; some 

workers are motivated to work over-time hours). Therefore, it is vital to find a material that will 
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significantly dampen the vibration and have significant positive user feedback compared to what 

is available on the market today. 

One such material may be elastomeric materials. These materials are available for 

differing purposes with various types that are used for seals, adhesive, tires, shoe insoles, 

vibration mounts, damp proofing, protective gloves, flexible parts such as hoses, cables, O-rings, 

etc. Some of these elastomers such as gloves have been claimed to facilitate HAV reduction and 

improved comfort during use, and some materials are malleable enough that may allow bending 

to allow users to achieve tactile feedback (Chase & Talonn, 1997; Viktorova et al., 2016; 

Shivpaul, 2017). The malleability of some of these materials is due to their deformability, 

elasticity and viscoelasticity, and softness features. Some of these materials may help HTV 

reduction and comfort of use during a riveting task (Goel & Rim, 1987; Hutton et al., 1993; 

Klinenberg et al., 1994), however, some of these materials have not been empirically evaluated 

and some have shown no effectiveness of attenuating the vibration (Rens et al., 1987). Even an 

increase in vibration transmissibility has been indicated in some of these materials (Griffin et al., 

1982; Griffin, 1990; Rens et al., 1987).  

Elastomers like D3O® materials have a non-Newtonian mechanical property, which may 

resist and protect the human body from shock impact. D3O® producers claim that this material is 

made for shock impacts and protection of the human body. They are used in shoe insoles, rifle 

harnesses, kneepads, back protectors, and phone cases, among other uses (https://www.d3o.com/, 

retrieved on May 03, 2018). In addition, they have a locking or hardening mechanism that will 

be initiated when a high force sudden shock impact occurs. Furthermore, D3O® material is very 

malleable, especially mixtures that are used for sportswear such as back pads.  

https://www.d3o.com/
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The first objective of this research was to conduct studies designed to test and evaluate the 

ability of these non-Newtonian viscoelastic D3O® materials in absorbing energy produced by 

impact and simulated vibration. The second objective of this research was to propose a human in 

the loop experiment designed to evaluate and test the ability of the non-Newtonian viscoelastic 

D3O® materials for HTV reduction in a riveting and bucking task. 

The first study pursued Static testing of D3O® and other conventional materials from the 

market to determine materials’ energy absorption capabilities and displacement effectiveness for 

a further dynamic testing. The second study pursued dynamic testing by simulating vibration to 

determine which material(s) may be more effective in resisting force impact consistent with a 

riveting and bucking task utilizing the D3O® materials.

Finally, this research develops a full experimental proposal based on vibration data 

provided by a local aircraft manufacturing company to conduct a riveting and bucking 

intervention using the D3O® materials in aircraft manufacturing to determine the vibration 

transmitted to the upper extremities (hand-arm and elbow) in comparison with conventional anti-

vibration PPE. Reduction of HTV may result in reducing the risk of developing HAVS and 

WMSDs or may delay the onset. 

1.2  Statement of the Problem   

 Different PPE on the market such as anti-vibration gloves and material elastic wraps may 

possibly reduce shock and vibration transmission to aircraft manufacturing riveters’ and buckers’ 

hands and elbows. In addition, using such PPE, especially gloves, may prevent riveters and 

buckers from sensing or ‘feeling’ the tool to set a quality rivet. The lack of the tactile sensation 

to users may reduce the satisfaction level during the performance of the riveting task and 

therefore, users avoid using such PPE. This may be not the case for D3O® materials due to its 
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malleability and deformability features. 

Mechanical properties of rubber-like materials shown from previous studies in the 

literature reduction of energy impacts with dampening ratios that range from 0.04 to 0.07 

(Cremer & Heckle, 1988; Batchmann et al., 1995; Adams & Askenazi, 1999). In previous 

studies, rubber-like materials resulted in a range of 10.2 - 10.8 m/s2 for the frequency-weighted 

acceleration magnitude of vibration exposure using tungsten bucking bars and a range of 5.5 - 

12.3 m/s2 for steel bucking bars (Burdorf & Monster, 1991; Dandanell & Engstrom, 1986; 

Jorgensen & Viswanathan, 2005). It is important to find a material that reduces the transmission 

of vibration to the hand-arm system below the American National Standard Institution’s (ANSI 

S2.70, 2006) defined maximum limit value of 5.0 m/s2 and to comply with the International 

Standard Organization’s (ISO 5349-1, 2001b) recommendations, which may need to provide 

protective materials with dampening ratio that increase impact absorption more than rubber-like 

materials in order to reduce the risk of vibration-related WMSDs and hand-arm vibration 

syndromes.  

1.3  Research Questions 

 Primary research question:  

Does D3O® material reduce vibration transmission in a riveting task more than 

conventional rubber-like anti-vibration PPE? 

This question led to conducting three studies each of which has a research sub-question:  

1.3.1  Research Question 1 

Do the elastomeric non-Newtonian D3O® materials provide better mechanical properties: 

more energy absorption and more load displacement during a single low velocity impact (static 

test) compared to other silicone conventional materials commercially available on the market?
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1.3.2  Research Question 2 

How well does elastomeric non-Newtonian D3O® material resist multiple loading 

impacts during a simulated vibration produced in riveting and bucking tasks (dynamic test)? 

1.3.3  Research Question 3  

Do the elastomeric non-Newtonian D3O® material’s mechanical properties suggest use as 

an ergonomic intervention to reduce the vibration transmitted to the hand-arm and elbow from 

the rivet gun and bucking bar? 

1.4  Research Hypotheses  

Materials used for the studies include: 1) D3O® Rifle Harness (DRH), 2) D3O® Recoil 

Pad (DRP), 3) D3O® back protector (DBP), 4) Silicone Foam Pad (SFP), and 5) Silicone Sponge 

Pad (SSP). Materials 1, 2, and 3 are non-Newtonian elastomeric D3O® claimed for body 

protection from impact shock; materials 4 and 5 are conventional elastomeric / viscoelastic 

materials claimed for light duty machines anti-vibration pads. A conventional anti-vibration full 

fingers glove was manufactured to be utilized for the low and high frequency impacts from hand-

held pneumatic tools will also be compared to the D3O® materials. The anti-vibration glove 

(VibrastopTM) was provided from Superiorglove ® with three sizes of small, medium, and large. 

There was no dampening ratio provided by the manufacturer for these gloves. 

1.4.1  Hypothesis 1  

The non-Newtonian D3O® elastomers will absorb the impact energy and displace the load 

significantly more than the conventional silicone elastomers. 

1.4.2  Hypothesis 2 

The non-Newtonian D3O® elastomer DBP will have lower peak load during cyclic 

loading impacts when compared to other non-Newtonian D3O® elastomers DRH and DRP. 
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1.4.3  Hypothesis 3 

Vibration transmitted to the hand and elbow through the non-Newtonian D3O® elastomer 

will be significantly less than conventional anti-vibration PPE without affecting the required 

amount of forearm muscles activity. 

1.5  Significance  

In previous studies, materials’ mechanical properties such as energy absorption, 

displacement, and dampening ratio were not considered in the selection of ergonomic 

interventions that aim for vibration transmission reduction in riveting and bucking. Additionally, 

ergonomic interventions for vibration transmission reduction for hand-arm vibration showed 

reductions but not below the ANSI limits and ISO considerations. Rubber-like material used for 

the vibration reduction purpose did not reduce the vibration to the optimum limits. D3O® 

materials have not been assessed for vibration attenuation capability, therefore, the need of 

testing these materials under simulated vibration impacts was necessary to evaluate the 

possibility of reducing the vibration transmitted to the hand-arm system below the threshold 

defined by ANSI S2.70 (2006) and to comply with the ISO 5349-1 (2001b) guidelines and 

recommendations. Quantified exposure levels of vibration magnitude during riveting and 

bucking tasks that have been obtained in the literature still indicate that sheet metal mechanics 

are at high health risks of developing WMSDs related to segmented vibration exposure from 

hand tools.   

1.6  Terminology Definitions  

Vibration: Oscillatory (repeated motion over and over without friction), the motion is not 

constant but alternately greater and lesser than some average value (Griffin, 1990). 

Vascular: A component of HAVS represents an increased tendency to vasospasm in the digital  
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capillaries and is manifested by the appearance of “white finger” (Raynaud’s phenomenon) 

 (Nilsson et al., 2017). 

Neurological: A component of HAVS that includes both a diffuse peripheral neurosensory injury 

and an entrapment of the median nerve at the wrist, entailing a symptom complex covered by the 

Carpal Tunnel Syndrome (CTS) concept (Nilsson et al., 2017). 

Musculoskeletal: An increased occurrence of reduced muscular function and the development of 

tendinopathies, tenosynovitis or fibrosis (e.g. Dupytrens contracture), etc. (Nilsson et al., 2017).  

Viscoelasticity: Elasticity is a solid material property and elastomer, or elastomeric material are 

flexible to regain its shape after deformation such as rubber like material made of a polymer. 

Viscosity is a fluid property and is a measure of resistance to flow. The response of such 

materials is dependent upon how quickly the load is applied or removed, the extent of 

deformation being dependent upon the rate at which the deformation-causing loads are applied. 

This time-dependent material behavior is called viscoelasticity. Therefore, a viscoelastic material 

is one that possesses both fluid and solid proprieties (Özkaya et al., 1999). In this document, the 

terms viscoelastic material, elastomeric material, elastomer, and polymer are used 

interchangeably.  

Non-Newtonian: A fluid that does not follow the Newton’s law of viscosity. Non-Newtonian 

fluid has three types: dilatant (shear thickening) such as cornstarch, pseudplastic (shear thinning) 

such as ketchup or paint, and generalized type such as water. Non-Newtonian is a fluid that its 

flow curve (shear stress versus shear rate) is non-linear and often is dependent on temperature 

and pressure (Chhabra & Richardson, 1999). 

Velocity: The time rate of change of relative position measured in terms of length unit which is 

position divided by time (Özkaya et al., 2012). The time rate of increase of velocity is termed 
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acceleration (Özkaya et al., 2012). 

Force and Load: Defined in many ways, such mechanical disturbance or load. Force is the action 

of one body on another. It is the force applied on a body which causes the body to move, deform, 

or both. Force is always associated with motion because it is the mechanical disturbance of the 

load (Özkaya et al., 2012). In this document, the terms Load and Force will be used 

interchangeably.  

Energy: Describe the capacity of a system to do work on another system. Energy can take 

various forms such as mechanical, thermal, chemical, and nuclear. The field of mechanics is 

primarily concerned with the mechanical form of energy. Mechanical energy can be categorized 

as potential energy such as the gravitational and kinetic energy which is associated with motion 

(Özkaya et al., 2012). 

Displacement: Deformability of an object. It is the amount of deflections represented by the 

measurement of depth caused by the impact. The terms material’s displacement, deflection, or 

deformation are all used interchangeably in this document (Özkaya et al., 2012).  

Spring Constant k: Hooke’s Law (1660). The constant of proportionality between the load and 

the deformation is usually denoted with the symbol k, which is called the spring constant or 

stiffness of the spring (Özkaya et al., 2012). 

Angular Frequency: Known as radial or circular frequency, measures angular displacement per 

unit time or the degree of motion and is measured in radians per second (Özkaya et al., 2012).   

Resonant Frequency: Natural frequency of an object with the absence of a damping force and is 

measured in radians per second (Özkaya et al., 2012). For a sitting person, the critical resonant 

frequency for fingers, hands, and arm (key for power tool operation) is > 30 Hz (Freivalds & 

Niebel, 2008; Freivalds & Niebel, 2013). 
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CHAPTER II 

LITERATURE REVIEW 

2.1  Introduction 

In 2008 in the United States alone, 3.7 million people suffered from an occupational 

injury or disorder with an estimated of eight days away from work compared to 2.8 million 

people with more than two day away from work in 2017 (BLS, 2009; BLS, 2018). In 2017, total 

nonfatal injuries in manufacturing sector were 428.9 thousand reported cases. Of those, 295.83 

thousand recorded cases occurred due to overexertion and exposure to vibration (BLS, 2019). Of 

those, injuries, more than 12,000 people were related to aircraft manufacturing industries and 

more than 3,600 of those injuries were reported for fingers, hands, wrists, forearms, and elbow 

(BLS, 2018; BLS, 2019).  

Maintaining ergonomic principles by initiating programs and interventions may help in 

reducing the magnitude of exposure to occupational risk factors to reduce injury rates and 

number of days away from work. Repetitive motions, awkward postures to upper or lower 

extremities, overexertion, and bodily reaction or exposure to vibration are risk factors that 

ultimately may cause exposed individuals to develop Work-related Musculoskeletal Disorder 

(WMSD) (Dandanell & Engström, 1986; Pelmear et al., 1998; ISO 5349-1, 2001; Dandanell et 

al., 1986; Griffin, 1990; Bylund et al., 2002; Cherniack et al., 2004; Freivalds & Niebel, 2008; 

Freivalds & Niebel, 2013). 

Working in aircraft manufacturing requires sheet metal riveting tasks, which requires 

exposure to vibratory hand-held percussive power tools (i.e., rivet guns or sometimes called air-

hammers, etc.). Also, the use of bucking bars in riveting tasks expose workers’ upper extremity 

to vibration. Aircraft sheet metal workers also use vibratory power hand tools of non-percussive 
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types (i.e., sanders, grinders). Exposure to vibration regularly is a risk factor that can lead to the 

development of injuries. In the literature, three types of adverse health effect have been 

recognized when exposed to vibratory tools: vascular, neural, and muscular symptoms, which are 

collectively known under the term hand-arm vibration syndrome (HAVS).  

Workers look for Personal Protective Equipment (PPE) to avoid the unpleasant feeling at 

the hand-arm and elbow in which to reduce the vibration effect. Gloves and wraps are common 

PPE available to use but workers avoid utilizing them for a simple reason, it often blocks the 

tactile feedback which increases the odds of making errors (e.g., setting the rivet too flat or not 

flat enough). 

Finding a material that does not prevent haptic feedback during vibratory tool use may be 

essential. However, such a material must include properties that provide that sensation feedback 

during use and reduce the vibration exposure to reduce the risk of developing WMSD related to 

vibration exposure.  

2.2  Exposure to Vibratory Tools and WMSDs 

Disorders affecting the muscles, bones, tendons, and nerves and joints can occur among 

workers who are exposed to vibratory tools (Bonvenzi et al., 1987; Gemne & Saraste, 1987; 

Kihlberg & Hagberg, 1997; Malchaire et al., 1986; McDowell et al., 2006; Sakakibara et al., 

1993; Pelmear, et al., 1998). Vascular disorders have also been shown to develop (Dandanell & 

Engstrom, 1986; Burdorf & Monster, 1991; Nilsson et al., 2017). Power tools with vibration 

frequencies of 40 to 300 Hz tend to occlude blood flow and affect nerves, resulting in a vascular 

disorder known as vibration white finger syndrome. The effect is exacerbated in cold conditions 

with the additional problem of cold-induced occlusion of blood flow which is a factor in causing 

WMSDs if the exposure continues (Freivalds & Niebel, 2008; Freivalds & Niebel, 2013). 
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These disorders include Raynaud’s Phenomena, hand-arm vibration syndrome (HAVS), 

Carpal tunnel syndrome (CTS), vibration induced white finger (VWF), traumatic vasospastic 

disease, and dead hand (Pelmear, et al., 1998).  

As shown in Figure 2.1, a conceptual model of a cause-effect relationship for hand-

transmitted vibration (HTV) and WMSDs related to vibration exposure by Griffin (1990) showed 

the multiple variables involved in vibration and forces influence for workers using vibratory 

tools. The tool produces vibration magnitude that may dynamically affect the mechanical 

impedance (the ratio of the force applied to the hand tissues to the resulting velocity on the same 

tissues). The magnitude of vibration may be absorbed by the hand or transmitted to the upper 

 

Figure 2.1 Cause-Effect relationship for hand transmitted vibration (Griffin, 1990). 

extremities depending on multiple factors such as type of tool, frequency of the vibration, and 

magnitude of the vibration, etc. As a result of transmission and absorption of vibration, signs and 
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symptoms may start developing before it ultimately is a reported incident of disorder, such as 

neural and/or vascular symptoms (Nilsson et al., 2017). 

A meta-analysis was conducted to systematically evaluate the association between 

Raynaud’s phenomenon, neurological injuries, CTS, and HAV exposure (Nilsson et al., 2017). 

They reviewed the literature up to 2016 and found that workers who are exposed to HAV have 

an increased risk of vascular and neurosensory diseases compared to non-vibration-exposed 

groups. The odds ratio of having the onset was 6.85 (95% CI 4.17 - 11.25) for the Raynaud’s 

phenomenon for these exposed as compared to non-exposed to vibration. The odds ratio for 

neurological injuries was 7.37 (95% CI 4.28 - 14.15) and the odds ratio of CTS was 2.93 (95% 

CI 1.74 - 4.95). Neurological injury occurs with a 3-time factor shorter latency than vascular 

injuries (Nilsson et al., 2017). 

Percussive pneumatic vibratory tools with frequencies around 30 Hz with high shock 

impacts may be the cause of many joint and bone disorders (Griffin, 1990). Some evidence 

indicated that bone cysts develop in the elbow, wrist, and fingers due to joint degeneration 

caused from extended exposure to these types of vibratory hand tools (Brammer & Taylor, 

1982). Other studies refuted that the formation of cysts was due to vibration when they found a 

high incidence of cysts among workers who were not exposed to vibratory tools. Rather, they 

concluded that bone cysts generate largely due to age and may not be due to vibration exposure 

(Malchaire et al., 1986). However, they also found evidence that vibration contributed to 

degeneration of the lunate bone and the elbow (Malchaire et al., 1986). 

Kihlberg & Hagberg (1997) studied symptoms related to hand and arm numbness, finger 

blanching, and pain in hands and arms among workers exposed to low and high frequency 

impact hand-held vibratory power tools. Their results showed an increase in symptoms in the 
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elbow and shoulder for workers who were exposed to low frequency percussive impact tools 

(e.g., rivet guns) compared to non-impact tools (e.g., grinders and drills).  

On the other hand, high frequency impact tools affect workers’ hands and wrists more 

than their elbows and shoulders. For example, rivet guns and bucking bars operate at frequencies 

varying from 20 < Hz < 100, which are considered low frequency impact tools (Dale et al., 2011; 

Freivalds & Niebel, 2008; Freivalds & Niebel, 2013) and beyond 100 Hz may be considered as 

high frequency impact tools.  

The conclusion of Dale et al.’s (2011) study indicated that exposure to vibration at low 

frequency impact resulted in vibration being transmitted farther up the arm, while the high 

frequency impact was absorbed in the hand and wrist. Each of which type may mainly affect the 

respective region of that body part that it was absorbed at which may lead to HAVS. 

2.3  Human Soft Tissue 

How does human tissue respond when subjected to impact stimuli? This topic is poorly 

understood and rarely studied. Amar (2010) showed an estimation of mechanical properties of 

human soft tissue when subjected to a dynamic impact. He analyzed data that were collected 

from human participants who were impacted by a pendulum on their shoulder at the deltoid 

muscle. The results of this study indicated that the mass of the impacting object had the highest 

effect on the tissue ability to absorb the dynamic energy, followed by the energy level, and object 

size. The tissue also reacted to the reduction of velocity and increased penetration, where human 

tissue acted like a mass damping spring and became stiffer as the pendulum penetrated farther. 

Luciana (2006) and Ji and Bell (2008) studied human tissue through simulation modeling 

as a combination of a mass-spring-damper and concluded that human tissue could operate like a 

mass-spring-damper during an impact, however there were no empirical results shown in their 
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published article. At the same time, Dong et al. (2005) concluded that hand tissue is soft, but still 

ineffective of absorbing low frequencies less than 40 Hz. 

The hand tissue may act as a damping spring when exposed to vibration produced by 

hand-held power tools. The difference between the pendulum impact and vibration impact is that 

the vibration has frequent impacts. The forces of impacts pushing on the hand tissue are the 

result of the hand-held power tool. These forces pass through and may be either absorbed at the 

hand, and/or transmitted through the hand to the upper extremities.  

Elastic or viscoelastic PPE are used to protect the human hand from reacting alone to the 

vibration exposure, and perhaps reduce the effect on the hand tissue. In another words, the PPE 

are supposed to absorb the energy before it transmits to the hand tissue. Recent research stated 

that human soft tissues are not elastic, and there is a considerable difference in stress response to 

loading and unloading between individuals (Fung, 2013). Moreover, it may be reasonable to 

expect that human hand tissues are viscoelastic and could dampen small amplitude oscillations 

produced by high frequency, low impact tools such as sanders (Fung, 2013).  

Elastomeric materials that could act like human hand soft tissue, but with higher 

properties of mechanical strength in energy absorption, load displacement, and fatigue damage 

tolerance, may be more appropriate to use in dampening oscillations than materials that have 

different properties than human soft tissue. This is because the mismatch between the two 

objects’ (material and hand tissues) properties in dampening the oscillations may lead to 

improper dampening (i.e., intensification of the impact). Additionally, different tissues of the 

human body may be more sensitive than others with different types of receptors that may be 

excited under different frequency ranges. The human hand tissue is soft and sensitive, and the 

material used to assist in dampening the impact may be preferred to be deformable to allow for a 
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better grip, which may help to providing tactile feedback, and at the same time, this may be a 

tradeoff to the amount of vibration transmitted to the hand-arm system. 

Improper dampening may be explained by the inconsistent resistance to continuous 

multiple impacts which was not suitable for the force to be absorbed. This may cause an adverse 

effect to the hand tissue rather than protecting it. The intensification of the vibration magnitude 

caused by using an improper PPE may be the reason for the adverse effect to the tissue. For 

example, anti-vibration gloves with different dampening properties in comparison to human hand 

tissue’s property might increase the magnitude of the vibration entering the hand tissue during 

exposure to vibration (Griffin, 1990) which may lead to symptoms of HAVS. 

2.4  Vibration 

Vibration is oscillatory repeated motion without friction, 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.  

Vibration as a system involves the following components: mass, elasticity, and damping 

components. These components allow the energy to generate in that system and by continuing 

the energy generation the system alternates between kinetic and potential energy (Farris, 1998). 

Dampening the vibration is the reason that the continuous motions that alternate from kinetic 

energy to potential energy transfer to heat energy (NIOSH, 1989). The human hand-arm contains 

a dampening system like the vibration system: mass, elasticity, and dampening components 

(Farris, 1998). Without the continuous interaction between the rivet gun set and the rivet head 

while the hand-arm system holds the gun’s handle and keeps it pushed forward, the energy will 
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stop and no longer produce vibration and no damping mechanism by the hand-arm system will 

exist.  

Vibration is usually measured in three axes, and it has a direction and a magnitude 

(NIOSH, 1989). The biodynamic response to vibration is expressed in terms of mechanical 

impedance (McDowell et al., 2006). The higher the mechanical impedance, the more response to 

vibration stimuli. Mechanical systems, including the human hand-arm system, show high 

impedance values at some range of vibration frequencies. The frequency at which the system 

receives its’ highest mechanical impedance is referred to as the system’s natural frequency or 

resonance point. The natural frequency of the human hand ranges from 30 - 50 Hz (Peng, 1994).  

Additionally, there is an interaction between the biodynamic response and force level in a 

vibration system. Studies showed that increased muscle force would result in increases in the 

biodynamic system stiffness, which will lead to increases in its mechanical impedance (Dong et 

al., 2004; Kihlberg, 1995; McDowell et al., 2006). Therefore, differences in grip force may 

influence the resonance effect and the vibration-induced sensorineural variabilities at some range 

of frequencies (McDowell et al., 2006).  

Moreover, after the onset of sensorineural damage, the recovery of the pathology 

suggested by Pelmear et al.’s (2000) was to grip the vibratory tools as light as possible to slow 

down progression of the injury if it was not possible to modify the work routine. Hand grip, push 

force, hand-arm posture, handle size, and vibration magnitude have a collaborative effect on the 

biodynamic response of the hand-arm system during vibration exposure (Aldien et al., 2005).  

Aldien et al. (2005) found that the peak magnitude of the mechanical impedance and 

energy absorption response by the hand-arm system in a vibration laboratory experiment was in 

the vicinity of 25 Hz and 150 Hz bands for most of the testing conditions. Energy absorption 
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response occurred near the 25 Hz band while the magnitude of the mechanical impedance was 

near the 150 Hz band. Rivet guns and bucking bars operates at a range of frequencies varying 

between 20 < Hz < 100, which are considered low frequency impact tools (Dale et al., 2011; 

Freivalds & Niebel, 2008; Freivalds & Niebel, 2013).  

On the other hand, both low and high frequencies were found in a riveting task system 

(Dandanell & Engström, 1986). Weighting the measured vibration magnitude may remove the 

high frequency component, which still should not be neglected (Dale et al., 2011). Therefore, 

considering the unweighted vibration magnitude measurements in analyses is crucial to evaluate 

the high frequency component effects.  

2.4.1 Hand Transmitted Vibration 

Operators of hand-held vibratory tools reported tingling, finger blanching, and numbness, 

originating from scientific literature dating back to 1911 and 1920 (Brammer & Taylor, 1982). In 

the United States, pneumatic tools were first found in the limestone quarries in Bedford, Indiana, 

around 1886, and the health issues were investigated by Dr. Alice Hamilton and her colleagues 

in 1918 (Pelmear et al., 2000). These types of health impact of vibration exposure from hand-

help tools have been known for over 100 years. 

The types of disorders that could generally be found under the HAVS are: 1) vascular, 2) 

neurological, and 3) musculoskeletal disorders. Neurological and musculoskeletal disorders such 

as the carpal tunnel syndrome (CTS) are more common among percussive tools’ users (e.g., rivet 

guns and bucking bars). Vascular disorders such as the Vibration White Finger (VWF) are more 

likely seen in workers using high frequency, low impact pneumatic tools (e.g., grinders, sanders, 

etc.) (Farkkila, 1978; Burdorf & Monster, 1991; Bonvenzi et al., 1991; Kihlberg & Hagberg, 

1997). 
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Weeks et al.’s (1991) defined HAVS as “a disorder of the blood vessels and nerves in the 

fingers that is caused by vibration transmitted directly to the hands (segmental vibration) by 

tools, parts, or work surfaces.” Additionally, epidemiological evidence showed a positive 

association between HAV exposure and CTS (NIOSH, 1997; Pelmear et al., 2000). 

At the same time, a direct cause and effect association of CTS was not clearly defined 

and often recognized as a coexistence of HAVS due to the possible confusion with the 

sensorineural symptoms. CTS occurs when the median nerve is damaged, whereas the 

sensorineural symptoms are caused by peripheral nerve damage. Both syndromes cause 

numbness and tingling, and the distinction would be clear only when the symptoms progress 

beyond the mildest level (Pelmear et al., 2000).  

One or more of the HAVS symptoms associated with pain in response to cold exposure, 

reduced grip strength abilities, and losing finger skill is diagnosed as HAVS (Brammer & Taylor, 

1982). These diagnoses could be more severe with an increase in intensity and duration of use, 

which indicates that the cumulative energy produced by the tool is entering, being absorbed, and 

affecting the area of complaint (Brammer & Taylor, 1982; NIOSH, 1997). In advanced cases, 

HAVS may cause loss of ability for blood vessels to function correctly in transporting blood, 

which could lead the injured worker to develop dead tissue on their fingertips (necrosis) 

(Brammer & Taylor, 1982). Raynaud’s phenomenon is a type of blood vessel dysfunction caused 

by exposure to vibration. In a group of 288 riveters, about 50% showed symptoms indicating 

Raynaud’s phenomenon after approximately 10 years of work of daily exposure to riveting tools 

for around 1 minute per working day (Dandanell & Engström, 1986).  

ISO 5349-1 (2001) recommended that special precautions be implemented regarding the 

hand-held power tools, however they did not cover all the risks of percussion tools, especially 
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tools that generate low frequency impacts such as rivet guns and bucking bars. Rivet guns 

produce vibration that generate a reactive vibration on the bucking bar. 

 As indicated earlier, HTV cause-effect related to WMSDs and related to vibration is 

multifactorial; acceleration of tool, grip and push forces, posture of hands and elbow, tools under 

use and handle types, and length of exposure; all are factors that affect the risk of HAVS. HTV 

exposure could be limited by controlling the daily exposure duration, irrespective of the tool type 

(Mallick, 2008; Mallick, 2010). Such an approach may result in reducing production and 

delaying scheduled manufacturing. 

 Furthermore, it is difficult to control for all factors at the same time due to the variations 

in the workplace environment and individuals’ susceptibility and working habits (e.g., workers 

like to use their older designed rivet guns; some workers are motivated to work over-time hours). 

Thus, it was vital to find a material that will significantly dampen the vibration and have 

significant positive user feedback compared to what is available on the market today. 

In Gurram et al.’s (1994) study, nine different gloves were compared for their vibration 

transmission capabilities. They concluded that all the gloves provided limited vibration 

reduction, especially at vibration frequencies waves below 100 Hz. A dynamic model of the 

gloved hand-arm system using a five-DOF biodynamic model was proposed to predict vibration 

transmission through so-called anti-vibration gloves. The study concluded that these gloves may 

not provide an effective attenuation of HTV at frequencies below 100 Hz, as stated by Gurram et 

al. (1994), Dong et al. (2008), and Dong et al. (2009).  

This suggests that anti-vibration gloves may be more effective for higher frequency 

vibration tools and less effective for rivet guns or bucking bars that are low frequency, high 

impact vibration tools. However, high frequency components may also exist in impact tools such 
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as in rivet guns (Dandanell & Engström, 1986) and as a result, high frequency components may 

also exist in bucking bars.  

Jorgensen & Khan (2008) studied both rivet guns and bucking bars that were made of 

steel and tungsten materials. The aim of their study was to identify a rivet gun and bucking bar 

combination that reduced the vibration exposure in addition to the effect of grip exertion 

measured by electrical muscle activity. They found that vibration magnitude on the rivet gun was 

lower for the riveter when they used a tungsten piston rivet gun compared to a standard steel 

piston rivet gun. However, some of the vibration from the damped rivet guns (with tungsten 

piston) may have been pushed through to the bucking bar where it intensified the exposure for 

the bucker. 

A considerable amount of research has been conducted through modeling to characterize 

the mechanical properties of the HAS in terms of understanding HTV and vibration absorption of 

different segments of the HAS (Goel & Kwan, 1987; ISO 10068, 1998; Rakheja et al., 2002c; 

Dong et al., 2005; Adewusi, 2009).  Generally, these efforts led to the consideration of a standard 

bent-arm posture during measurement of biodynamic responses and hand-arm system modeling 

to set the elbow posture at a 90° angle with 0° shoulder abduction (Adewusi, 2009). HAS models 

validation processes was the reason leading researchers to standardize posture of hand-arm and 

elbow. The bent-arm biomechanical model is considered better suited for application to power 

tools as it describes the anatomical structure of HAS and yields relatively lower static deflection 

under a feed force which reduces confounding factors and allows for systematic comparisons 

(Wang, 2014). 

The American National Standards Institute (ANSI) accepted the daily exposure values 

announced by the parliament of the European Union, which issued the European Union Human 
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Vibration Directives-2002/44/EC that specified and pronounced the vibration maximum daily 

exposure action value and vibration maximum daily exposure limit value (Reynolds, 2006).  

ANSI defined the acceptable daily exposure for vibration by the standard S2.70 to 2.5 

m/s2 for an (8) hour workday to be the maximum action value for vibration exposure. This value 

represents the Daily Exposure Action Value (DEAV). The Daily Exposure Limit Value (DELV) 

was defined to be 5.0 m/s2. Weighted acceleration vibration values of bucking bars were reported 

for a range of 10.2 - 10.8 m/s2 for tungsten bucking bars and for a range of 5.5 - 12.3 m/s2 for 

steel bucking bars by different studies (Burdorf & Monster, 1991; Dandanell & Engstrom, 1986; 

Jorgensen & Viswanathan, 2005). Workers exposed to HTV at or above the specified maximum 

limit value of 5.0 m/s2 are at a high health risk (ANSI S2.70, 2006). Riveters and buckers in 

aircraft manufacturing are at high risk as the magnitude of vibration exceeds the limits.  

Acceptable vibration exposure threshold from epidemiological studies suggested that 

HAVS rarely developed in persons exposed to vibration equivalent to 2.0 m/s2 in 8-hour 

workday (ISO 5349-1, 2001b) and the ANSI defined the threshold of vibration exposure not to 

exceed 2.5 m/s2. These standards defined the limits to suit tools that are normally at steady state 

(in a mechanical system reaching a steady state behavior occurs after some transient behavior as 

time of operation passes, which is often observed in vibratory systems that have somewhat stable 

dynamic systems such as sanders and grinders). This is not the case for the low frequency, high 

impact vibratory tools used in aircraft manufacturing such as rivet guns and bucking bars. This 

may be because the impulsive nature of the percussive tools that the impacts forces may vary and 

fluctuate during operation depending on many aspects such as the changing angle of the gun 

during riveting, the hand-arm posture, the type of rivet being driven, and the air pressure supply 

(air blow per minute). 
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As a result, the published standard values did not consider the non-steady state tools, 

which may underestimate the magnitude of vibration of these tools, and therefore the estimation 

of the health effects of exposure may be biased (Engstrom & Dandanell, 1986) even with the use 

of anti-vibration material such as gloves. Wearing PPE to reduce vibration transmission and 

reduce the risk of developing WMSDs symptoms may be the main reason for wearing gloves, 

however, there is another important factor that often affects worker’s decisions to wear anti-

vibration material such as gloves. A worker may discard a glove if the material is blocking, 

interrupting, or interfering with the object being worked on (Griffin, 1990). Experienced riveters 

avoid wearing gloves and often do not use PPE (Melhorn, 1996).  

Wearing gloves is recommended to provide the attenuation to vibration at higher 

frequencies but not for frequencies below 100 Hz (Sampson & Niekerk, 2003). Some anti-

vibration gloves were developed, advertised, and sold without testing these anti-vibration 

materials for its mechanical property relative to human hands. At vibration frequencies below 

100 Hz, a glove may intensify the magnitude of vibration (Griffin, 1990). Wearing gloves may 

also increase the required grip force compared to bare hand grip force (Ramadan, 2017).  

Therefore, aircraft riveters and buckers may be at greater risk using gloves because the 

increasing grip force as well as push forces while using impact hammers, which may increase 

mechanical impedance, both in resonance frequency and in magnitude (Kihlberg, 1995). 

On the other hand, Dale et al. (2006) tested a handle wrapped with Viscolas® material 

and four anti-vibration gloves and compared the gloves to a conventional scenario (i.e., bare 

hand). The vibration magnitude was measured using an accelerometer located on the back of the 

hand close to the third knuckle and another accelerometer located at the side of the rivet gun 
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handle. The results showed a positive reduction of HTV while using the glove with a foam pad 

and the Viscolas® wrap material around the tool handle.  

Viscolas® material is a viscoelastic material that has both viscous and elastic properties. 

The viscosity aspect allows the material to return to its original condition or shape after an 

impact force that caused deformation. Elastomers have many different mechanical behaviors 

during a shock impact depending on their viscosity and elasticity levels and amount of air in the 

material (Özkaya et al., 1999; Özkaya et al., 2012).  

Some materials have a non-Newtonian property, these materials have different viscosity 

and different shear history rate (hysteresis) (Bois et al., 2006). In other words, a material’s 

deformability and time to return to its original shape are slower. A recent patented chemical and 

an example of a non-Newtonian material is D3O® material.  

A non-Newtonian fluid does not follow Newton’s law of viscosity. Therefore, the use of 

these viscoelastic or elastomeric materials that have a different mechanical property, not a 

traditional viscous nor elastic, may show a reduction in HTV and more comfort of use. Riveters 

and buckers may ‘feel’ the tool when utilizing a more malleable materials such as D3O® unlike 

conventional commercial materials available on the market today. This may be because rubber 

like materials are stiffer and less flexible to deformation.  

2.4.2  Dampening Vibration  

Rubber-like material has varying chemical composition and thus follow different laws of 

physics, some of which are incompressible like solids and some are deformable and recoverable. 

Viscoelastic material laws in automobile crashworthiness are based on hypoelasticity (Boise et 

al., 2006), however, other application areas for different types of rubber vary, and range from 

tires, to shoe insoles, and insulating elements. According to Hooke’s law of elasticity (1660), the 
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English physicist Robert Hooke, states that for relatively small deformations of an object the 

displacement or size of the deformation is directly proportional to the deforming load or force. 

Vibration and dampening are two different concepts; dampening vibration is usually a 

percentage reduction from the natural frequency of a vibratory object. Vibration produces 

forces calculated by the mass of the object times the acceleration, which is energy produced by 

the acting force (e.g., vibratory rivet gun) and therefore, absorbing energy (i.e., dampening 

vibration or dissipating energy) as a parameter is necessary to evaluate materials for their 

dampening characteristic and property. 

Energy that is absorbed during an impact may be measured by the loading / unloading 

curve through calculating the area under the curve in kgf-cm, which will represent the heat 

energy produced by a material during an impact. The Dampening ratio resulting from material 

damping during an impact also may indicate energy absorption occurrences.  

The dampening ratio helps compare the different composition of material’s energy 

absorption property; the greater the dampening ratio the greater the impact energy dampening. 

Knowing the natural frequency when vibration forces exist during a dampening process may lead 

to obtain amount of energy dissipated by measuring the amplitude of vibration. At the same time, 

measuring the area under the curve may also be sufficient in quantifying the amount of energy 

dissipated, exchanged, or dampened. 

Load is the weight of the object impacting the material with consideration to the object 

acceleration during falling before the impact. In this document, the words ‘load’ and ‘force’ are 

used interchangeably. Originally, load is the weight of an object acting downward on an object 

with consideration to the gravitational force (9.8 m/s²) acting on the object with its weight. Force 

is usually all the forces including the load that are applied to move an object. 
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A basic equation used to calculate the impact force is 

                                                          𝐹 =
𝑤 x ℎ x 9.8

𝑥
                                                             (2.1) 

The function defined by equation (2.1) describes the weight w of an object considering 

the acceleration produced during the object falling and earth gravitational force (weight of an 

object falling multiplied by the gravitational force of 9.8 m/s2) multiplied by the falling height 

distance h, then divided by the distance traveled x, which will calculate the impact force of a 

falling object. 

Material displacement is an important measure in evaluating materials’ softness during 

impact(s). Depth caused by an impact is called material’s displacement, deflection, or 

deformation (Özkaya et al., 1999; Özkaya et al., 2012). The softer the material the more 

displacement may occur during an impact. Viscous material may show a decrease in the natural 

frequency when exposed to vibration (Özkaya et al., 2012). The more displacement achieved 

during an impact is not necessarily an indication of material with high dampening characteristic.  

Looking at the displacement level to evaluate vibration damping is an important aspect 

for which the damping ratio may require a certain displacement depth to absorb a certain amount 

of energy during an impact (Özkaya et al., 2012). Also, displacement presence may be necessary 

to allow users to feel a vibratory tool’s handle for precision work practice along with vibration 

dampening and energy absorption. Finding the proper displacement to allow enough tactile 

sensation feedback relative to the optimum vibration damping ratio has not been addressed in the 

literature, which may be a vital factor in designing an anti-vibration material for power tool use. 

The relationship between the displacement x and the vibration dampening ratio ζ can be shown in 

the following equation  
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where X is the maximum displacement, F is the force, k is the spring constant or the material 

stiffness level, ⍵ is the angular frequency, ⍵𝑛 is the resonant frequency and also called the 

natural frequency, and ζ is the vibration dampening ratio. The displacement function described 

by equation (2.2) was one factor in characterizing the vibration impacts, in addition to vibration 

amplitude and frequency.  

Damping is the dissipation of mechanical energy acting on the material (usually 

conversion into heat) during an impact, cyclic loading, or oscillatory motion. Dampening can be 

represented by the damping ratio (ζ) which is a dimensionless variable. It is the damping 

coefficient divided by the critical damping coefficient. The dampening ratio is a system 

parameter, denoted by ζ (zeta), and can vary from undamped (ζ = 0), underdamped (ζ < 1), 

and critically damped (ζ = 1) to overdamped (ζ > 1). Underdamping is less damping which 

makes the impact reach the zero position more quickly but vibrates around it. Overdamping is 

more damping, which makes the impact reach to zero slower. Critical damping occurs when 

the damping coefficient is equal to the undamped resonant frequency of the oscillator. 

The dampening coefficient is a material property that shows whether a material will bounce back 

or return energy to a system. For example, a basketball has a low damping coefficient (a good 

bounce back). The force of the impact calculated in equation (2.1) divided by the material 

stiffness level will determine the amount of the damping coefficient. 

Viscoelastic material including rubber have an under-damping characteristic, not an over-

damping nor a critically damping property. Rubber-like materials have dampening ratio ranges 

from 0.04 to 0.07 which indicates that there is an amount of energy being absorbed in a 

https://www.sorbothane.com/what-material-is-best-for-damping.aspx
https://www.sorbothane.com/energy-absorbing-material.aspx
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dimensionless unit (Cremer & Heckle, 1988; Adams & Askenazi, 1999; Batchmann et al., 1995). 

Some viscoelastic materials have a linear relationship between the force applied and the 

deflection or displacement produced. It is called the spring constant (stiffness value denoted by k 

which is the amount displaced given the amount of force applied (Roylance, 2001)). On the other 

hand, rubber-like materials including viscoelastic materials often have a non-linear relationship 

between the force applied and the displacement produced. These types of materials usually 

indicate a non-linear k in displacement increment or decrement on the material as the force 

increases or decreases (Findley et al., 2013). 

2.5  Material Type and Energy Absorption 

Impact energy absorption is a measure that has been used to evaluate the severity of 

traffic accidents, protect structures, etc. Many researchers (Erza & Fay, 1972; Johnson & Reid, 

1978; Alghamdi, 2001) have suggested several methods for measuring energy absorption 

(Pandarkar et al., 2016). 

Viscoelastic material made for vibration dampening and noise control in mechanical 

structures have two fundamental assumptions in the literature regarding energy absorption 

mechanisms. The first assumption is that the energy absorbed as a relative motion dissipated 

only through the shear deformation of the viscoelastic core. The second assumption is that the 

vibration will dissipate exclusively through the compressional dampening mechanism. The 

majority of research considers the shear deformation assumption of dissipating vibration energy 

(Huang et al., 2016). These assumptions work well with sandwich panel materials where the 

elastic-viscoelastic-elastic sandwich structure is usually incompressible. Therefore, other 

researchers adopt the shear deformation as the only transverse displacement of the motion rather 

than the compressional damping mechanism in viscoelastic mechanical structures.  
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In Zang et al’s. (2018) experiment, fatigue pounding of compressible viscoelastic 

material found the two above-mentioned assumptions valid for dissipating the vibration. In fact, 

the compressional part was divided into two phases: the cyclic-hardening phase and the cyclic-

softening phase, known as the hysteresis loop where the displacement is caused by pounding 

force, and the hysteresis loop helps break energy to its molecules, which causes heat generation. 

The energy dissipation is reduced, and then increased, by the repetition of impacts. Zang et al. 

(2018) concluded that with 360,000 impacts, the viscoelastic material studied was still effective 

and serviceable in dissipating impact energy. 

Optimum energy absorbing materials dissipate the kinetic energy of impact loading while 

retaining the force on it below the damage limit. This will depend on the design of the 

elastomer’s shape, type of chemical used in making the material, and capacity to absorb (Avally 

et al., 2001). Foam material made from Polypropylene or polyamide will lose their integrity 

during compression from multiple impacts. This is due to the low density and the high sensitivity 

to temperature changes. This loss of integrity comes from the base material that causes failure 

through large plastic flow and fracture of the cell walls internally. Materials made from 

polyurethane have higher density and lower sensitivity to temperature, which may allow the 

material to withstand compression of multiple impacts unlike the foam made from Polypropylene 

or polyamide (Avally et al., 2001). 

Garnier et al. (2013) performed a test on a viscoelastic material filled with rubber to study 

the influence of cyclic loading (i.e., multiple impacts). They found that the filled viscoelastic 

sample’s load absorption amount changed, however it was not the case for the un-filled sample. 

They used a dynamic mechanical analyzer to test the material under different temperatures. It 

revealed that the filled materials differed significantly when tested at ambient temperature, the 
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rubber had less absorption under higher temperature, but the un-filled viscoelastic sample 

showed stability in energy absorption when tested under different temperatures. 

 Fatigue damage tolerance and durability of rubbery-like materials varies and is poorly 

represented in the literature. Most of the dynamic cyclic loading fatigue tests have been 

performed on metal materials (Jardin et al., 2014). A common approach used to test elastomers, 

metal, and other materials for durability included the cyclic loading fatigue test. A cyclic loading 

fatigue test approach follows the Miner’s Rule of cumulative fatigue damage. The test depends 

on the loading history, which is the number of cycles, and the loads applied to the materials 

(Mars & Fatemi, 2002; Jardin et al., 2014). Four major categories of factors need to be 

considered when testing elastomers for fatigue: mechanical loading history effects, 

environmental effects, formulation effects, and dissipative effects. Other testing factors include 

the effects of static loaded periods (“annealing”), load sequence, multiaxiality, frequency, and 

loading waveform (Mars & Fatemi, 2004).  

 A Dynamic Mechanical Analyzer (DMA) is an equipment that is capable of testing 

elastomeric materials at low frequency impact to evaluate the property of material’s damping 

vibration. However, most DMAs are capable of testing and providing information for very low 

frequency (i.e., 1-5 Hz). Larger machines such as the Material Test System (MTS) 810 or 858 

are electrically controlled and hydraulically operated and are able to provide information of the 

cyclic loading fatigue tests for a frequency range of 0.01 to 1000 Hz.  

Rubber-like materials, including silicone elastomers, are used for impact resistance and 

vibration isolation purposes. The mechanical properties of these materials can be tested in terms 

of its capability of absorbing energy of vibration impacts by performing a free-vibration and/or 

forced vibration impact (Morton, 2013). This testing may indicate the properties of the material 
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when undergoing an impact resistant testing, which may assess the absorption level of the 

vibrational force. Tyler et al. (2015) conducted 0.1, 1, and 1.5 kgf low velocity impact test using 

five materials that were used in sportswear to evaluate the peak force and energy absorption 

capability. Gphlex, D3O, Poron XRD, Ethylene Vinyl Acetate (EVA) foam, and cow leather 

were the materials that were mechanically tested. Gphlex and D3O were made of a substance 

called dilatant, Poron XRD was made of urethane foam, and EVA was made of polyethylene 

foam. 

            

Figure 2.2 Peak force variations with different material thickness (adapted from Tyler et al., 

2015). 

 

Tyler et al. (2015) concluded that when material thickness was 11 mm, Gphlex, Poron XRD, and 

D3O absorbed twice the energy of impact force compared to EVA foam and leather materials. 

Additionally, materials D3O and Gphlex were the best performing with a thickness of 5 mm 

under the same impact force compared to other materials (Figure 2.2). Materials showed 
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damages such as holes when peak forces were at or exceeded 1000 kgf (Venkatraman et al., 

2016).   

Viscoelastic and elastomers may contain air in the elements at the molecular level, which 

may act like a damper during the impact by exchanging the air for the deformation level 

(Amerongen et al., 1964; Crane et al., 2000; Yeh et al. 2008). Silicone material is made of 

silicone atoms and oxygen atoms and is more often combined with hydrogen and/or carbon. 

Silicone has many different chemical compositions resulting in different mechanical properties 

(Braun et al., 2016). Silicone is characterized by excellent retention of many desirable 

mechanical properties such as tensile, fatigue, hardness and compression, energy absorption 

capability, and vibration dampening (Antonios, 2014; Morton, 2013).  

Elastomeric materials that possess high energy absorption capability can be used to 

reduce vibration transmission to the human body, machines, etc. These materials may be more 

suitable for low frequency, high vibration impacts tools (e.g., rivet guns) because when the 

frequency increases the elastomeric polymers’ dampening coefficient decreases (Morton, 2013). 

This may be explained by the notion that the polymers may become deficient at reducing the 

transmissibility of vibrational impacts at high frequency because elastomers become stiffer when 

exposed to high frequency impacts (Morton, 2013).  

Tan et al. (2017) looked at three different elastomers internal structure during a 

compression testing using a micrographical technology to evaluate the materials’ internal 

structure. Two of these materials were made of dilatant and polyurethane substance (D3O and 

Poron XRD) and the third material was made of silicone rubber (DEFLEXION) (Figure 2.3). 

They indicated that the materials that were polyurethane-based had close cells fractions at the 

molecular level with multiple micropores. They concluded that polyurethane-based materials 

http://antivibration-systems.com/author/antonios/
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exhibit softness-stiffness features; they may stiffen when compressed but still may absorb 

vibrational forces for both low and high frequency impact. Polyurethane-based materials stiffen 

when compressed because of the internal structural feature of close cells and soften and absorb 

energy because of the multiple micropores (Tan et al., 2017). 

                               

Figure 2.3 Images of materials showing the locations in the commercial sportswear products 

(adapted from Tan et al., 2017).   

 

2.6  D3O® Material 

D3O® material consists of a polyurethane with polyborodimethylsiloxane (PBDMS), a 

dilatant non-Newtonian fluid. Dilatant is a substance that in its raw state feels deformable; 

however, it locks together or hardens under a sudden shock. This change can be explained by the 

energy and heat exchange that occurs in the material before it returns to its semi-fluid state.  

It is an expensive chemical, and on average is marketed with similar thickness compared to 

D3O® competitor’s products using "normal" polyurethane. The polyurethane is a regular 
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viscoelastomer that can be a silicone or other rubbery elastomeric material. The dilatant 

substance added to "normal" polyurethane makes the D3O® material. The dilatant causes the 

material to absorb more energy than regular polyurethane at higher energy levels. This might 

suggest that sudden shock impact from high acceleration vibration may no longer contribute to 

injuries to human body when utilizing this material (Tyler et al., 2015; Venkatraman et al., 2016; 

Tan et al., 2017).   

Newton’s law of viscosity states that the velocity gradient perpendicular to a surface as a 

result of a shear stress is proportional to the applied stress. Viscosity is a measure of resistance to 

deformation. Non-Newtonian material made with dilatant properties behave differently to the 

force applied; the higher the force the higher the thickening, which means the higher the 

viscosity like in corn starch. Pseudoplasticity materials behave in the opposite manner; the higher 

the force the higher the thinning, which means the lower the viscosity like in ketchup or syrup.  

Newtonian fluid has a linear relationship between shear rate and shear stress, where shear stress 

is the force applied. The higher the velocity of force applied, the faster the force flows through. 

For example, throwing a pencil through a Newtonian fluid, the faster it was thrown, the faster it 

penetrates through. This is because the viscosity level does not change with force applied. There 

are more than a dozen D3O® products on the market manufactured for different purposes: sports, 

motorcycle, electronics, manufacturing, and defense.  

The D3O® patent refers to the inventor, Richard M. Palmer, who filed several patents on 

"energy absorbing materials", one of which is a US patent (7,381,460). D3O® comes in many 

forms: (source: https://www.d3o.com/faq/, 2018): 

1- D3O® SF: materials developed for high impact energies.  

2- D3O® SE: materials which can be used in various products and applications, 

https://www.d3o.com/faq/
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particularly those where low profile or flexibility in the cold are important. 

3- D3O® FF: this range of materials is ideal for lower impact energies.  

4- D3O® FE: materials similar to the D3O® SE range, but are also compatible with 

injection molding or similar processes. 

As shown in Figures 2.4, 2.5, 2.6, 2.7, XT, ST, Aero, and Shock+, respectively, are all 

D3O® affiliated composites available to customers. Each offers different energy absorption 

capabilities (e.g., D3O® XT transmitted less force than D3O® Shock+).  

The life expectancy of the D3O® material depends on the exposure conditions. 

D3O® materials are designed to withstand multiple impacts but the reusability of the materials 

depends on the intensity of each impact. After any severe impact, the user should inspect the 

material for discoloration and wear (D30® manufacturer, 2018). There was no expiration date 

reported, nor information about shelf life in case of high or cold temperature exposure.  

 

Figure 2.4 D3O ® Company released impact absorption property data for XT material (adapted 

from D3O® company website, https://www.d3o.com/, 2018). 

https://www.d3o.com/
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According to the manufacturer, all D3O® materials have the capability of withstanding 

multiple impacts. In the cases of extreme impact forces, the recovery time for the material to 

completely return back to its original state may be unknown and would likely require further 

testing, which may be important if the material was used in a timed task or undergoing multiple 

impacts. As shown in Figure 2.8, Gondaliya (2016) described the three phases of how D3O® 

material may behave when impacted, a soft and flexible state before the impact, locking or 

stiffening during shock impact while absorbing energy, and retuning to a soft and flexible state 

after the impact, however, the recovery time was not analyzed. 

Gondaliya (2016) utilized D3O® material in an aircraft sandwich composite to evaluate 

the level of energy absorbency and to compare D3O® materials to Sorbothane® and Nomex®. 

Results indicated that sandwich composite with cores that were made out of D3O® and 

Sorbothane® materials showed more dampened vibration forces and more energy absorbed when 

compared to sandwich composite that was made out of Nomex® material. 

 

Figure 2.5 D3O ® Company released impact absorption property data for ST material (adapted 

from D3O® company website, https://www.d3o.com/, 2018). 

https://www.d3o.com/
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D3O® material was discovered in 1999 at the University of Hertfordshire. In 2006, the 

material was recognized for its mechanical properties in force impact. In 2009, the U.K. Ministry 

of Defense gave the product an award for its achievement in absorbing kinetic energy in helmets 

with £100,000 to the in-house laboratory. In 2017, the American chemical company, DuPontTM 

Hytrel®, has become a strategic partnership to co-develop D3O® and may produce newer 

versions customized for specific use in manufacturing industries. In 2020, D3O® material has 

become a brand name used in more than 90 companies’ products in different sectors such as 

sports, motorcycle, electronics, defense, and manufacturing.  

 

Figure 2.6 D3O ® Company released impact absorption property data for Aero material (adapted 

from D3O® company website, https://www.d3o.com/, 2018). 

 

As shown in Figure 2.9, the manufacturer of D3O® material compared the material to a popular 

material, Poron XRD B-Guard, used in leg shin guards in the market. Safety, user comfort, 

brand, and price were the major areas of interest for the comparison. D3O® material was superior 

in user comfort but not in popularity or cost.  

https://www.d3o.com/
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Figure 2.7 D3O ® Company released impact absorption property data for shock+ material 

(adapted from D3O® company website, https://www.d3o.com/, 2018). 

 

 

Figure 2.8 D3O ® material reaction to sudden shock impact (adapted from Gondaliya, 

2016). 

 

As can be seen in Figure 2.9, the safety aspect showed mixed results; and the statistical 

significance data was not provided for the impact absorption nor for the other demotions under 

comparison between the two materials. D3O® material scored lower in impact absorption 

compared to the Poron shin guard material. In a few studies, mechanical testing data of D3O® 

material was consistently indicating high energy absorption capabilities (Tyler et al., 2015; 

Kajtaz et al., 2015; Gondaliya et al., 2015; Venkatraman et al., 2016; Gondaliya, 2016; Tan et 

al., 2017), and only one study was conducted by Moos & King (2011) that has reported that 

https://www.d3o.com/
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D3O® material was not selected to be suitable for a football helmet pad due to its extreme  

           

Figure 2.9 Seven-dimensional comparison between Flo1 D3O® and popular guards on the 

market (adapted from D3O® company website, https://www.d3o.com/, 2018). 
 

stiffness and high sensitivity to stress. The impactor weighed 5 kg impacted the D3O® material 

with a velocity of 6 m/s; the high impact force may explain why the D3O® extremely stiffened 

and locked and it was not suitable for a football helmet pad when compared to conventional 

football helmets such as Team Wendy, Oregon Aero, Xenith, and Riddell. 

In occupational ergonomics and healthcare settings, researchers often try to eliminate the 

source of risks. This is not always feasible; therefore, researchers also search for ideas and/or 

products that would suit an intervention in aims of providing a healthier and safer work 

environment. Most of the studies in the literature implemented interventions prior to testing the 

material used in the intervention. Evaluating the intervention material will allow researchers to 

gain more knowledge and insight about the intervention material used. Also, it helps in 

https://www.d3o.com/
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anticipating the study’s results, help in addressing the limitations, and allow cost effectiveness 

estimation prior to implementing the intervention in the field.  

2.7  Vibration Reduction Interventions 

Jorgensen & Viswanathan (2005) tested different materials and different mass bucking 

bars of the same size and shape to evaluate and compare the vibration transmission and grip 

muscle electrical activity characteristics. They used cold roll steel, stainless steel, 90% tungsten, 

and more than 90% tungsten bucking bars.  

The findings suggested that tungsten bucking bars, even though the mass was more than 

twice the steel bars, reported significantly less mean resultant frequency weighted acceleration. 

Muscle activity showed no difference in mean hand grip among flexor and extensor muscles, 

suggesting the tungsten bucking bars did not increase grip forces even though they were more 

than twice the mass of the steel bucking bars. 

Jorgensen & Khan (2008) studied combinations of seven different rivet guns and bucking 

bars to examine possible effects of different materials. They used a tungsten bucking bar to buck 

rivets shot by different rivet guns (steel and tungsten pistons). They also used a steel bucking bar 

to buck rivets shot by different rivet guns (steel and tungsten pistons). Their findings suggested 

that there was no significant effect at the hand using any gun type, but a significant difference of 

vibration transmitted at the hand when using a different bucking bar (steel vs. tungsten). It 

indicated that the bucking bar type was affected by which gun was used. Additionally, they 

found that using a tungsten bucking bar was significant in reducing the vibration accelerations. 

Their study also suggested that the vibration magnitude on the rivet gun was lower for the riveter 

when they used a tungsten piston rivet gun. Finally, they found intensified vibration exposure for 
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the bucker when using the rivet gun with a tungsten piston, which may have pushed the 

magnitude of vibration through to the bucking bar. 

Hull (2007) evaluated a tungsten bucking bar, a Viscolas® rubber wrap used around 

a steel bucking bar, a steel bucking bar using an anti-vibration glove, and a steel bucking 

bar using a handle to power grip rather than pinch grip. These interventions were 

evaluated for vibration transmitted to the hand and elbow, electrical muscle activity of the 

forearm flexor and extensor muscle groups, and preference of use via a usability 

questionnaire. The study results suggested that using the tungsten bucking bar and the 

bucking bar with the handle transmitted the least amount of vibration at the hand and 

elbow compared to all other intervention materials. The anti-vibration glove transmitted 

less vibration than the Viscolas® rubber wrap when used around the steel bucking bar at 

both the hand and elbow. The study also found that there was no significant difference in 

muscle electrical activity among all intervention materials.  

Usability results indicated that the perception of participants was less exertion 

using the tungsten bucking bar and were more likely to recommend the tungsten 

bucking bars to others as 50% of the participants ranked the tungsten bucking bar as a 

first choice among all intervention materials. At the same time, the bucking bar with the 

handle and the Viscolas® rubber wrap was preferred to be used. The steel bucking bar 

was the least to recommend to others and perceived as the most exertion required during 

use (Hull et al., 2007). 

Jorgensen & Moag (2009) studied different bucking bar design and material types to 

evaluate the vibration transmission compared to a traditional steel bar. Bucking bar designs 

consisted of a steel surface with an aluminum and steel handle and an inserted insulation piece 
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made of cork, rubber and an air gap. The study results suggested that the vibration at the hand 

and elbow were less for the tungsten and the steel bar with the neoprene rubber internal barrier 

insulation. Also, they found that only the tungsten bucking bar resulted in less grip, which 

reduced as the flexor and extensor muscle electrical activity. 

Dale et al.’s (2011) study tested a rivet gun handle wrapped with Viscolas® material and 

four different types anti-vibration gloves. The interventions used were a gel pad glove with wrist 

support, a gel pad glove without wrist support, an air bladder glove, a foam pad glove, a bubble 

glove, and a tool wrap. The study collected and analyzed the mean frequency-weighted 

accelerations and mean frequency-unweighted accelerations. A positive reduction of HTV 

resulted from using the foam pad glove and the Viscolas® wrap material around the handle. The 

Visolas® wrap was the only one to reduce the vibration transmission at the handle. They also 

found high frequency component in the low frequency power tools, which agrees with Dandanell 

& Engström (1986) findings.  

McDowell et al. (2012) studied eight pneumatic rivet guns used in the aircraft industry.  

Three sheet metal riveting tasks were conducted to evaluate the applicability of the laboratory 

methods in estimating low frequency power tools vibration exposure and to characterize the 

vibration emissions of reduced guns to approximate the HAV exposure values during actual task 

at a workplace. They tested these different rivet guns in a laboratory and then used the 

intervention in an actual workplace. The laboratory results indicated an overestimated weighted 

and unweighted vibration acceleration magnitude compared to the workplace data, but the trend 

of the results was consistent in both the laboratory and workplace evaluations. They concluded 

that the laboratory assessment was acceptable in identifying rivet guns that may produce lower 

vibration forces but was not suitable for estimating actual exposure level in the field. 
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McDowell et al. (2015) studied the newly developed bucking bars vibration emissions 

test method at a NIOSH laboratory. They used three traditional steel bars, three tungsten bars, 

and three spring damper bars. The aim of the study was to test the intervention materials and 

rank order least to most in term of vibration emissions using the results as a model in ranking 

bars at the workplace, but not to estimate risk at the actual workplace. The laboratory results 

indicated an underestimated vibration emission. The spring damper transmitted the least 

vibration but the exposure at the riveting gun increased. The study showed a trade-off that may 

need a further examination. 

2.8  Conclusion  

Daily exposure to vibration can be detrimental to the human body especially for low 

frequency high amplitude vibration, which may have undesirable effects on body’s organs and 

tissue. Vibratory power tools with frequencies of 40 to 300 Hz tend to occlude blood flow and 

affect nerves, increasing risk of vibration white finger syndrome. The effect is exacerbated in 

cold conditions with the additional problem of cold-induced occlusion of blood flow, which may 

increase the likelihood of WMSDs if the exposure continues (Freivalds & Niebel, 2008; 

Freivalds & Niebel, 2013). 

Using a glove as a PPE may protect users’ hands from vibration being transmitted from 

power tools that have high frequency, low impact components (i.e., grinders and sanders). Low 

frequency impacts transmit through the hand to the forearm and elbow, whereas high frequency 

vibration impacts are absorbed at the hand (Kihlberg & Hagberg, 1997). In addition, using 

traditional gloves may intensify the magnitude of vibration transmitted to the hand-arm and 

elbow during low frequency impacts exposure in a riveting task (Griffin, 1990).   
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Materials that are marketed as anti-vibration materials may not have been evaluated 

based on studies and testing for its vibration dampening and mechanical properties. In the 

literature, there has been less testing of rubber-like material found and more metal materials 

testing (Jardin et al., 2014). Appropriate anti-vibration materials are difficult to determine if they 

will protect our body from such detrimental undesirable effects of vibrations. Companies claim 

approval of the reliability and superiority of their product against the vibration transmission, 

however, even if this is true, users of some vibratory power tools often are averse to using the 

PPE. Sheet metal mechanics in aircraft manufacturing avoid wearing gloves where the main 

reason is that wearing the material will create a lack of tactile feeling of task object motions.  

D3O® material consists of a polyurethane with polyborodimethylsiloxane (PBDMS), a 

dilatant non-Newtonian fluid. Dilatant is a substance that in its raw state feels deformable; 

however, it locks together or hardens under a sudden shock. This change can be explained by the 

energy and heat exchange that occurs in the material before it returns to its semi-fluid state. The 

material could be worn as a wrap around the handle of the power tool handle. D3O® is not 

widely available on the market, however it is found in some shoe insoles, sport protective 

equipment, knee and back pads, and recoil rifle harnesses.  

Testing materials prior to conducting an intervention with vibratory tools may help in 

selecting proper interventions rather than merely finding effective and non-effective 

interventions. Selecting the ideal intervention material may help in reducing the exposure to 

vibration-related risk factors, which ultimately may reduce the risk of developing WMSDs. 
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CHAPTER III 

RATIONALE AND OBJECTIVES  

 

3.1  Introduction 

Mechanical properties (i.e., energy absorption, displacement level, and damping ratio) of 

a non-Newtonian D3O® viscoelastic material and a silicone based conventional material were 

tested and compared. Preliminary vibration data were provided which resulted in the 

development of a proposal for a larger study with a human in the loop riveting and bucking 

experiment using the non-Newtonian D3O® viscoelastic materials to evaluate hand-arm and 

elbow vibration transmission from rivet guns and bucking bars. Conventional material available 

today may meet the published minimum standards for vibration exposure values.  

The non-Newtonian D3O® materials have more than one property benefit compared to 

conventional materials. Deformability with higher viscosity level when low impact applied, at 

the same time, its higher elasticity when high impact occurs are unique features that distinguish 

D3O® material from other traditional elastomeric/viscoelastic material. D3O® material can resist 

high force due to its hardening mechanism (e.g., it locks and becomes rigid) if hammered with 

high force impact. At the same time, this material will allow imprinting when enfolded by a 

normal handgrip.  

Human hand mechanical property resist to vibration and impacts are similar to a spring 

damper. Finding similar behaving material to human hand arm system may be appropriate. In the 

literature, some anti-vibration materials had caused an adverse effect and intensified the 

vibration transmission through the hand and elbow. These materials may have different 

mechanical properties than the human hand arm system, therefore, testing materials of interest 
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prior to implementing an ergonomic intervention is necessary. A riveter or a bucker needs the 

low frequency impact produced by the rivet gun or the bucking bar entering the hand to be 

damped to reduce transmission of vibration through the hand and to upper extremities. 

Additionally, riveters and buckers often desire to ‘feel’ the tool maintaining tactile feedback to 

produce a quality driven rivet, which helps providing a user satisfaction.  

The installation of one rivet in aircraft manufacturing takes approximately one second 

(Dandanell & Engstrom, 1986; Cherng et al., 2009). Fastening one rivet requires multiple 

loading cyclic impacts on the rivet head using the rivet gun set, and as a result the multiple cyclic 

loading impacts will be generated on the bucking bar to set the rivet butt (to flatten the rivet). 

The rivet gun produces low frequency impacts ranges from 20 > Hz > 100 associated with many 

cycles of energy impacts. Utilizing a non-Newtonian intervention material wrapped around the 

riveting gun handle and wrapped around the bucking bar in a riveting and bucking task may 

provide the following benefits: 

1-  More attenuation of the vibration acceleration magnitude transmitted to the hand-arm 

and elbow may be achieved in comparison to material available on the market that are 

claimed to be anti-vibration.  

2- Usability satisfaction due to the softness and high deformability of the D3O®, which may 

not prevent users from lacking the tactile feedback.  

3- D3O® can be held around the tool as a wrap; this may encourage continuous use of 

protection because sheet metal workers are reluctant to wear gloves.  

3.2  Purpose 

The first purpose of this research was to conduct studies designed to test and evaluate the 

ability of the non-Newtonian viscoelastic D3O® materials in absorbing energy produced by 
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impact and simulated vibration. The second purpose of this research was to design a human in 

the loop experiment to evaluate and test the ability of the non-Newtonian viscoelastic D3O® 

materials for HTV reduction in a riveting and bucking task.   

The first study pursued a static testing of D3O® and other conventional materials on the 

market to determine materials’ energy absorption capabilities and displacement effectiveness for 

a further dynamic testing. The second study pursued a dynamic testing by simulating vibration to 

determine which material(s) may be more effective to pursuing a riveting and bucking 

experiment utilizing the D3O® intervention materials.  

Finally, this dissertation offers a full proposal with a preliminary pilot data to conduct a 

riveting and bucking intervention using the D3O® material in aircraft manufacturing to determine 

the vibration transmitted to the upper extremities (hand-arm and elbow) in comparison with 

conventional anti-vibration PPE use.  

Reduction of HTV may result in reducing the risk of developing HAVS and WMSDs or 

may delay the onset. D3O® material may also allow the riveters and buckers to comfortably feel 

the tool in use while accomplishing the task better than the conventional gloves, which may 

encourage continuing the use of the intervention material in the future. 

3.3  Research Questions 

 Primary research question:  

Does D3O® material reduce vibration transmission in a riveting task more than 

conventional rubber-like anti-vibration PPE? 

This question led to conducting three studies each of which has a research sub-question:  

3.3.1  Research Question 1 

Do the elastomeric non-Newtonian D3O® materials provide better mechanical properties:  
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more energy absorption and more load displacement during a single low velocity impact (static 

test) compared to other silicone-like conventional materials commercially available in the 

market?  

3.3.2  Research Question 2 

How well does elastomeric non-Newtonian D3O® material resist multiple loading 

impacts during a simulated vibration produced in riveting and bucking tasks (dynamic test)? 

3.3.3  Research Question 3  

Do the elastomeric non-Newtonian D3O® material’s mechanical properties suggest use as 

an ergonomic intervention to reduce the vibration transmitted to the hand-arm and elbow from 

the rivet gun and bucking bar? 

3.4  Research Hypotheses  

Materials used for the studies include: 1) D3O® Rifle Harness (DRH), 2) D3O® Recoil 

Pad (DRP), 3) D3O® back protector (DBP), 4) Silicone Foam Pad (SFP), and 5) Silicone Sponge 

Pad (SSP). Materials 1, 2, and 3 are non-Newtonian elastomeric D3O® claimed for body 

protection from impact shock; materials 4 and 5 are conventional elastomeric / viscoelastic 

materials claimed for light duty machines anti-vibration pads. A conventional anti-vibration full 

fingers glove was manufactured to be utilized for the low and high frequency impacts from hand-

held pneumatic tools will also be compared to the D3O® materials. This anti-vibration glove is 

called (VibrastopTM) and it was provided from Superiorglove ® with three sizes of small, 

medium, and large. There was no dampening ratio provided by the manufacturer for these 

gloves. 

3.4.1  Hypothesis 1  

The non- Newtonian D3O® elastomers will absorb the impact energy and displace the  
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load significantly more than the conventional silicone elastomers. 

3.4.2  Hypothesis 2 

The non-Newtonian D3O® elastomer DBP will have lower peak load during cyclic 

loading impacts when compared to other non-Newtonian D3O® elastomers DRH and DRP. 

3.4.3  Hypothesis 3 

The vibration transmitted to the hand-arm and elbow through the non-Newtonian D3O® 

elastomer will be significantly less than conventional anti-vibration PPE without affecting the 

required amount of forearm muscles activity. 
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CHAPTER IV 

MATERIAL STATIC IMPACT TESTING  

 

4.1  Introduction 

 A low velocity impact tower is a tool widely used in testing material for its mechanical 

properties, damage tolerance, resistance rate, etc. by using an impactor tub falling on an object at 

pre-select parameters. This equipment has an optional velocity rate sensor, which will measure 

the velocity rate right before the impactor’s tub reaches the object.  

Height, shape, and weight of the impactor can be chosen for the testing purpose as well as 

the kinetic energy rate of the impact can be calculated after the impact or determined prior to the 

impact by knowing the height and weight of the impactor’s tub and velocity rate of falling. 

 Low velocity impact testing has many applications in aircraft laminated composites with 

Nano-clay (Rahman et al., 2018), laminated carbon fiber (Salagame et al., 2013; Richardson & 

Wisheart, 1996; Sjoblom et al., 1988; Schoeppner et al., 2000; Cantwell et al., 1989; Anderson et 

al., 2000; Hosur et al., 2005), polymer composite sandwich (Rajaneesh et al., 2014; Yang et al., 

2015; Mines et al., 1998; Jang et al., 1992), and laminated composites with steel and elastomers 

(Düring et al., 2015; Krollmann et al., 2019), among other applications. 

Low velocity impact testing or material static testing was performed to test five different 

materials (two silicone based, three D3O®). The testing was performed at the National Institute 

for Aviation Research (NIAR) at one of their facilities located at Wichita State University in 

Wichita, Kansas. The aim of the static impact testing was to determine materials’ energy 

absorption capabilities and displacement effectiveness for a further dynamic testing, and 

ultimately, to use as an anti-vibration intervention material in aircraft riveting and bucking tasks.  
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4.2  Methodology 

4.2.1  Materials and Equipment 

As shown in Figure 4.1, five elastomeric / viscoelastic materials were purchased from 

four different markets, three of which claimed to protect the human body against a sudden 

impact (i.e., D3O® Rifle Harness (DRH), D3O® Recoil Pad (DRP), and D3O® back protector 

(DBP)). Additionally, two conventional materials were collected from Stock Well Elastomeric 

Solutions Corporation claimed as anti-vibration elastomers used for light duty machines (i.e., 

Silicone Foam Pad (SFP) and Silicone Sponge Pad (SSP)).  

Dimensions of each of the five materials was 7.62 × 10.16 × 1.1 cm. Each material was 

glued on a 15.24 × 10.16 × 0.254 cm carbon fiber composite panel with a thin layer of adhesive 

GO2 (Figure 4.1). As shown in Figure 4.2, each material was set up for a low velocity impact 

testing at three different pre-selected energy levels using a 7.62 cm diameter tub head weighing 

6.522 kg (i.e., impactor), which represented a human hand’s palm size.  

The low speed / velocity impact tower was utilized to collect impact data for each of the 

five materials. The tower is located inside the composite shop at the National Institute for 

Aviation Research at Wichita State University (Figure 4.3). 

 

Figure 4.1 Five elastomeric materials (the orange materials are non-Newtonian D3O®; the gray 

and brown materials are the silicone rubber). 
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Figure 4.2 Impactor tub head 7.62 cm diameter. 

 

 

 

a)  

 

b)  

 

Figure 4.3 Images illustrate: a) the material impact by a 7.62 cm diameter tub head, and b) low 

speed/velocity impact drop tower. 

 

4.2.2  Study Design 

Kinetic energy equation for a falling object is                    

                                                      𝐾𝐸 =
1

2
 𝑚 𝑣2                                                  (4.1) 
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where 𝑚 is the mass and 𝑣2 is the velocity rate. Equation (4.1) was utilized to set up the energy 

levels desired for the impact which was achieved by manipulating the impactor’s drop height. 

Each of the five materials was tested under three different drop heights producing three different 

energy levels desired for the static impact testing: 200 kg-cm, 230 kg-cm, and 260 kg-cm with 

drop heights of 30.90 cm, 35.33 cm, and 39.74 cm, respectively.  

These specific energy levels have been chosen to simulate energy levels produced by a 

percussive pneumatic aircraft rivet gun during a riveting and bucking task, which produces 

approximately 230 kg-cm (Cherng et al., 2009).  

Three replicates were conducted for each energy impact level to validate the repeatability 

of results every time the tub was dropped on the material under the same condition. The area 

under the impact energy/displacement curve was quantified utilizing the trapezoid method and 

results were used to compare between materials mechanical properties. The area under the curve 

represented the amount of heat energy exchange produced by the material during the impact.  

A 3 x 5 two-way ANOVA was performed to statistically compare the difference between 

materials at 95% CI level. The independent variables were energy impact level and material 

type. The pre-selected drop height had three levels, which as a result of height the three-energy 

impact levels were provided by utilizing the kinetic energy equation (4.1). Three groups of 

energy impact levels, low = 200 cm-kg, medium = 230 kg-cm, and high = 260 kg-cm and five 

material types were tested. The dependent variables were the amount of energy absorbed by the 

materials, which was quantified by the area under the curve (AUC) kgf, and the maximum 

displacement value, which was the measured depth reached for each material during each impact 

(X) cm. All data were analyzed in 2017 IBM® SPSS® Statistics software package version 25.  
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Post-hoc Tukey HSD tests were performed to evaluate where the differences occurred 

between groups after the overall statistically significant difference was determined between 

groups. Pairwise comparisons results were obtained with Bonferroni multiple comparison 

adjustment.  

The interaction between material type and energy impact level effect on the energy 

absorption amount was also analyzed by looking at the simple effect of the energy impact levels 

on each material type separately. The CI level was adjusted to 99% to maintain the CI for the 

overall analysis at 95%. This was performed by dividing type I error that was used for the overall 

analysis, 0.05, by the number of comparisons that were performed (15). 

4.2.3  Experiment Protocol 

 The first impact of the first replicate was set at the selected energy level 200 kg-cm to 

test each of the five materials at that specified energy level for their mechanical properties. The 

order of the material being tested in the first run was DRH, DRP, DBP, SFP, and SSP. Then, the 

second energy level took place after two minutes from the first impact to test each of the same 

five materials at 230 kg-cm energy level. The order of the material tested for second run was 

SSP, SFP, DRP, DRH, and DBP. Lastly, the third energy level impact 260 kg-cm was conducted 

after two minutes from the second impact to test each of the same five materials. The testing 

order of the material in the last run was DBP, DRH, DRP, SFP, and SSP.  

Each panel was impacted separately, and the time between each impact was one minute. 

This time was consumed for the preparation to secure the composite panel in the impact location 

with four locking clamps, Figure 4.3a. The second and third replicates were performed separately 

on two different days, the time between each impact for the second and third replicates was 

identical to the first replicate, but the order of the material tested was also randomly selected. 
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4.2.4  Analysis Approach 

The experiment output was analyzed using statistical techniques to compare the amount 

of energy absorbed by each material represented by the calculated area under the loading-

unloading curve, which was the first analysis approach. The material dampening ratio was the 

second analysis approach that was utilized to compare material dampening characteristics to help 

in selecting the appropriate material for further dynamic testing analysis. Both analysis 

approaches allowed an objective comparison of mechanical properties between and within 

materials.  

The AUC approach utilized the trapezoids under the energy or load versus displacement 

curve by drawing vertical line segments or integrals and using basic geometry calculation of each 

area in between each two segments or integrals. The AUC was quantified and reported from each 

replicate, and then the mean AUC was reported and compared between each material for each 

energy impact level.  

The second analysis approach used output data from the impact to obtain the material 

dampening ratio during the impact for two reasons. First, to objectively compare between 

materials in term of its ability to absorb the energy by looking at the dampening mechanism. 

Secondly, to evaluate the consistency level by cross checking the material impact dampening 

ratio and compare with AUC values obtained from the first analysis approach. Maximum 

displacement (𝑋𝑚𝑎𝑥) of each material during each impact, angular frequency (⍵), resonant 

frequency (⍵𝑛) spring constant (k), and force (F) were the five output data variables used to 

calculate the impact dampening ratio (ζ) using equation (4.2) for each material under each impact 

condition.  

Damping ratio is the dampening coefficient (e.g., bouncing level of an object during an 
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impact) divided by the critical damping coefficient (i.e., how fast the oscillation goes back to 

zero). The equation used to calculate the damping ratio is  

𝑋𝑚𝑎𝑥 =
𝐹

𝑘
 

1

√[1 − (
⍵

⍵𝑛
)

2
] + [2 𝜁(

⍵

⍵𝑛
)]

2
                                        (4.2) 

where X is the maximum displacement, F is the force, k is the spring constant or the material 

stiffness level, ⍵ is the angular frequency, ⍵𝑛 is the resonant frequency (also called the natural 

frequency), and ζ is the vibration dampening ratio (this approach solved for ζ). Variables such as 

force and maximum displacement were available as a result of the impact. Variables such as 

spring constant, angular frequency, and resonant frequency were calculated to obtain the 

dampening ratio for each material.  

According to Hooke’s law, spring constant k can be calculated as the ratio of the force 

exerted to deform an object (Özkaya et al., 2012). Materials under impact testing were assumed 

to have the properties of a spring damper. The equation that is normally used to calculate the 

spring constant k is 

                                                              𝑘 =
𝑓

𝑥
                                                       (4.3)                 

where f is the force and x is the displacement. The force f as a function of equation (4.3) is the 

compression of a spring to deform it. This is not the case for the force generated from the static 

single impact test using the low velocity impact tower. The force was calculated using the kinetic 

energy equation (4.1) divided by the distance travel.  

  Therefore, equation (4.3) was modified to account for the distance that the tub was falling 

from (i.e., 6.522 kg 7.62 cm diameter tub head), and that was to address the level of kinetic 

energy potentially produced during falling prior to impact. 
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The modified equation may be rewritten as  

                                                                 
1

2
 𝑘 𝑥2 =

1

2
 𝑚 𝑣2                                                      (4.4) 

which is the same as the spring constant equation (4.3) but with consideration to the kinetic 

energy that was potentially produced during falling. In other words, equation (4.4) was produced 

after the kinetic energy equation (4.1) was added to both sides of the spring constant k equation 

(4.3), which may be simplified according to equation (4.4) as 

                                                          𝑘 =
𝑚 𝑣2

𝑥2                                                     (4.5) 

which was used to obtain the spring constant k for each viscoelastic material for each different 

fall height at each energy level.  

Angular frequency ⍵, also known as radial or circular frequency, measures angular 

displacement per unit time. Its units are therefore degrees (or radians) per second. Hence, 1 Hz ≈ 

6.28 rad/sec. the angular frequency of a vibratory object could be calculated using 2Π (Liu, W., 

2008). The angular frequency in radians per second was estimated using the impact wave and the 

impact total time t 

                                              ⍵ =
2𝜋

𝑡
                                                  (4.6)    

the equation used to calculate the natural frequency is 

                                                      ⍵𝑛  = √
𝑘

𝑚
                                               (4.7) 

 which was calculated using the square root of the spring constant k divided by the mass m and 

was measured in radians per second. Finally, by using equation (4.2), damping ratio ζ was 

determined to compare which material was more appropriate for further dynamic testing.  
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4.3  Results 

Figure 4.4 shows the impact loading and displacement curve for each material tested. The 

AUC was measured to represent the amount of energy absorbed by each material during the 

impact. The AUC was obtained for each of the five materials at all three different energy impact 

levels for each replicate (Table 4.1). D3O® materials indicated a higher amount of mean energy 

absorbed during impact compared to the traditional silicone pads when tested under the same 

impact condition (Table 4.2). 

                                                       TABLE 4.1 

AREA UNDER THE CURVE (KGF) CALCULATED FROM THE STATIC TEST

 

 

 

 

 

 

 

 

 

 

 

Energy / Material DRH DRP DBP SFP SSP

200 kg-cm 112.92 113.99 167.10 91.50 93.50

230 kg-cm 122.90 129.90 190.43 93.34 93.84

260 kg-cm 135.54 148.42 210.56 103.56 101.56

Replicate 3

Energy / Material DRH DRP DBP SFP SSP

200 kg-cm 111.74 115.98 165.32 92.30 91.30

230 kg-cm 122.89 128.89 190.32 94.17 93.89

260 kg-cm 135.90 148.22 210.24 102.99 101.29

Replicate 1

Energy / Material DRH DRP DBP SFP SSP

200 kg-cm 113.98 115.98 166.59 93.73 89.81

230 kg-cm 122.99 127.96 190.65 95.42 93.66

260 kg-cm 134.97 148.45 210.13 103.19 102.19

Replicate 2
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TABLE 4.2 

 

MEAN (SD) ENERGY ABSORBED FROM THE STATIC TEST IN KGF  

 

    
                      *Method: the total area of the trapezoids under each line segments. 

 

 

Figure 4.4 Static single impact load / displacement of five elastomeric materials tested at 

                         low, medium, and high energy impact level, 1, 2, and 3, respectively. 

 

As shown in Figure 4.4, comparison between energy impact level (low and medium, low 

and high, and medium and high) had an impact on both amount of energy and displacement. 

Each material absorbed the energy of the impact and displaced the load higher as the energy 
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level increased. DBP material absorbed more energy compared to all materials but DRH had 

higher amount of displacement among all materials, this is also more easily shown in Table 4.2 

by viewing the data of the amount of energy absorbed. The first two-way ANOVA indicated that 

the difference between the type of material and impact level of energy had a statistically 

significant interaction effect on the absorbed amount of energy (F (8, 45) = 228.792, p = 0.00) 

(Table 4.3). In Figures 4.5, the interaction effect type was ordinal, which means that the lines did 

not cross each other.  

 
 

Figure 4.5 Mean energy absorption represented by the calculated area under the curve as a 

function of energy impact level and material type. 

*Energy absorption (AUC) not statistically different between 200 and 230 kg-cm impact load 

evaluation. 

 

A simple effect analysis for each material type under different energy impact level 

showed that material D3O® (i.e., DBP, DRP, and DRH) had a slightly higher effect size than  

silicone pads (i.e., SFP and SSP) on the amount of energy absorbed, Eta squared can be seen in 
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Table 4.4 (p = 0.00). A post hoc pairwise comparisons of the interaction effect showed that each 

material had a statistically significantly different amount of energy absorbed under different 

energy impact levels (p < 0.003), except for material SFP between energy impact levels of 200 

and 230 kg-cm, there was no statistical significant difference on the amount of energy absorbed, 

p = 0.014 (Table 4.5). A Bonferroni adjustment was made on the overall α level for the number 

of comparisons (N=15) to adjust for the probability of type I error. As shown in Table 4.6, Tukey 

HSD comparisons indicated that material types were statistically significantly different from one 

another in the amount of energy absorbed across all test conditions, low medium, and high 

impact except for silicone pads, there was no statistical significant difference between SSP and 

SFP across all three different energy impact levels (p = 0.108).  

 

         Figure 4.6 Static single loading impact time / energy level of five elastomeric materials. 

As shown in Figure 4.6, the impact loading for each material varied in time before 

reaching the maximum selected energy impact level. Material D3O® consumed more impact 

time before reaching the maximum energy impact level compared to silicone rubber materials. 
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TABLE 4.3 

 

TWO-WAY ANOVA FOR MATERIAL TYPE AND ENERGY IMPACT LEVEL 

 EFFECT ON ENERGY ABSORPTION AMOUNT 

 

 
TABLE 4.4 

 

EFFECT SIZE OF ENERGY IMPACT LEVEL ON ENERGY ABSORPTION AMOUNT FOR 

MATERIAL TYPE 
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TABLE 4.5 

 

TUKEY HSD COMPARISONS BETWEEN MATERIAL TYPE EFFECTS ON ENERGY 

ABSORPTION AMOUNT 
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TABLE 4.6 

 

PAIRWISE COMPARISONS FOR MATERIAL TYPE AND ENERGY IMPACT LEVEL 

INTERACTION EFFECT ON ENERGY ABSORPTION AMOUNT 

 

 
 

The second two-way ANOVA indicated that the difference between the type of material 

and impact level of energy had a statistically significant interaction effect on the displacement (F 
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(8, 45) = 15.558, p = 0.00) (Table 4.7). In Figures 4.7, the interaction effect type was ordinal, 

which means that the lines did not cross each other.  

A simple effect analysis for each material type under different energy impact level 

showed that material D3O® (i.e., DRH, DBP, and DRP) had a slightly higher effect size than 

silicone pads (i.e., SSP and SFP) on the amount of energy absorbed, Eta squared can be seen in 

Table 4.8, p = 0.00. A post hoc pairwise comparisons of the interaction effect showed that each 

material had a statistically significantly different displacement under different energy impact 

levels, p = 0.00, except for materials SFP (p = 0.296) and SSP (p = 0.732) between energy 

impact levels of 200 and 230 kg-cm, there was no statistical significant difference on the 

displacement level (Table 4.9). A Bonferroni adjustment was made on the overall α level for the 

frequency pairwise comparisons (N=15) to adjust for the probability of type I error As show in 

Table 4.10, Tukey HSD comparisons indicated that all material types were statistically 

significantly different from one another in the amount of displacement across all energy impact 

levels (200 kg-cm, 230 kg-cm, and 260 kg-cm), (p = 0.00).  
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Figure 4.7 Mean displacement as a function of energy level and material type. 

*Displacement not statistically different between 200 and 230 kg-cm impact load evaluation. 

 

TABLE 4.7 

 

TWO-WAY ANOVA FOR MATERIAL TYPE AND ENERGY IMPACT LEVEL 

ON DISPLACEMENT 
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TABLE 4.8 

 

EFFECT SIZE OF ENERGY IMPACT LEVEL ON DISPLACEMENT FOR MATERIAL 

TYPE 
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TABLE 4.9 

 

PAIRWISE COMPARISONS FOR MATERIAL TYPE AND ENERGY IMPACT LEVEL 

INTERACTION EFFECT ON DISPLACEMENT 
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TABLE 4.10 

 

TUKEY HSD COMPARISONS BETWEEN MATERIAL TYPE EFFECTS ON 

DISPLACEMENT 

 

 
 

As shown in Table 4.11, the second analysis approach showed the dampening ratio 

results reported below, which indicated that DBP material had a higher damping ratio in 

absorbing impact energy in comparison to all materials. DBP, DRH, and DRP damped 

approximately 16%, 10%, and 11% of the energy impact, respectively. SFP and SSP damped 

only 5% of the energy during the impact test. 

TABLE 4.11 

 

MEAN DAMPENING RATIO FROM THE STATIC TEST 

 

Material Type Dampening Ratio ( ζ ) 

DBP 0.16 

DRH 0.10 

DRP 0.11 

SFP 0.05 

SSP 0.05 
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4.4  Discussion 

A low velocity single impact test was conducted on each of the five elastomeric 

materials. As shown in Figures 4.5 and 4.7, the impact test results showed that the D3O® 

materials provided more energy absorbency and more displacement when compared to the 

conventional silicone type elastomers. At impact level of 200 and 230 kg-cm, both silicone-

based material required higher energy impact to displace the load compared to D3O®, which was 

captured when these materials impacted at 260 kg-cm (Table 4.9). 

Previous material testing studies indicated that rubber-like materials have a dampening 

ratio that ranges from 0.04 to 0.07 which would indicate that there is an amount of energy being 

absorbed in a dimensionless unit (Cremer & Heckle, 1988; Adams & Askenazi, 1999; 

Batchmann et al., 1995). Silicone rubber materials, SFP and SSP, showed similar values of 

dampening ratio that were observed during this study of low velocity impact testing, which can 

be considered a small dampening ratio compared to D3O® materials’ dampening ratio that was 

reported in Table 4.11. The greater the dampening ratio, the less vibrational impact forces 

transmission through the protective material; D3O® materials consistently during three replicated 

testing showed greater mechanical abilities in reducing the transmission of impact energy than 

silicone elastomers, which was represented in the calculated AUC (Table 4.2). These results are 

also consistent with previous studies of D3O® materials’ mechanical abilities in absorbing higher 

amount of energy during an impact when compared to rubber-like materials (Tyler et al., 2015; 

Kajtaz et al., 2015; Gondaliya et al., 2015; Venkatraman et al., 2016; Gondaliya, 2016; Tan et 

al., 2017). 

Energy absorption and displacement findings agreed with the hypothesis in section 1.4.1 

stated that the non-Newtonian D3O® elastomers (i.e., DBP, DRH, and DRP) will absorb the 



                                                                                    72  

 

impact energy and displace the load significantly more than the conventional silicone elastomers 

(i.e., SFP and SSP). The statistical significant difference that was shown in Table 4.4 and the 

amount of energy that was reported in Table 4.2 suggests that D3O® elastomers, when compared 

to other rubber-like materials available on the market, are superior at absorbing energy during an 

impact and thus may be more suitable to be evaluated under dynamic impacts testing that may 

simulate low frequency, high vibrational forces produced by rivet guns and bucking bars. 

The results also suggested that the five materials can be ranked in term of higher energy 

absorption during an impact as follow: 1) DBP, 2) DRP, 3) DRH, and 4) SFP & SSP. At the 

same time, the five materials can also be ranked for the displacement of the load impact as 

follow: 1) DRH, 2) DBP, 3) DRP, 4) SSP, and 5) SFP. 

DRH material displaced more load at each energy impact level compared to DBP and all 

other materials, which may be explained by the locking or hardening mechanism that DBP 

material may acquire. The softer the material the more penetration during an impact, but not 

necessarily more dampening of the waves caused by the impact (Özkaya et al., 1999; Özkaya et 

al., 2012). This is true for material DRH, which displaced more load than DBP and absorbed less 

energy of the impact force compared to material DBP. Material DRH still showed more 

dampening than SFP and SSP in absorbing the impact energy. Viscoelastic and elastomers that 

contain air at its molecule cell level may act like dampers if the motion can be controlled relative 

to the impact (Van Amerongen et al., 1964; Crane et al., 2000; Yeh et al. 2008); also penetrant 

may move from one part of the system to another as results of random molecular motion (Berrer 

et al., 1951). 

DRH material may have air at its molecular level that depressurized faster compared to 

DBP, which may have caused DRH to displace more load. DBP rapidly hardened during the 
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impact allowing less penetration though its body. Moreover, DRH and DRP materials may still 

have the hardening mechanism when sudden impact occurs, however, it was not observed in the 

low velocity impact test at all three energy impact levels of this study. 

As shown in Figure 4.6, one important observation of DBP material during the impact 

indicated slower penetration through its body when compared to all other materials where the 

selected energy of 230 kg-cm was delayed approximately 5 milliseconds. This may indicate DBP 

acts as a damper, which also may indicate a unique energy dissipation property compared to 

other materials, especially when observing that after reaching the maximum energy 230 kg-cm 

for that energy impact level DBP maintained the high impact load through the remaining 3 

milliseconds of impact time.  

During the impact testing, the impactor bounced back when impacting all materials 

except DBP, the impactor had minimum opposite reaction. This may indicate that the longer time 

the material consumes to reach the maximum impact load the more energy is being dissipated, 

which may indicate more protective property. It was clearly seen in Figure 4.6 that materials SFP 

and SSP reached the preselected energy impact faster than D3O® materials, which may indicate 

that the dampening phase has ended when that preselected impact energy was reached. 

Moreover, DBP slowly dampened the impact, which may also show that the impactor did not 

reach the bottom of the material as the impact duration was complete.  

Dilatant based materials have a thickening feature where it deforms easily when squeezed 

and thicken during a sudden impact (Chhabra & Richardson, 1999; Tyler et al., 2015; Kajtaz et 

al., 2015; Gondaliya et al., 2015; Venkatraman et al., 2016; Gondaliya, 2016; Tan et al., 2017). 

In this study, it is difficult to show that these materials have a thickening or locking feature with 

no observation of the internal structure of the materials (Tan et al., 2017). However, the steep 
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line during the loading impact may show that DBP and DRP could indicate a thickening 

mechanism, but clearly not indicated for material DRH (Figure 4.6). Silicone-based material 

does not possess the thickening feature when compared to D3O® material in Tan et al.’s (2017) 

study where they scanned the materials’ internal structure to evaluate the locking mechanism by 

looking at the structure of the cells inside the materials, which was observed in D3O® material.  

A shape of a curve during loading an impact may contribute to determining the softness-

stiffness state of a material. Steep curves during an impact may indicate that a material possesses 

a stiff property, which may suggest ranking the materials from softer to stiffer as follow: 1) 

DRH, 2) DBP, 3) DRP, 4) SSP, and 5) SFP. Material softness determination may also be 

correlated with the amount of displacement it offers during an impact deformation, which was 

indicated in Table 4.8, by looking at the higher size effect in displacement, Eta squared, and at 

the same time, by looking at the displacement values (Figure 4.7).  

Additionally, DBP showed another unique feature of softness-stiffness as can be seen in 

Figure 4.6, when it crossed the line with material DRP during the loading of the impact at about 

90 kg-cm which was at approximately 2 milliseconds of impact time. This may indicate that 

DBP has a hardening feature at sudden impact, but also a softening feature that was observed 

when it released the stiffness by flattening the curve and gradually allowed penetration process to 

slowly continue through its body, acted as a damper.  

The low velocity impact test was performed for this experiment under the assumption 

that the D3O® material has a spring damper mechanism property in accordance with Hooke’s 

law. This was assumed during the calculation of the dampening ratio. The force needed to 

displace a spring by a certain distance during a compression has a linear relationship with the 

displaced distance. Material DBP and DRP showed a non-linear relationship in the displacement 
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as the force increased, which indicated a different k spring constant value unlike material DRH 

that had a linear force displacement relationship when the material was impacted with 260 kg-

cm, and also silicone based materials had a linear displacement when a higher energy was 

applied. There are more than one factor for a material not to possess a constant spring value, 

thickness of the material, the amount of load applied, material mechanical characteristics, etc. In 

this study, the thickness of DRH and the amount of load applied may have affected the 

determination of k spring constant value at 260 kg-cm. At the same time, DRH still indicated a 

non-linear displacement at the lower energy impact force. Linear viscoelastic materials may tend 

to have a k spring constant function due which aids in a high predictability and accuracy during 

dampening ratio calculation, however, materials would have a non-linear viscoelasticity when 

exposed to a high impact force that requires a large deformation, which causes the impact 

response function to become not discrete resulting in non-linear relationship (Özkaya et al., 

2012; Tschoegl, 2012). 

It was also assumed that the human hand tissues operate like a mass-spring-damper or 

viscoelastic like material that may allow its tissue to dampen the small oscillations produced by 

high frequency, low impact tools such as sanders (Fung, 2013). Another assumption of this 

experiment that the size 7.62 cm diameter of the tub head (i.e., the impactor) used for the low 

velocity impact on the material represents the hand palm size. 

Limitations for this study include testing all materials for the study at room temperature. 

Higher or lower temperature may affect the material’s response which may cause the material to 

react differently, influencing their characteristics and responses. Durability, reliability, and 

biocompatibility were also not addressed in this study, though the importance of such testing is 

recognized. During testing, the D3O® material was laid down flat during the impact, it is 
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unknown if the material will respond identically when wrapped around a rivet gun handle and 

bucking bar.  

These findings may also be advantageous to provide the satisfaction of use, for example, 

when material is soft, compressible, or easily deformed with normal handgrip applied such as 

when gripping a handle. At the same time, when material is exposed to high impact it might be 

beneficial to thicken, become stiff, or lock. This thickening feature was observed in DBP but was 

at slower motion of deformation during the low velocity energy impact. This may also allow the 

worker to feel the handle of the power tool and gain that tactile feedback desired as well as reach 

the ergonomic intervention intended goal of controlling vibration exposure by reducing the daily 

values of accelerated magnitude of transmitted vibration to workers’ hand and elbow.  

4.5 Conclusion    

The conventional silicone rubber elastomers showed statistically significantly less energy 

absorbency when compared to the non-Newtonian D3O® materials (i.e., DBP, DRH, and DRP). 

DBP material shows superiority in energy absorption; there was also a statistically significant 

difference when compared to DRH and DRP in the amount of energy absorbed at the impact. 

D3O® material may effectively deform and be responsive to different energy impact levels; the 

silicone material may be less responsive to lower impact force.  

DBP material was statistically significantly different from the conventional silicone 

elastomers SFP and SSP in the amount of energy absorbed at the impact and in the calculated 

dampening ratio. Besides the amount of energy absorbed, the mechanical characteristics of how 

energy is absorbed by a material is crucial. The results suggested that some material may acquire 

multiple differing features such as hardening and softening, DBP may possess this feature of 

stiffness-softness behavior; it locks when a sudden impact occurs and releases as to absorb or 
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dampen the vibrational impact forces. 

It is recommended to conduct a dynamic impact testing to further evaluate the energy 

absorbency and mechanical dampening abilities of D3O® elastomers. At the same time, the 

further testing will help in comparing current static testing results to the dynamic testing, 

especially that these materials have not been mechanically tested under dynamic loading 

impacts. Dynamic testing is cyclic loading impacts that allow a material to experience or mimic 

vibrational impact forces produced during a riveting and bucking task, whereas static low 

velocity impact testing was to evaluate the material response to a single sudden free falling 

impact. These findings may recommend carrying on with D3O® materials to be further examined 

in reducing transmitted vibration to workers’ hand-arm and elbow during daily riveting and 

bucking tasks using percussive pneumatic rivet guns and bucking bars. 



                                                                                    78  

 

CHAPTER V 

MATERIAL DYNAMIC IMPACT TESTING  

 

5.1  Introduction 

The elastomeric non-Newtonian D3O® materials DBP, DRH, and DRP showed a high 

energy absorption performance during a static single impact test using the low velocity tower and 

were selected to be further evaluated in dynamic testing. The mechanical property of this 

material may be suitable for dampening a large amount of low frequency, high vibrational forces 

produced by vibratory hand held tools such rivet guns and bucking bars, which may aid in 

reducing vibration related risk on users’ hand-arm system. The static test was only a single 

loading impact that does not simulate the vibrational forces produced by hand-held power tools. 

Thus, it was necessary to conduct the dynamic test under the assumption that the low frequency 

and high vibrational forces produced by a rivet gun may be similar during the cyclic loading 

impacts testing.  

The dynamic test was performed using a Material Test System (MTS), which is a 

machine that contains two hydraulically operated steel cylinders, which was used to perform 

cyclic loading impacts. The machine is often used to test aircraft parts and materials such as 

aluminum alloy (Chen et al., 2001) and metal (Chen et al., 2008; Jiang et al., 2001) to examine 

mechanical properties of materials such as fatigue tolerance, stress / strain threshold rate, etc. 

Also, an MTS is used to test rubber-like materials and synthetic foams to evaluate stress / strain 

threshold rates and also to examine dynamic properties of heavy rubber vibration isolators 

(Klimanek et al., 2002; Wu et al., 2008; Chen et al., 2017).  

Dynamic impact testing utilizing an MTS machine was performed to test three D3O® 
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materials undergoing cyclic loading impacts at different pre-compression rates and frequencies. 

The testing was performed at the National Institute for Aviation Research (NIAR) at one of their 

facilities located at Wichita State University in Wichita, Kansas. The purpose of this study was 

to determine how different materials respond to different conditions in a dynamic environment in 

which to assess the energy being absorbed or damped, the load value as a function of the 

displacement, and the recovery time after series of loading and unloading impacts. The dynamic 

testing parameters were designed to simulate that materials under testing be exposed similarly to 

vibration generated by a rivet gun or a bucking bar in aircraft manufacturing riveting task.  

The dynamic testing was performed to help determine whether or not to continue with the 

non-Newtonian D3O® materials in an ergonomic vibration reduction intervention to help reduce 

the magnitude of vibration transmitted to workers’ hand-arm and elbow in aircraft 

manufacturing. The aim of the dynamic impact testing was to determine materials’ energy 

absorption capabilities, displacement effectiveness, and recovery time for a further real-world 

low frequency vibration exposure, high impact as anti-vibration ergonomic intervention 

materials in aircraft riveting and bucking tasks. The laboratory testing was designed to account 

for the riveting and bucking task in term of the frequency of impact a rivet gun produces, time 

between driven rivets, and hand gripping forces and displacement level during a riveting and 

bucking task. 

5.2  Methodology  

5.2.1  Material and Equipment  

Three elastomeric non-Newtonian D3O® materials were purchased from three different 

markets. Each product claimed to protect the human body against a sudden impact: 1) D3O® 

Rifle Harness (DRH), 2) D3O® Recoil Pad (DRP), and 3) D3O® back protector (DBP). As 
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shown in Figure 5.1, different shapes of the D3O® material was standardized to the same 

dimension of 7.62 × 10.16 × 1.1 cm. The cyclic loading test was performed using an 810 MTS 

model # 661.20E-03 (Figure 5.2).  

              

               Figure 5.1 D3O® Materials chosen for dynamic impacts testing. 

 

Figure 5.2 Images illustrate: a) 810 Material Test Systems (MTS) model # 661.20E- 

    03 and b) DBP material during the preparation of the fatigue cyclic loading test. 

 

As shown in Figure 5.2, the MTS machine has two-cylinder shafts, one of which is 

operated with a hydraulic system that is capable of applying loads up to 4989.52 kgf +/- 50 with 

a frequency range up to 40 Hz for elastomeric / viscoelastic materials.  
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5.2.2  Experiment Protocol 

Four testing conditions were performed to compare the responses to dynamic cyclic 

loading impacts 8 Hz and 14 Hz between materials. Additional testing conditions were added to 

evaluate materials DBP and DRP at frequencies greater than 8 and 14 Hz to simulate dynamic 

testing at additional frequencies produced by rivet guns. A sample material was used to run the 

MTS and evaluate pilot data prior to collecting data for D3O® material testing. The MTS 

machine was inspected for hydraulic leaks or loose components prior to entering parameters data 

into MTS program. All experiment testing was performed indoor at a room temperature of 

approximately 70º F. After testing each condition, data were stored in MTS’s computer data file 

and then was uploaded to a flash memory card. All files were copied into an excel sheet for data 

analysis. 

Collected data included Peak Values (PV) and Time Values (TV) of the load impact 

which were collected at a sample rate of 1000 Hz. Each material was tested separately, and the 

order of conditions was performed randomly. Two to five minutes break time between each test 

condition, which was time used to reset the MTS machine parameters between conditions and 

programing the machine for the next condition. Two to five minutes time allowed between each 

condition was assumed enough for the material to recover from the cyclic loading impacts until it 

was tested again for a different condition. The same MTS machine was used for all testing 

conditions. The data collection process completion consumed five days to complete all testing 

conditions. Additionally, a recovery time estimation experiment was performed, and the data 

collection process consumed two weeks due to the extended time elapses required for the study 

design and testing procedure. 
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5.2.3  Study Design and Analysis 

Initial pre-compression for each material was manipulated to different levels, with 20% 

fixed displacement of the material thickness calculated after pre-compression rate. Pre-

compression rates and displacement values were entered to the MTS program for all testing 

conditions. The pre-compression of material simulates hand gripping the material to mimic the 

use of it around the rivet gun handle or around the bucking bar in a riveting task. The 

displacement level represents the extra hand gripping forces the user often needs to push against 

the rivet gun’s handle and the bucking bar to finally set the rivet.  

The MTS machine’s capacity allowed 40 Hz as a maximum frequency that would be 

produced during testing. Also, it was recommended by the MTS manufacturer to utilize 

frequencies below the maximum to avoid machine failure such as hydraulic lines rupture or such 

as fluctuations that may cause unreliable results at high operating frequency. Therefore, the 

frequency range designed for the study was 8 Hz to 32 Hz. Dynamic testing conditions were 

replicated three times to validate the consistency of results produced by the MTS machine. Fixed 

displacement selected for the study was plotted against time to evaluate MTS results reliability 

and performance during each impact cycle, each test condition, and each material. 

As shown in Table 5.1, there were four testing conditions, each of which was performed 

for each material for 37 seconds, total testing time. An additional eight testing conditions were 

performed for material DBP under two pre-compression rates at 16, 20, 25, and 32 Hz, which 

were performed for durations of 18, 15, 2.8, and 2.7 seconds, respectively. Also, an additional 

four testing conditions were performed for material DRP under two pre-compression rates at 16 

and 20 Hz, which were performed for durations of 18 and 15 seconds, respectively. Increasing 

the MTS frequency rate above 14 Hz resulted in fluctuations in the displacement rate which may 
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have contributed to the MTS program to stop operating, therefore the duration mentioned above 

was indicated. Also, the displacement fluctuation rate was analyzed by looking at the deviation 

percentage from the preselected rate. Material DBP underwent additional loading impact testing 

under higher frequencies and had shorter times of total impact testing at 16, 20, 25, and 32 Hz, 

therefore, after the analysis for the four conditions and the additional conditions, the data from 

lower frequency testing were truncated to compare the validity of DBP results at higher 

frequencies. All conditions that had frequencies more than 14 Hz were qualitatively analyzed due 

to the fact that the displacement rates were not stable at these rates.  

As can be seen in Table 5.1, the experimental design parameters were the initial pre-

compression rates, displacement setting, and frequency rates. The independent variables in the 

experiment were: 1) pre-compression of two levels to simulate for different handgrip strength 

and 2) frequency of two levels to allow the material to be exposed to similar frequencies a rivet 

gun generates (i.e., 20 < Hz < 100). Displacement was a constant value given as a 20% of the 

material thickness for all testing condition and was determined after setting the pre-compression 

value. It was a variable of one level included due to the assumption of that the material may be 

further displaced as a combination of handgrip forces and rivet gun high impacts during a 

riveting task. The peak load was the dependent variable for this study. The load values produced 

during the loading impacts as a function of the initial pre-compression, displacement, and 

frequency rates were collected; these values represented the average impact force that resulted 

from the change in kinetic energy and displacement during the cyclic loading impacts testing.  
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TABLE 5.1 

DYNAMIC LOADING IMPACTS TEST EXPERIMENT DESIGN  

 
  * Additional conditions for materials DBP and DRP at a higher frequency. 

  Note: displacement during each condition testing was 20% of the remaining material thickness. 

 

A two-way ANOVA was performed to statistically compare the peak load as a function 

of pre-compression rate and D3O® material. An additional two-way ANOVA was performed to 

statistically compare the peak load as a function of D3O® material and frequency rates. Post-hoc 

Tukey HSD tests were performed to evaluate where the differences occurred between groups 

after the overall statistically significant difference was determined between groups. 

Significant two-way interaction were analyzed by looking at the simple effect of the peak 

load on each material type separately. All statistical analysis performed using 2017 IBM® SPSS® 

Statistics Software Package version 25.  

5.2.4 Recovery Time Estimation 

Material recovery time was estimated from the data collected during a second separate 

cyclic loading test consisting of two test types. The first test was performed to simulate the 

riveting and bucking time and elapse time to estimate the material stabilization time (load 

values produced as a function of the frequency, pre-compression, and displacement will be the 

same during impacts). Also, the first test used one second elapse time between each 25 Hz 

impact for 20 sequential impact rivets to simulate that the material is undergoing vibrational 

loading impacts in a riveting task (20 driven rivets, one second elapse time between each rivet). 

The second test was to establish the material recovery time (peak load produced as a function of 
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the frequency, pre-compression, and displacement will be the same as it was during the initial 

impact). All three D3O® materials (i.e., DBP, DRH, and DRP) were the same samples used in 

the previous dynamic testing; time between each test trial was one to two days. 

Time Estimation Procedure  

The 10% pre-compression, 20% displacement, and 25 Hz was the condition initially 

selected for both recovery time testing. The fluctuation in the displacement rates during testing 

may have contributed to the collection of overestimated recovery time due to MTS machine 

attempted to overshoot each first cycle of each cyclic loading impact because the MTS was 

compressing materials automatically (machine programed to compress the material, impact the 

material, stop loading, release the compression, wait, recompress the material, loading impact 

starts, stop loading impacts, release the compression, wait, etc.) based on selected elapsed times 

unlike previous cyclic loading tests where materials were pre-compressed prior to start loading. 

 As a result of the overshooting, all recovery time estimates collected during testing 

overestimated the obtained Start Recovery Time (SRT) and Full Recovery Time (FRT). Long 

recovery time was indicated by each material went under-testing, 13 minutes for DBP, 1.9 

minutes for DRH, and 1.6 minutes for DRP.  

 To avoid the overshooting that was a consequence of the nature of the test due to 

material reaction and/or machine abilities to maintain higher frequency impacts, pre-compression 

set up was programed only at the first impact of the cyclic loading test. Recovery time results are 

highly dependent on loading dimension or displacement (Ren, et al., 2016). Therefore, the setup 

was to avoid pre-compression and rather using displacement only to a very small percentage 

relative to material thickness during the first impact of the testing, a touch surface contact of 

0.004572 cm and a displacement of 0.055 cm (5% of the material thickness) for all remaining 
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impacts other than the first impact to establish materials recovery time with avoidance to the 

overshooting condition was occurring during each first impact of testing. Data sample collection 

rate was adjusted to 100 Hz, instead of 1000 Hz in which to reduce the noise for such a short 

impact duration testing. 

Material Recovery Time Estimation. The elapsed time between each impact was as 

follow: initial impact at time 0, 2, 3, 6, 10, 20, 30, 60, 120, and 240 seconds. The impact 

frequency was 25 Hz and the time duration for each impact was one second. Elapse time, 

frequency rate, and impact duration were programed into the MTS machine, which operated 

automatically with no interruption for the test designed duration.   

Material Stabilization Time Estimation. The elapsed time between each impact was only 

one second at a frequency rate of 25 Hz for each material during the stabilization test. The testing 

included 20 sequential impacts that was performed to simulate 20 driven rivets. The elapse time 

and frequency rate were also considered to mimic the elapse time between driven rivets and 

allow the material to be exposed to frequency that within the frequency range that rivet guns and 

bucking bars produce. Materials were not pre-compressed due to the short elapsed time between 

impacts and the displacement rate was 6% of the material thickness to allow the MTS machine to 

strictly allow no more than one second elapse time.  

5.3  Results 

As shown in Figure 5.3, peak load varied between material types, however, DRH and 

DBP showed similarity in response to impacts. Also, it can be seen that DBP had little effect 

when increasing the independent variables rates (pre-compression and frequency rate). DRP’s 

peak values increased as the rates of the independent variables increased, however, it was not 

conclusive to generalize just by looking at the peak values alone. The two-way ANOVA 
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performed for material type and pre-compression rate showed a statistically significant 

interaction effect on the peak load (Table 5.2). The two- way ANOVA was performed for 

material type and frequency rate and results indicated that there was no statistically significant 

interaction effect on peak load nor by the frequency alone as will be reported below (Table 5.6). 

 

Figure 5.3 Mean peak load values comparison between material types during dynamic loading 

impacts test (colors represent testing condition only). 

 

Pre-compression and Material Type Effect on Peak Load 

The first two-way ANOVA indicated that the interaction effect between the material type 

and pre-compression rate was statistically significant on the peak load (F (2, 48) = 455.281, p = 

0.00) (Table 5.2). In Figure 5.4, the interaction effect type was ordinal, which means that the 

lines did not cross each other.  

 A simple effect analysis for each material type under different pre-compression rate 

showed that material DRP had the highest effect of pre-compression on the peak load, followed 

by DHR and there was no effect can be seen for DBP, > 97%, > 53%, and 0%, respectively, Eta 
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squared can be viewed in Table 5.3 as well as the statistical significance represented by the p 

values for DRP, DRH, and DBP, 0.00, 0.00, and 0.986, respectively. A post hoc pairwise 

comparisons of the interaction effect showed that each material had a statistically significantly 

different peak load under different pre-compression rates for materials DRH and DRP, p = 0.00, 

but no statistically significant difference for material DBP, p = 0.986 (Table 5.4). Tukey HSD  

TABLE 5.2 

 

TWO-WAY ANOVA FOR MATERIAL TYPE AND PRECOMPRESSION EFFECT ON 

PEAK LOAD 

 

 

comparisons indicated that there was a statistically significant difference between all material 

types when pre-compassion rate increased from 10% to 20%, p = 0.00 (Table 5.5).  

TABLE 5.3 

 

EFFECT SIZE OF PRECOMPRESSION ON PEAK LOAD FOR MATERIAL TYPE 
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Figure 5.4 Mean peak load variations between materials and pre-compression rate. 

* No statistical difference between pre-compression rates on peak load. 

 

TABLE 5.4 

 

PAIRWISE COMPARISONS FOR MATERIAL TYPE AND PRECOMPRESSION 

INTERACTION EFFECT ON PEAK LOAD 
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TABLE 5.5 

 

TUKEY HSD COMPARISONS BETWEEN MATERIAL TYPES PRECOMPRESSION  

 

 

Frequency and Material Type Effect on Peak Load 

As shown in Figure 5.5, it was difficult to evaluate the effect of frequency and pre-compression 

from the peak load values alone. However, in Figure 5.5 below showed that all three materials 

reacted to cyclic loading impacts similarly under frequency change from 8 to 14 Hz. The two-

way ANOVA indicated that the interaction effect between the material type and frequency rate 

was not statistically significant for the peak load (F (2, 48) = 0.008, p = 0.99) (Table 5.6). 

Therefore, overviewing the main effect would be appropriate as can be seen in Figure 5.5.  
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TABLE 5.6 

 

TWO-WAY ANOVA FOR MATERIAL TYPE AND FREQUENCY EFFECT ON PEAK 

LOAD 

 

 
 

 

Figure 5.5 Mean peak load variations between materials and frequency rate. 
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TABLE 5.7 

 

TUKEY HSD COMPARISONS BETWEEN MATERIAL TYPES BY FREQUENCY 

 

 
 

Material type showed a statistically significant difference on affecting the peak load, p = 

0.00, but the frequency has no statistically significant effect on the peak load when increased 

from 8 to 14 Hz, p = 0.982 (Table 5.6). Tukey HSD comparisons indicated that DRP’s peak load 

values was statistically significantly different from both DBP and DRH alone in response to 

mechanical loading impacts and not from increasing the frequency rate from 8 to 14 Hz, p = 0.00 

(Table 5.7). DBP and DRH materials showed no statistically significant difference for peak load 

at the HSD comparisons, p = 0.290 (Table 5.7).   

Displacement Deviation Evaluation 

There was an apparent deviation from the preselected fixed 20% displacement rate as the 

frequency rate increased from 8 Hz (Figure 5.6) to 14 Hz (Figure 5.7) without increasing the pre-

compression. This is the same case when the frequency increased from 10% pre-compression 

rate (Figures 5.6 and 5.7) to 20% pre-compression rate (Figures 5.8 and 5.9), the deviation of 

displacement rate occurred similarly (Table 5.8). Therefore, further analysis of the displacement 

deviation was performed to quantify the percentage of the deviation and to compare the 

fluctuation level to the additional testing conditions that were conducted for materials DBP and 
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DRP. Displacement was preselected to 20% of material thickness after pre-compression rate was 

calculated and programed.  

  

Figure 5.6 Peak value of dynamic cyclic impacts load/displacement of the three materials. 

   

 

Figure 5.7 Peak value of dynamic cyclic impacts load/displacement of the three materials. 
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Figure 5.8 Peak value of dynamic cyclic impacts load/displacement of the three materials. 

 

 

Figure 5.9 Peak value of dynamic cyclic impacts load/displacement of the three materials. 
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TABLE 5.8 

ACTUAL MAXIMUM DISPLACEMENT VALUES DURING THE DYNAMIC TEST 

 

             

As shown in Table 5.10, displacement deviated from 0.198 cm value for condition 10% pre-

compression and from 0.176 cm during 20% pre-compression, minimum displacement deviation 

was observed during dynamic impacts testing of conditions that had the MTS machine operating 

at up to 14 Hz, which was ± 3% compared to the deviation at higher frequencies, which was ± 

8%.  

As shown in Table 5.11, load mean values were captured from the beginning of impact 

loading time 0 to 0.75 second for material DBP. MTS was programmed to be operating on DBP 

for 37 seconds, however, the MTS data signal stopped operating at 2.8 seconds (Figure 5.8). 

Therefore, it was necessary to compare the data that were collected from the MTS machine and 

were analyzed previously to the data that had a higher displacement deviation and also would not 

complete the 37 seconds total testing period. As shown in Table 5.11, mean truncated values 

(data points collected for 0.75 seconds that were traced and averaged) indicate no out of range 

data during higher frequency testing, which may suggest that that the data that was previously 

analyzed were reliable. However, the high deviation values in displacement during the additional 

testing conditions were not analyzed using statistical techniques due to the questionable peak 

values which can be seen in Figure 5.10 that may have been affected by the high fluctuation in 

displacement, which was depicted in Figure 5.11.  
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Figure 5.10 Time value of the dynamic cyclic impacts for load/displacement 20% Pre-

compression 20% Displacement, and 20Hz. 

 

 

 

Figure 5.11 Displacement deviation during dynamic impacts testing at 25 Hz.  
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TABLE 5.9 

TESTING CONDITION MEAN VALUES FOR DBP FROM TIME 0 TO 0.75 SECOND  

 

Recovery Time Data 

Material Stabilization Time Data. As shown in Figures 5.12, 5.13, and 5.14, DBP 

stabilized after 38% of load drop or after 24 seconds of operation. DRH stabilized after 11% of 

load drop or after 16 seconds of operation. DRP stabilized after 28% of load drop or after 16 

seconds of operation. After the material reached a certain load and stabilized at it, the percentage 

of decrement were calculated to indicate the percentage of the load drop when the material was  

       

Figure 5.12 DBP stabilization time data during the dynamic cyclic fatigue loading test. 



                                                                                    98  

 

  

       Figure 5.13 DRH stabilization time data during the dynamic cyclic fatigue loading test. 

indicating stability. This can also be seen by looking at the connected markers which represented 

the time in second and the number of rivet where the material maintained the same load.  

 
 

Figure 5.14 DRP stabilization time data during the dynamic cyclic fatigue loading test. 

Material Recovery Time Data. The peak load value was used to estimate the Start 

Recovery Time (SRT) and the Full Recovery Time (FRT). The higher the load, the higher the 
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material resistance to impact. All three material’s SRT start was 2 seconds after the cyclic 

loading impact, but different recovery time percentage observed for each material, 93% for 

DBP, 99% for DRH, and 98% for DRP, Figures 5.15, 5.16, and 5.17, respectively. Material 

would fully recover from the impacts when peak load value generated at the initial cyclic loading 

impacts was reached and not necessarily when the material returned back to original shape. 

 

Figure 5.15 DBP recovery time data during the dynamic cyclic fatigue loading test. 

All materials at 5% displacement rate showed reaction to loading similarly (indicated by the peak 

load values obtained). DRH and DRP recovered similarly from impact, but DBP material 

showed slower return back to original shape and state. All materials showed good maintainability 

during the stabilization test that was simulated for a riveting and bucking task. Material DRH and 

DRP recovered faster than material DBP by comparing which material reached the peak load 

after the elapsed time. Additionally, material DBP stabilized after roughly twice the time that 

material DRH and DRP stabilized. This suggests that material DBP may be dampening energy 

about 8 seconds longer than DRH and DRP.  
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Figure 5.16 DRH recovery time data during the dynamic cyclic fatigue loading test. 

 

 

Figure 5.17 DRP recovery time data during the dynamic cyclic fatigue loading test. 
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5.4  Discussion  

Four low frequency testing conditions in a dynamic cyclic loading test to mimic 

materials’ exposure to vibration waves were conducted on three non- Newtonian D3O® 

elastomers. Material DRH then DBP showed the least peak impact load in all four testing 

conditions compared to DRP. The impact load value increased as the pre-compression rate 

increased except for material DBP. Material DBP maintained the same peak value and was not 

affected by the increase of the pre-compression rate, which represented a workers’ hand gripping 

the material during a riveting task. DRP and DRH were sensitive to pre-compression rate and the 

peak values increased as the pre-compression rate increased. This may indicate that the workers 

may grip harder on the material against the rivet gun’s handle and may still have the same 

dampening results when using material DBP.  

Peak loads for all material types were not affected by the low frequency impacts during 

loading impact testing compared to the effect of pre-compression which can be called the 

displacement level. DBP and DRH showed more capabilities to dampening impact than DRP. 

Impact load was generated as a result of the displacement rate of material thickness under 

loading and as a result of mechanical properties of the material. As shown in Figure 5.3, DRH 

material may be able to dampen more impact load or vibration waves during cyclic loading 

impacts similar to DBP and significantly more than DRP material as observed by the low peak 

load. The lower the impact toughness, the higher the dampening ratio (Nassef et al., 2015; Yong 

Bai et al., 2016; Özkaya et al., 2012; Klimanek et al., 2002; Wu et al., 2008; Chen Y et al., 

2017).  

DRH deviated from the preselected displacement which was seen by the flat line in 

Figures 5.6, 5.7, 5.8, and 5.9, which may be caused by the high deformability feature causing 
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less resistance during loading impacts. DRP deviated from the preselected displacement and 

because such deviation was high the material slightly tilted due to its high resistance to loading 

impacts.   

Impact load findings partially agreed with the hypothesis in section 1.4.2 stated that the 

non-Newtonian D3O® elastomer DBP will be superior in resistance to load impacts statistically 

significantly more than DRP. However, DRH showed more superiority of high resistance to 

impact loading more than DBP and DRP at 8 Hz, but DRH showed an increase in peak load at 

20% pre-compression (Figures 5.6, 5.7, 5.8, and 5.9), which was not observed for DBP. Material 

DBP seemed to acquire the most mechanical deformation history with slow accumulation of 

deformation which may enable DBP to even drop more load as the loading test progress. This 

indicated that DBP may dampen more of the impact than DRH as the loading cycles continue 

(Figures 5.6, 5.7, 5.8, and 5.9). In contrast, DBP material stopped reacting to loading and caused 

the MTS machine to end the testing session when tested under 25 Hz. DBP material showed no 

response after 75% of the first second of the cyclic loading impacts testing (i.e., after 0.75 sec. 

out of 2.8 sec. during total planned time) at 20% pre-compression, 20% displacement, and 25 Hz, 

Figure 5.10. 

DBP showed a cut off at 0.75 second when exposed to frequencies > 20 Hz. This might 

be explained by the hardening or thickening feature when exposed to rapid high impacts, which 

may have been caused by displacement rates deviation where material was not able to recover 

and return to its’ original shape (DBP deforms slowly and returns slowly to its original shape), 

which may have caused not enough contact between material and MTS cylinders and showed a 

horizontal line with no loading-unloading values. MTS contacting the material is necessary to 

collect load / displacement data, also loading dimensions or displacement rate will highly affect 
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results (Ren et al., 2016). The fluctuation of preselected displacement rate was as high as ± 8% 

and up to ± 35% observed at higher frequency than 20 Hz (Figure 5.11) (Tables 5.8 and 5.9).  

Driving one rivet takes approximately one second depending on the rivet diameter, the 

rivet length, and the type of rivet gun (Dandanell & Engstrom, 1986; Cherng et al., 2009). If 

DBP material has the capability of absorbing a significant amount of energy at the initial cyclic 

loading impact, then it is suggested to testing it in a riveting task to evaluate the reduction of 

vibration transmitted through workers’ hand. If DBP absorbed the energy during the first 0.75 

sec., this suggests that the material operation time is still enough to absorb the impacts during a 

riveting and bucking task (Figure 5.18). 

 

Figure 5.18 Time value analysis of material dampening vibration during a riveting task.  

Material DRH showed a faster recovery and stabilization time compared to DBP. This 

may suggest that DRH and DRP are capable of recovering quickly during a riveting task. At the 

same time, this may also indicate that DBP was resisting the impact longer than DRH and DRP 

and still started recovering within 2 seconds, which may indicate that DBP might be more 

effective in dampening or reducing the transmission of accelerated magnitude of vibration during 
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a riveting and bucking task because of the longer absorption time and because DRH and DRP 

still not fully recovered during the 2 seconds (Figures 5.15, 5.16, and 5.17). 

Limitations for this study include testing all materials for the study at room temperature. 

Higher or lower temperature may affect the material’s response which may cause the material to 

react differently, influencing their characteristics and responses. During testing, the D3O® 

material was laid down flat during dynamic testing, it is unknown if the material will respond 

identically when wrapped around a rivet gun handle and bucking bar. Additionally, frequencies 

used during the dynamic impact testing were somewhat lower than what a rivet gun generates. At 

the same time, the machine used for the testing had two heavy steel cylinders each with a 

diameter of at least twice the size of the hand’s palm as seen in Figure 5.2. Additionally, the 

vibration produced during the cyclic loading impacts might be different than the vibration 

produced by the hand-held percussive power tools during driving or bucking rivets. Cost was not 

analyzed in this research; it is important to note that D3O® material is more expensive than 

conventional PPE.  

5.5 Material Ideal Design 

Materials are different in energy absorption characteristics along with the property of 

comfort desired in deformation level. What is the ideal material design to provide the ideal 

displacement or deformation versus the most energy absorption? In other words, what could 

satisfy the user the most and provide the safest operation?   

It is normal to have a force / displacement curve because there will be a displacement and 

also a resistance against the impact. What would create the ideal case scenario for absorbing all 

the energy produced during an impact and have enough amount of displacement that may create 

the most comfort during an impact? 
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As shown in Figure 5.19, the absence of the force / displacement curve may lead to an 

ideal designed material of such force / displacement relationship in which to design high impacts 

absorbing material where the impact force minimized, and the displacement is maximized. For 

example, 0.7 cm thick viscoelastic material and 120 kgf impact force was plotted in Figure 5.19. 

The flat line in the figure represented that force was fully absorbed during impact, which may 

indicate that the change in kinetic energy was from 120 kgf to 0 kgf occurred. Also, this may 

indicate that material was fully displaced, the material may have damped all forces during the 

impact. 

Material DBP dampening ratio was 0.16 during static impact testing, which indicated that 

the material damped 16% of the force impact. This was considered an underdamping ratio type 

because it was below 1, which is a normal ratio type for viscoelastic material to obtain 

underdamping property (Cremer & Heckle, 1988; Adams & Askenazi, 1999; Batchmann et al., 

1995). Therefore, the damping ratio for this theoretical force / displacement material ideal design 

would be equal to 1, which is a 100% dampening of force impact or called critical damping ratio.  

                      

       Figure 5.19 Ideal force / displacement relationship for viscoelastic material. 
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The disadvantage of this scenario may be that the tactile feeling or the haptic feedback 

needed for the user to feel the handle of the rivet gun or bucking bar may be not available at the 

critical dampening condition. This scenario may also suggest that there may be a tradeoff to 

dampening all the force versus comfort or satisfaction. The more the feel of the handle is present, 

the better the performance of setting a rivet. Therefore, the ideal dampening would be difficult to 

model due to insufficient data of what dampening ratio is enough in order for a user to have 

enough tactile feeling of the handle during riveting and bucking tasks. Moreover, the ideal force / 

displacement graph may be unrealistic due to insufficient data about maximum energy 

absorption limits and unknown desired tactile feeling thresholds.  

Finally, performing a riveting / bucking task experiment with human in the loop to 

evaluate vibration transmission into riveters and buckers hand, arm, and elbow may support in 

conducting future studies of designing an ideal material for dampening vibration of such impacts. 

5.6 Conclusion 

D3O® elastomers showed similar reaction to load impact except for DRP during dynamic 

loading impacts testing. Frequency had less effect on materials compared to displacement 

represented by pre-compression rate. DBP showed higher resistance and hardening or thickening 

feature when exposed to loading under frequency > 20 Hz.  

DBP showed longer time of resistance to impact load compared to DRH and DRP and 

higher dampening of load similar to DRH and more than DRP. These results suggested that 

materials may be ranked in term of softer to stiffer as follow: 1) DRH, 2) DBP, and 3) DRP. 

Material DBP may thicken and stop recovering back to original shape during high frequency 

only when high impact loading is present. Load absorption is highly dependent on the level of 

displacement, loading dimension, and length of operation.  
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All three materials recovered to > 90% of original shape and state within 2 seconds after 

impacts. Material DRH and DRP stabilized in resisting to load similarly, DBP consumed longer 

time resisting around 8 seconds more than DRH and DRP. Material DBP deforms and returns to 

original shape significantly slower than DRH and DRP.  

All three D3O® may be recommended for evaluation in a real-life riveting and bucking 

experiment. Utilizing DBP and DRH wrapped around the rivet gun handle and the bucking bar 

may be appropriate because both materials showed softness and deformability and may act like a 

spring similar to the HAS. Using DRP as a layer of filler inside a bucking bar due to the 

consistent indications of the stiffness DRP has shown, which may be appropriate for a bucking 

bar, this may add to reducing vibration magnitude transmitted to workers’ hand-arm and elbow. 

The life expectancy of D3O® materials was beyond the scope of this study. Life expectancy 

estimation may require a longitudinal study for following up the material over a long period of 

time.  
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CHAPTER VI 

VIBRATION AND ELECTROMYOGRAPHY DURING RIVETING AND BUCKING 

USING D3O® MATERIALS 

 

6.1  Introduction 

Percussive pneumatic power tools are commonly used in aircraft manufacturing to secure 

aircraft sheet metal using fasteners called rivets. The installation of rivets requires a riveter and a 

bucker to set the rivet using a rivet gun and a metal bucking bar. This operation is repeatedly 

performed during each working day and each driven rivet produces approximately 230 kgf-cm 

during shooting the rivet’s head that would spread around the workers’ upper extremities, the 

bucking bar, and around the surrounding metal area of the gun (Cherng et al., 2009; Griffin, 

1980). These forces consist of low frequency (Dandanell & Engström, 1986; Griffin, 1980; 

Kattel & Fernandez, 1999) and high frequency components (Dandanell & Engström, 1986) with 

high vibrational impact forces transmitted to workers’ hand-arm and elbow. 

Vibration that is produced and transmitted to workers’ hands-arm system from vibratory 

power tools that are used in many manufacturing occupations is an issue that remains a risk to 

workers’ health and safety. Health and safety principles that protect human workers are violated 

by not limiting the exposure to risk factors such as repeated exposure to vibration, awkward 

postures, stress, and forces that can lead to injuries and work-related musculoskeletal disorders 

(WMSDs). Diseases of occupational origins caused by exposure to hand-arm vibration (HAV) 

include vibration induced white finger (VWF) or a secondary diagnosis called Raynaud’s 

Phenomena, hand-arm vibration syndrome (HAVS), carpal tunnel syndrome (CTS), traumatic 

vasospastic disease, and dead hand (Pelmear et al., 1998). Vascular and/or neural symptoms can 

develop within 10 years depending on level of vibration exposure, and additional ergonomic 
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stressors (ISO 5349-1, 2001a; Dandanell et al., 1986, Bylund et al., 2002; Cherniack et al., 

2004).  

There have been various ergonomic interventions to evaluate and reduce transmitted 

vibration to reduce WMSDs using different types of PPE materials, different redesigned tools, 

and laboratory methodology development and ergonomic training practices (Melhorn, 1996; 

Jorgensen & Visvanathan, 2005; Jorgensen & Khan, 2008; Hull, 2007; Jorgensen & Moag, 2009; 

Dale et al., 2011; McDowell et al., 2012; McDowell et al., 2015). 

The objective of this experiment is to evaluate D3O® materials in a real-world riveting 

and bucking task utilizing materials that were shown in materials testing to offer promising 

dampening characteristics. More specifically, these results showed that D3O® materials may 

reduce the low frequency, high vibrational impact forces during riveting and bucking tasks in 

aircraft manufacturing more than some conventional materials on the market. At the same time, 

these materials did not undergo high frequency impact testing, which may be produced during 

riveting and bucking tasks. Thus, it is still unknown how this type of frequency may impact 

materials’ dampening characteristics.  

6.2  Industrial Vibration Data  

Preliminary vibration data were provided from a local aircraft manufacturing that used 

D3O® protective materials in a riveting and bucking task. The data that were provided suggested 

that a larger experimental study be designed and conducted in an aircraft manufacturing 

environment with experienced sheet metal participants performing a riveting and bucking 

experiment utilizing the non-Newtonian D3O® viscoelastic materials to evaluate hand-arm and 

elbow vibration transmission from rivet guns and bucking bars. Some conventional materials 

available today may meet the published minimum standards for vibration exposure values. 
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Reaching the minimum protection, however, may not be enough due to the high number of 

reported injury cases that were related to vibration exposure and over exertion, which was 

295,000 nonfatal cases during the year 2018 (BLS, 2019).  

The non-Newtonian D3O® materials have more than one property benefit compared to 

some conventional materials. Deformability with higher viscosity level when low impact forces 

are applied, at the same time, its higher elasticity when high impact forces occur are unique 

features that distinguish D3O® material from other traditional elastomeric/viscoelastic material. 

D3O® material can resist high impact forces due to its hardening mechanism (e.g., it locks and 

becomes rigid) if hammered with high force impact, which may help reduce the high vibrational 

impacts a rivet gun or bucking bar may produce. At the same time, this material may allow 

imprinting when enfolded by a normal handgrip, which may help reduce the gripping force 

during riveting and bucking task and may help reduce vibration transmission. The static and 

dynamic testing revealed that D3O® materials may still be dampening impacts when hard 

gripping occurs (i.e., DBP material). Also, the results suggested that the materials may not be 

sensitive to the low vibration frequency that may be more transmissible to workers’ upper 

extremities.  

The provided vibration and EMG data were based on a single data point for using the 

bucking bar utilizing D3O® materials. However, the data provided for the use of the material 

during riveting had five data points utilizing D3O® for the hand and elbow collected from a 

single experienced sheet metal mechanic.  

Hand-Arm and Elbow Vibration Data 

Vibration data were collected by using a tri-axial accelerometer attached and secured near 

the workers’ middle knuckle to collect the mean frequency-weighted acceleration vibration 
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transmitted to workers’ hand, and another tri-axial accelerometer was secured near the elbow to 

collect mean frequency-weighted acceleration vibration transmitted to workers’ elbow during 

riveting and bucking task. D3O® materials were wrapped around the rivet gun’s handle (i.e., 

DBP and DRH) and inserted as a layer inside the bucking bar (i.e., DRP) during the riveting and 

bucking task. The sheet metal mechanic shot five consecutive rivets bare hand and using D3O® 

materials (i.e., DBP and DRH) and bucked only one rivet bare hand using D3O® materials (i.e., 

DBP and DRP).  

     

Figure 6.1 Mean frequency-weighted acceleration vibration at the hand during rivet gun use. 

 

TABLE 6.1  

 

MEAN (SD) FREQUENCY-WEIGHTED ACCELERATION VIBRATION 

 AT THE HAND IN M/S2 DURING RIVET GUN USE 
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As shown in Figure 6.1 and Table 6.1, the D3O® (i.e., DBP) reduced the transmitted 

vibration approximately 50% of the amount of mean frequency-weighted vibration to the hand 

across all three axis (X axis produce more accelerated vibration) as well as the resultant 

acceleration vibration compared to using no protection (bare hand condition), and DBP material 

on the rivet gun handle also reduced transmitted vibration compared to DRH material, which was 

also a D3O® protective material that showed a higher dampening ratio during the static and 

dynamic testing. Additionally, DRH material showed a reduction in the magnitude of the 

vibration transmitted compared to workers using the rivet gun with no protection. 

 
 

Figure 6.2 Mean frequency-weighted acceleration vibration at the elbow during rivet gun use. 

 

TABLE 6.2  

 

MEAN (SD) FREQUENCY-WEIGHTED ACCELERATION VIBRATION 

 AT THE ELBOW IN M/S2 DURING RIVET GUN USE 
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As shown in Figure 6.2 and Table 6.2, the D3O® transmitted reduced the amount of mean 

frequency-weighted vibration transmitted to the elbow, where both DBP and DRH reduced the 

amount of vibrational forces across all axes (Y axis produces more vibrational forces than X and 

Z) compared to riveting a fastener using no protective material. DBP material resulted in less 

vibration than both DRH and bare hand with no protection.  

                 

Figure 6.3 Mean frequency-weighted acceleration vibrations at the hand during bucking bar use. 

 

                                                         TABLE 6.3 

MEAN (SD) FREQUENCY-WEIGHTED ACCELERATION VIBRATION 

 AT THE HAND IN M/S2 DURING BUCKING BAR USE 

 

        

Data provided also shows that the dilatant-based material (i.e., D3O® materials) 

contributed to vibration transmission reduction for the hand and elbow during a bucking task 
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using a bucking bar, which was indicated in Tables 6.3 and 6.4. Reduction of vibration was 

>50% on the resultant vibration magnitude for the hand when using both DBP and the bucking 

bar handle and using DRP inserted in the bucking bar. A reduction of more than 50% using DBP 

alone at the bucking bar and the reduction of the impact was also more than 50% when material 

DRP was inserted at the bucking bar along with DBP material at the bucking bar handle, which 

reduced a high amount of accelerated vibrational forces at the elbow compared to using no 

protection. Bucking bar hand and elbow data were collected from a single data point as the 

mechanic bucked a single rivet for each DBP and DBP with DRP (Figures 6.3 and 6.4). 

 
 

Figure 6.4 Mean frequency-weighted acceleration vibrations at the elbow during bucking bar 

use. 

 

TABLE 6.4  

 

MEAN (SD) FREQUENCY-WEIGHTED ACCELERATION VIBRATION 

 AT THE ELBOW IN M/S2 DURING BUCKING BAR USE 
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Electromyography Data 

During the same riveting and bucking task, electromyography (EMG) data were collected 

from workers’ flexor and extensor muscles using two EMG sensors that were attached and 

secured to the workers’ forearm. These sensors captured signals that represented workers’ 

muscles electrical activity required to grip the rivet gun’s handle or bucking bar. D3O® materials 

were wrapped around the rivet gun’s handle (i.e., DBP and DRH) and inserted as a layer inside 

the bucking bar (i.e., DRP) during the riveting and bucking task. The sheet metal mechanic shot 

five consecutive rivets bare hand and using D3O® materials (i.e., DBP and DRH) and bucked 

only one rivet bare hand using D3O® materials (i.e., DBP and DRP).  

 
 

Figure 6.5 Mean and maximum flexor and extensor EMG values during bucking bar use. 

 

TABLE 6.5 

 

MEAN AND MAXIMUM FLEXOR AND EXTENSOR 

 EMG VALUES (MV) DURING BUCKING BAR USE 
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As shown in Figure 6.5 and Table 6.5, a single data point was obtained for the electrical 

activity of the forearm extensor and flexor muscles during bucking using the bucking bar. The 

represented data may indicate that there was a consistent decrease on the amount of electrical 

muscle activity of the grip flexor muscles across all conditions using either DBP or DRH 

elastomers.  

 
 

Figure 6.6 Mean and maximum flexor and extensor EMG values during rivet gun use. 

 

TABLE 6.6 

 

MEAN AND MAXIMUM FLEXOR AND EXTENSOR 

 EMG VALUES (MV) DURING RIVET GUN USE 

 

         
 

These findings are consistent with results from the static and dynamic testing on the 

D3O® materials. As shown in Figure 6.6 and Table 6.6, DRH material contributed to an increase 
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of the extensor muscle electrical activity compared to the DBP material and bare hand 

conditions. DBP did not reduce the amount of muscle activity required to grip the gun’s handle 

but did not contribute to an increase of the extensor muscle electrical activity. 

DBP material indicated the locking and thickening mechanism, showed the slow 

penetration through its body during a single and dynamic impact, and had lowest time to reach 

the peak force impact which are all indications of a better energy absorbency compared to 

conventional elastomers. This is also consistent with the finding from previous studies that 

showed D3O® material superiority in reliability and impact absorption (Tyler et al., 2015; Kajtaz 

et al., 2015; Gondaliya et al., 2015; Venkatraman et al., 2016; Gondaliya, 2016; Tan et al., 2017) 

These initial findings suggest the D3O® materials may contribute to reduce the vibration related 

risk that may aid in reducing work-related injuries and WMSDs. 

6.3  Methodology 

Based on the initial findings from the vibration and EMG data provided by the local 

aircraft manufacturer, a larger study will be designed. Human participants will perform a riveting 

and bucking task using a percussive pneumatic rivet gun and a bucking bar to assess the 

vibration transmitted through the riveters’ and buckers’ hand-arm and elbow, muscle activity, 

and to obtain participants’ perception by collecting rating and ranking data about utilizing the 

D3O® materials. 

Intervention Materials Preparation 

Three elastomeric non-Newtonian D3O® materials will be utilized where product is 

claimed to protect the human body against a sudden impact: 1) D3O® Rifle Harness (DRH), 2) 

D3O® Recoil Pad (DRP), and 3) D3O® back protector (DBP).  
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As shown in Figure 6.7, DBP and DRH of the D3O® materials will be standardized to the 

same dimension of 16.51 × 8.89 × 1.1 cm to be used around the rivet gun handle. DBP and DRH 

were designed to be used for the gun’s handle, therefore, edges will be trimmed to allow access 

to the rivet gun's trigger and also to provide an even seam when the material is folded around the 

rivet gun's handle. Additionally, there is an extension of an extra material that has not been cut 

that measures 3.00 × 3.00 × 1.1 cm to allow the riveter holding onto the top side of the rivet gun 

using the thumb (Figures 6.7 and 6.8).  

 

   Figure 6.7 D3O® materials (DBP and DRH) used at the rivet gun handle. 

 

 

Figure 6.8 D3O® materials wrapped around the rivet gun handle. 
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Material DRP was cut to match the size of the bucking bar (5.08 × 2.54 × 1.1 cm) which 

will be inserted in the bucking bar and be secured between the handle of the bar and the striker 

using two Allen key screws, a design adapted from Jorgensen & Moag (2009) (Figure 6.9). DBP 

and DRH were also cut (10.5 × 5.08 × 1.1 cm) to fit around the bucking bar handle, however 

there will be no materials covering the sides of the bucking bar as well as the upper side of the 

handle (Figure 6.9). The placement and location of the D3O® materials around the bucking bar 

was based on feedback provided by an experienced sheet metal worker. 

                  

Figure 6.9 Steel bucking bars to be used for bucking (standard bar bare hand, with DRP inserted, 

and with DBP and DRH wraps). 

 

Intervention Materials Set-up 

The intervention selected material DBP and DRH will be cut to be firmly placed around 

the rivet gun’s handle using two tie straps, which was found to be more reliable than using a 

double-sided tape (Figure 6.8). DBP and DRH will also be wrapped around the bucking bar  

firmly placed with one tie strap and there will be 1.5 cm distance without material between the 

upper side of the bucking bar handle and the wrapped around material (Figure 6.9). This was 

based on buckers' preference suggested that such an approach may allow for a better grip during 

holding the bucking bar (the bucker's fingers will not reach the upper area of the bar handle). As 
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shown in Figure 6.9, the steel bucking bars to be used are 8.89 × 5.08 × 2.54 cm with an option 

to insert a strip of DRP material secured with two Allen screws. Another identical steel bucking 

bar will be used for the baseline bare hand condition, the two bucking bars are identical in shape 

and in weight (0.227 kg).  

Riveting and Bucking Intervention conditions 

These materials were tested in a static single impact and dynamic multiple impacts at 

frequencies that may be similar to frequencies produced by rivet guns and bucking bars. This 

intervention may reduce vibration-acceleration magnitude exposure and provide enough tactile 

feeling to set a quality rivet during riveting and bucking tasks unlike some conventional 

materials that are available on the market due to the superiority in dampening impacts, which 

was previously showed in static and dynamic material testing results and in the initial vibration 

and EMG data that was provided by a local aircraft manufacturing company.  

The experiment will include the following four conditions for riveting and for bucking 

tasks (Table 6.7): 

1- Bare hand on rivet gun’s handle and bare hand using a standard bucking bar. 

2- DBP material wrapped and secured around the rivet gun’s handle and DRP material 

inserted in the bucking bar. 

3- DRH material wrapped around the rivet gun handle and DRP material inserted in the 

bucking bar while using DBP material around the bucking bar. 

4- Anti-vibration full fingers glove worn when using the rivet gun handle and DRP 

material inserted in the bucking bar while using DRH material around the bucking bar.  

Material DBP seemed to be more suitable to be gripped from the grooved side based on feedback 

from sheet metal mechanics, therefore, DBP was attended with the groove side facing riveters  
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and buckers hand palm (Figure 6.8). 

TABLE 6.7 

EXPERIMENT INDEPENDENT VARIABLE LEVELS FOR GUN AND BUCKING BAR  

 

6.3.1  Participants  

48 sheet metal aircraft structure mechanics (24 riveters and 24 buckers) with minimum 

experience of six months will be recruited to participate in this study. The selection of sample 

size was based on power analyses that was performed using the preliminary data reported earlier 

in this chapter. A priori power analysis was performed using G*Power 3.1.9.4 (Faul et al., 2007) 

to test the difference between four independent intervention conditions mean values (the 

resultant vibration magnitude transmitted to the hand and elbow and EMG results for the forearm 

flexor and extensor muscle groups electrical activity) using an F test, medium effect size (f = 

.25), and an α of .05 (Type I error). Power analysis results showed that a total sample of 24 

participants for the riveting intervention and 24 participants for the bucking intervention with 

80% power to be observed (1- β = 0.80). These inputs and a sample size of 24 resulted in an 

actual observed power of 0.817. 

Selecting a medium size effect during the power analysis was based on the preliminary 

vibration and EMG data, which was observed after performing repeated measure ANOVA. 

These data showed that EMG extensor muscle electrical activity and hand and elbow vibration 

magnitude had a medium size effect, however, the EMG flexor muscle electrical activity had a 

large effect size, which was indicated by the indicated difference that material DRH had during 
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the riveting task (Figure 6.6 and Table 6.6). Selecting a medium effect for determining the 

sample size may be appropriate to capture that medium effect for all dependent variables 

including the flexor muscle electrical activity. On the other hand, selecting a large size effect will 

require 10 riveters and 10 buckers, a smaller sample size, which may be inappropriate because 

the medium size effect for the EMG extensor muscle electrical activity and hand and elbow 

vibration magnitude may be neglected. Additionally, the extensor muscle from the preliminary 

data showed a high variability and did not meet the homogeneity or sphericity when repeated 

measures ANOVA were performed. The sphericity was adjusted during G*power analysis, 

which was a factor that also contributed to increase the required sample size. 

Prior to recruitment of participants, a screening questionnaire will be completed and a 

brief medical history form to fill out, consisting of information such as age, height, weight, 

previous injuries, and recent pain level in joints. Any sort of previous or current movement 

disability or musculoskeletal disorders that affect a participant's hands, arms, and shoulder 

(upper extremities) normal activities will result in exclusion from participating (see Appendix 

A). Participants will perform riveting / bucking practice trials prior enrolling in the study. Any 

noticeable sign of pain, numbness, discomfort, or difficulties in moving both hands during the 

practice trials will result in exclusion of this study.  

6.3.2  Experiment Set-up  

 All sheet metal test panels are made of aluminum alloy, approximately 27.94 × 15.24 cm 

and 0.381 cm thick, and the riveting will be performed to join two sheets together. Sheets will be 

pre-drilled with 3 columns and 10 holes per column. BJ 5-4 MS20470AD rivets will be inserted 

into the holes (hold two aluminum sheets fixed to align holes using Clecos). Each aluminum test 

sheet will be located in a window panel and clamped at all four sheets’ corners to standardize 
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testing by avoiding panel movement during riveting and bucking. As shown in Figure 6.10, the 

rivet gun to be used in this study will be an Avro 2X with a tungsten piston. This rivet gun was 

selected as it is a very common rivet gun used in aircraft manufacturing.  

 

Figure 6.10 Avro 2X rivet gun to be used for riveting. 

A height-adjustable stand will be utilized at a sheet metal assembly station to allow 

standardization of hand, wrist, arm, and elbow posture. The elbow posture is will be a 90° angle 

with 0° shoulder abduction (Adewusi, 2009) at the middle rivet #5. The riveting and bucking 

task will start from top rivet #1 and work downward to rivet #10. A clamp panel (available at 

Wichita State University TECH) sheet metal assembly may be used for riveting and bucking. 

The clamp panel would allow for the convenience in standardizing the heights of participants. 

6.3.3  Experimental Equipment 

The following equipment will be used for vibration and electrical muscle activity data collection:  

Accelerometers 

Two tri-axial accelerometers will be used to measure the amplitude and frequency of 

vibration transmitted to participants’ hand and elbow in three orthogonal axes (x, y, and z). One 

accelerometer (type S3-1000G-HA, S/N M07778 filter 2 to 5000Hz, Biometrics LTD) will be 
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utilized to collect vibration data from the participant’s hand. A second accelerometer (type S2-

10G-MF, S/N M05630, filter 100, 500, 1250HZ, Biometrics LTD) will be utilized to collect 

vibration data from the participant’s elbow. Vibration signals will be recorded by a Biometrics, 

Ltd. DataLog portable device P/N: MWX8 S/N: M18534 2016-09. The accelerometer voltages 

will be collected at 5,000 Hz at the elbow and 10,000 Hz at the hand. 

Electromyography (EMG) 

The dominant forearm flexor digitorum superficialis and extensor digitorum muscle 

groups will be examined by using two EMG sensors (type SX230-1000 Biometrics Ltd. 

Bandwidth 20-450 Hz) to assess flexor and extensor muscles electrical activity. The same 

Biometrics dataLog device that will be used to collect vibration data will be used to collect 

EMG voltages at 1,000 Hz.  

Non-Newtonian D3O® Intervention Material 

Three elastomers will be used to test for vibration transmission to the hand and elbow 

during the riveting and bucking tasks. DBP and DRH will be wrapped around the rivet gun’s 

handle and the bucking bar. DRP will be used as an insert insulation layer in the bucking bar. 

 These materials are dependent on shear rate history, which gives it a unique property 

compared to other elastomers in reaction to impacts and shock absorption. This means that the 

elasticity and viscosity behavior are quite different from conventional elastomers such as silicone 

and rubber type materials. DBP, DRH, and DRP materials were statically and dynamically tested 

for the evaluation of material mechanical property in terms of energy absorbency in dampening 

vibration and resistance to impact load. The result showed a significant superiority in energy 

absorption compared to other conventional elastomers. 
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This intervention will also be compared to an anti-vibration glove (VibrastopTM) 

available in three sizes, small, medium and large, to accommodate participants’ hand size. These 

gloves were provided from Superiorglove® at no cost (Figure 6.11). These gloves were recently 

modified and declared to meet the ISO 10819 (1996) and the ANSI standard S3.40 for vibration 

reduction. These gloves have high ratings on the manufacturer’s web page and also from users.  

                                   

Figure 6.11 Anti-vibration glove (vibrastopTM) provided from Superiorglove®. 

6.3.4  Procedure 

Each riveter will drive ten consecutive rivets for each riveting intervention condition and 

each bucker will buck ten rivet butts for each bucking intervention condition. The same bucker 

will perform all the bucking during the riveting intervention conditions (24 riveting participants) 

and the same riveter will perform all the riveting during all the bucking intervention conditions 

(24 bucking participants). This will help in reducing the variability of data collected. 

Additionally, there is one biometric data logger to collect vibration and EMG data from one 

participant at a time during each intervention condition. Riveters and buckers will have the 

autonomy to choose their own techniques at their own preferred pace during riveting and 

bucking interventions, which may contribute to collecting more realistic vibration and EMG 

data. 
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Vibration Data Collection 

The 1000G accelerometer will be firmly placed with aviation tape to the top of the 

dominant hand at the distal end of the third metacarpal phalangeal joint that is holding the rivet 

gun handle / bucking bar. The 10G accelerometer will be firmly placed close to the lateral 

epicondyle of the dominant forearm (Figure 6.12). 

The orthogonal directions X, Y, and Z of the vibration waves coming from the rivet gun 

or the bucking bar for the hand and elbow relative to the location the accelerometers attached are 

shown in Figure 6.12. At the hand, vibration in the X-direction travels forward and aft, vibration 

in the Y-direction travels laterally, and vibration in the Z-direction travels vertically. At the 

elbow, vibration in the X-direction travels laterally, vibration in the Y-direction travels forward 

and aft, and vibration in the Z-direction travels vertically. 

   

    Figure 6.12 Vibration directions relative to the location of accelerometers and EMG sensors  

     locations. 
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EMG Data Collection 

As recommended by Zipp (1982), bipolar surface EMG electrodes will be placed over the 

dominant forearm flexor and extensor muscle groups by a double-sided tape. The inter-electrode 

exact mid-point (i.e., between electrode’s two sensors) will be placed over the largest part (bulk) 

of forearm flexor and extensor muscle groups. A ground electrode will be positioned close to the 

lateral epicondyle of dominant arm by using an elastic strap.  

Prior to collecting the EMG data while riveting / bucking, a baseline will be estimated for 

each condition of the experiment. EMG data will be collected and recorded while a participant is 

holding the rivet gun and bucking bar for each condition. This is because the flexor and extensor 

muscles are highly dependent on the amount of hand force grip. Therefore, each participant will 

hold the rivet gun bare hand, with a glove, and with the intervention non-Newtonian D3O® 

elastomer materials wrapped around the handle. In addition, each participant will hold the 

bucking bar bare hand and with the intervention non-Newtonian D3O® elastomeric materials 

wrapped around the bucking bar. This baseline will be used to compare the gripping force 

increase during riveting and bucking. 

EMG Maximum Voluntary Contraction 

Participants will be asked to exert a maximum power grip on a dynamometer for five 

seconds (maximum grip exertion) to assess and record participants’ maximum voluntary 

contraction (MVC) of the flexor muscle group during a neutral wrist posture. Participants will 

also perform maximum wrist extension (from a neutral position) against resistance to obtain the 

extensor muscle group MVC. Two repetitions of the MVC for the flexors and extensors will be 

performed. 
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Usability Measures 

Forty-eight participants (24 riveters and 24 buckers) will fill out a user feedback 

questionnaire. Usability subjective measure will take place after each participant has driven / 

bucked the ten-rivet column. Questionnaire will cover four areas each of which has a set of one 

question that will be analyzed to be investigated along with the quantitative measures. The 

qualitative areas are: 1) users’ perceived level of exertion, 2) perceived tactile feedback, 3) 

quality of rivet perceived represented by the level of satisfaction perceived, and 4) likelihood of 

future use. Participants will also be asked to rank the materials (i.e., best to worst) used during 

riveting and bucking.  

Rating Data Collection. Riveters and buckers will each be surveyed four times during the 

experiment, after four different interventions for riveters and for buckers. Perception of rivet 

quality, tactile feedback, exertion, and satisfaction will be assessed using a 7 point Likert scale 

for each intervention for both riveters and buckers respectively. After reviewing the quality of 

each rivet for each trial (i.e., a column of ten rivets), the riveters and buckers will be asked to 

come to an agreement about the quality of rivets produced. 

Rating Questions (see Appendix B): 

1- What is your perceived exertion during riveting / bucking? 

2- What is your perceived tactile feedback during riveting / bucking? 

3- How satisfied do you feel about the quality of the rivets you produced? 

4- How likely would you be to use this material in the future? 

Ranking Data Collection. Participants, both riveters and buckers, will also rank the 

materials they used after performing the four interventions (total of 40 rivets). Participants will 

indicate on a scale 1-4 (1 being the best and 4 being the worst), which materials they preferred to 
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use (see Appendix C). Participants will be informed about both rating and ranking procedure 

prior to starting the data collection. These subjective measures will be compared to the objective 

measures (vibration and EMG data) for each specific intervention to evaluate the consistency 

between the objective and subjective measures. 

6.3.5  Experimental Variables 

The independent variable of this study is the intervention type material type with four 

levels (Table 6.8). The dependent variables include: 1) the frequency-weighted resultant 

vibration acceleration data, 2) normalized EMG data for forearm flexor and extensor muscles, 

and 3) subjective rating and ranking feedback. 

TABLE 6.8 

EXPERIMENTAL VARIABLES FOR RIVETING AND BUCKING INTERVENTION 

Variable Type Variable Name 

Riveting 

Intervention 

Condition 

Bucking 

Intervention 

Condition 

Independent 

variable 
Intervention Type 

Rivet gun bare hand 
Standard bar bare 

hand 

DBP on rivet gun 

handle 
DRP in bucking bar 

DRH on rivet gun 

handle 

DRP in bucking bar 

while DBP on the 

bucking bar 

Glove on rivet gun 

handle 

DRP in bucking bar 

while DRH on the 

bucking bar 

Dependent 

variables 

Vibration magnitude m/s2   

Normalized EMG   

Rating / Ranking value   

 

6.3.6  Experiment protocol 

Participants will attend a briefing about the study objectives before signing the consent 

form, which will be submitted for approval by the Wichita State University Institutional Review 
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Board (IRB) for human subjects experiment (see Appendices D and E). Participants also will 

take time to complete a brief health questionnaire, which will decide whether or not appropriate 

to recruit the participant in the study. Participants will take as long as needed to practice riveting 

and bucking for all design conditions before the experiment data collection begins. The height of 

the stand panel will be adjusted as required to fit each participant; the same test panel will be 

used for all testing conditions. 

Participants will be divided into two groups, 24 riveters and 24 buckers. Riveters will 

drive ten set of rivets in a column over an aluminum sheet using each level of the independent 

variable of the study (intervention type). Buckers will buck ten rivets butts in a column over an 

aluminum sheet using each level of the independent variable of the study (intervention type). 

Riveters and buckers will perform the riveting task simultaneously (i.e., the riveter will drive the 

rivet and at the same time the bucker will buck the rivet butt) During the riveting intervention 

performance, the same bucker will be performing all the bucking of rivets using the appropriate 

bucking bar intervention for all riveting intervention conditions. During the bucking intervention 

performance, the same riveter will be performing all the riveting using the same rivet gun used 

for this study.  

The order will be selected randomly for both riveters and buckers with randomly selected 

independent variable level. The data will be collected one at a time from either the riveter or the 

bucker. Each participant will be given a break time as necessary and a counterbalance will be 

considered for the order of the trials. 

A combination of independent use of the intervention material will be utilized by 

alternating between the riveter and bucker. The same rivet gun and bucking bar will be used 
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throughout the study (the standard bucking bar is identical in shape and weight to the insulated 

bucking bar) (Figure 6.9). 

6.3.7  Data analysis 

 This section will indicate how the quantitative and qualitative data will be examined and 

evaluated followed by the statistical analysis procedure.  

Vibration Data Analysis 

The data collected from driving and bucking rivets will be imported form the DataLog 

portable device’s memory card uploaded into the Biometrics Ltd. Data logger software, version 

9.01 (NexGen Ergonomics, Montreal Canada). Vibration signals will be downloaded and opened 

in (.RWX) files (Figure 6.13), then will be saved into (.log) for analyzing each rivet separately 

using the Data logger software and then using the ISO5349 (2001) method via Vibration 

Analysis ToolSet (VATS, version 3.4.3, NexGen Ergonomics, Montreal Canada). Signals will 

have a start time leader, vibration data, and end time leader; full signal need to be saved in a 

(.log) file then used in VATS to record offset values for the accelerometer data (in the X, Y, and 

Z directions) for each driven rivet (Figure 6.14). Then, another start time and end time leader 

(.log) file for the same rivet will be created by cutting the non-vibration data time from both ends 

and key enter the offset values recorded from previous (.log) file for the accelerometer data (in 

the X, Y, and Z directions) for each driven rivet to show vibration data at start time zero (Figure 

6.15) with consideration to change the sign prior to entering the offset (negative offset will be 

positive and vice versa) (Figure 6.16). 

Filtering characteristics: Butterworth filter (2nd order, 1-2,500Hz. for elbow and 1-

5,000Hz. for the hand), window bin size of 1024 data point, a Hanning filtering window, ISO 

5349 (2001) frequency weighting for each axis, 1/3 Octave band graph style, average RMS 
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acceleration for the X, Y, and Z axis, and the RMS weighted resultant frequency. Tabulated data 

will be automatically created in the VATS software and imported into an Excel sheet for each 

individual rivet for further analysis.  

          

Figure 6.13 Raw accelerometer vibration results from 9 rivets (Adapted from Jorgensen & Moag, 

2009).  

Note: The colors represent a different signal for the hand accelerometer and elbow accelerometer 

(red signal in the X-direction, green in the Y-direction, and blue in the Z-direction; elbow 

accelerometer: purple X-direction, yellow in the Y-direction, and light blue in the Z-direction). 

 

     

   Figure 6.14 Hand vibration data single rivet with a leader (accelerometer data for the hand in  

   the X-direction). 
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    Figure 6.15 Hand vibration data single rivet zeroed with no leader (accelerometer data for the    

   hand in the X-direction). 

 

 

Figure 6.16 Offset adjusted to zero each axis prior to calculate vibration resultant magnitude. 

After the mean frequency-resultant weighted acceleration for vibration data is analyzed 

across all participants, a one-way repeated-measures ANOVA technique will be utilized to 

compare the mean frequency-weighted resultant vibration acceleration data across all the 

intervention type conditions. The level of significance for all the analyses will be at 95%, α = 

0.05 (Type I error). Additionally, a simple linear regression (correlation analysis) will be 

performed to evaluate if there is a correlation between numbers of years of experience and 

recorded vibration data. Statistical analysis will be performed using 2017 

IBM® SPSS® Statistics software package version 25. Post-hoc analysis will be performed if 
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there was a statistically significant effect on either of the dependent variables as a contribution of 

the interaction between any two of the intervention levels. 

EMG Data Analysis 

Forearm flexor and extensors muscle groups electrical activity will be performed in the 

Biometric Ltd. data logger software, (version 9.01 NexGen Ergonomics, Montreal Canada) 

(.RWX) file (Figure 6.17). The EMG sensors' design results in a band pass filtered signal 

between 20 and 450 Hz. The EMG signals will then be rectified and smoothed with a 60 

m/second moving average for MVC trials for both extensors and flexors muscle groups electrical 

activity data using the same Biometric Ltd. data logger software. As shown in Figure 6.18, the 

peak and the mean EMG value for each observation will be derived by the maximum EMG value 

obtained from the MVC trial, resulting in a normalized EMG value. This will be performed for 

both flexor and extensor muscle groups. 

                   
 

Figure 6.17 Raw forearm flexor EMG data for a column for 9 rivets. 

After determining the mean normalized EMG signal across the participants, one-way 

repeated-measures ANOVA technique will be utilized to compare EMG data for muscle activity 
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of the flexor and extensor muscle groups across all intervention type conditions. Additionally, a 

simple linear regression (correlation analysis) will be performed to evaluate if there is a 

correlation between numbers of years of experience and recorded EMG data. Statistical analysis 

will be performed using 2017 IBM® SPSS® Statistics software package version 25. The level of 

significance for all the analyses will be at 95%, α = 0.05 (Type I error). Post-hoc analysis will be 

performed if there was a statistically significant effect on either of the dependent variables as a 

contribution of the interaction between any two of the intervention levels. 

 

 

Figure 6.18 Flexor and extensor muscle groups results after rectified and smoothed. 

Usability Data Analysis 

Perceived exertion measures, rivet quality, tactile feedback, and likelihood of 

future use each of which will be analyzed using repeated-measures ANOVA and a post 

hoc test. Ranked preferences will be analyzed using a Chi Square χ2. The level of 

significance for all the analyses will be at 95%, type I error a = 0.05. Statistical analysis 

will be performed using 2017 IBM® SPSS® Statistics software package version 25. 
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CHAPTER VII 

GENERAL DISCUSSION AND CONCLUSIONS 

 

7.1  General Summary 

The materials’ static and dynamic impact testing were performed to evaluate the 

mechanical properties of D3O® materials and traditional silicone materials. Materials mechanical 

properties vary from one type of material to another in which what material has the highest 

energy of impacts absorbency and what material has superiority in resistance to impact force.  

D3O® materials were selected to be tested for dynamic loading to evaluate force impact 

resistance after the materials showed dampening characteristics during the static low velocity 

impact testing. The dampening mechanism, high impact force absorption, and other features such 

as hardening mechanism to sudden impact, slow deformation and slow return back to original 

shape were features that were observed during material testing.  

Additionally, a proposal was developed to utilize D3O ® materials as intervention 

materials that may reduce low frequency, high impact vibration during riveting and bucking 

using rivet guns and bucking bars in an aircraft manufacturing environment.  

Moreover, the large study proposal also included a questionnaire to assess the comfort 

level of utilizing D3O® materials. The questionnaire was designed to target the user feedback in 

four areas: level of tactile feedback perceived, quality of final product while using the 

intervention material, level of exertion perceived, and likelihood of future use of the intervention.  

A few studies were found in the literature that have tested D3O® material to low velocity 

single impacts, however, there are no studies in the literature that tested such materials 

dynamically in a loading-unloading protocol to simulate materials exposure to vibration such as 
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in a riveting and bucking tasks. Therefore, performing a cyclic loading impact test was necessary 

to evaluate the materials’ ability in dampening and in resistance to multiple impacts, especially 

after the dampening characteristics observed during the static testing.   

Each hypothesis was derived from the information available in the literature generally 

about the viscoelastic material behavior and studies that that used D3O® materials to evaluate the 

energy absorbency features. Three series of studies, two of which were performed to test the 

material mechanical properties and the third study provided a full in detail proposal for an 

implementation of the ergonomic intervention for vibration reduction. 

 Studies hypotheses were as follow: 

Hypothesis 1: The non-Newtonian D3O® elastomers will absorb the impact energy and displace   

                        the load significantly more than the conventional silicone elastomers. 

Hypothesis 2: The non-Newtonian D3O® elastomer DBP will have lower peak load during cyclic 

loading impacts when compared to other non-Newtonian D3O® elastomers DRH   

and DRP. 

Hypothesis 3: The vibration transmitted to the hand-arm and elbow through the non-Newtonian  

                        D3O® elastomer will be significantly less than conventional anti-vibration PPE  

                        without affecting the required amount of forearm muscles activity. 

7.2  Material Testing Findings 

The studies conducted in this dissertation resulted in significant findings in regard to the 

mechanical properties of D3O® materials. D3O® materials are superior to some conventional 

materials that are used for vibration dampening because of the capability of high dampening of 

impact forces with longer resistance duration, which may have an impact on reducing the 

intensity of transmitted vibration reaching workers’ hand-arm and elbow from low and high 
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frequency impact hand-held power tools. These significant findings were the answers to the 

research questions in this dissertation, which is described next.  

7.2.1  Research Question 1: Do the elastomeric non-Newtonian D3O® materials provide 

better mechanical properties: more energy absorption and more load displacement during 

a single low velocity impact (static test) compared to other silicone-like conventional 

materials commercially available on the market?  

Results indicate that there is a statistically significant difference between non-Newtonian 

D3O® materials mechanical properties (i.e., energy absorbency represented by the area under the 

curve and deformability) compared to some conventional anti-vibration materials available on 

the market. The dampening ratio calculated for each of the three D3O® materials (DBP, DRH, 

and DRP) was also statistically significantly higher compared to the silicone materials (SFP and 

SSP). Results found in this dissertation are consistent with recent studies found in the literature 

(Tyler et al., 2015; Kajtaz et al., 2015; Gondaliya et al., 2015; Venkatraman et al., 2016; 

Gondaliya, 2016; Tan et al., 2017) in terms of the higher absorbency level of D3O® materials 

compared to some other conventional elastomers. 

As discussed in section 4.4, the 0.05 dampening ratio of the silicone materials that was 

obtained from the spring constant calculation is consistent with previous studies in the literature, 

which was reported as a range between 0.04 and 0.07 (Cremer & Heckle, 1988; Adams & 

Askenazi, 1999; Batchmann et al., 1995). D3O® material’s dampening ratio was also calculated 

in this research and was higher across all three D3O® materials, ranging between 0.10 and 0.16. 

Also, it was discussed in section 4.4 that non-Newtonian fluids that contain dilatant may have a 

thickening reaction to a higher velocity, where the higher the velocity of an impact, the more 

thickening (Chhabra & Richardson, 1999; Özkaya et al., 2012). 



                                                                                    139  

 

Material DBP indicates a thickening feature when exposed to sudden impact, and also 

deforms easily and imprints when squeezed by hand. DBP material will thicken and deform at a 

slower rate when exposed to a high impact, which might extend the dampening period. At the 

same time, when the DBP material deforms easily during a hand gripping; this may be 

advantageous to provide tactile feedback which can lead to improved quality in riveting and 

bucking. 

The low velocity impact tested the material for a direct impact force, however, in a 

riveting task the impact is indirect produced as a result of hammering the rivet head, which as a 

result produces low frequency, high amplitude accelerated vibration (Freivalds & Niebel, 2008; 

Freivalds & Niebel, 2013; Dale et al., 2011). This was a limitation of static testing study. 

7.2.2  Research Question 2: How well does elastomeric non-Newtonian D3O® material 

resist multiple loading impacts during a simulated vibration produced in riveting and 

bucking tasks (dynamic test)? 

The dynamic loading impact test performed on D3O® elastomers shows that DRH and 

DBP have the least peak loads across all four testing conditions (frequency 8 and 14 Hz and pre-

compression 10% and 20 %) compared to DRP; the lower the impact toughness, the higher the 

dampening ratio (Nassef et al., 2015; Bai et al., 2016; Özkaya et al., 2012; Klimanek et al., 2002; 

Wu et al., 2008; Chen et al., 2017).  

The statistical significant difference found in impact load values between D3O® materials 

was compared at the peak load values, where, DBP and DRH showed similar low impact values 

as they resisted to loading impacts for the entire test cycle in comparison to DRP which showed 

a low resistance in absorbing loading impacts which contributed DRP’s load values to be 

significantly higher compared to DBP and DHR. As discussed in section 5.4, material DBP and 
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DRH behaved similarly during the dynamic test in the way they resist loading impacts but 

showed less resistance to impact load as the pre-compression rate increased by 10%. This shows 

that DBP may still rank 1st in the dynamic testing where DBP showed no drop in resistance when 

the pre-compression rate increased by 10%.  

Setting one rivet will consume roughly one second (Dandanell & Engstrom, 1986; 

Cherng et al., 2009) and the time between driving rivets may be two seconds, which is enough 

time for DBP, DRH, and DRP to recover back to > 90% shape and state.  

In this research, dynamic loading-unloading testing of materials under certain frequencies 

was designed to mimic what the material may undergo during riveting and bucking tasks using a 

rivet gun in aircraft manufacturing environment. Vibration produced by the MTS machine may 

be comparable, however, the two heavy cylinders of the MTS machine that performed the 

loading impacts may have generated higher impacts than a rivet gun may produce. The MTS 

machine is used to test heavy metallic materials such as aluminum alloy (Chen et al., 2001) and 

metal (Chen et al., 2008; Jiang et al., 2001). 

7.2.3  Research Question 3: Do the elastomeric non-Newtonian D3O® materials 

mechanical properties suggest use as an ergonomic intervention to reduce the vibration 

transmitted to the hand and elbow from the rivet gun and bucking bar? 

The results from this dissertation from the static and dynamic materials testing indicated 

that D3O® is capable of dampening and absorbing impact(s) energy in many different ways 

under many different conditions in comparison to the conventional silicone materials. 

The features DBP materials indicated during testing were beneficial when used for 

dampening vibration. As the oscillatory motions impact the wall of the material, the material 

DBP may absorb the energy, displace the load produced by the vibratory power hand-held tool, 
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and also may thicken when the load of impact is at high. This thickening of the D3O® materials 

has been reported in the literature (Gondaliya, 2016; Tan et al., 2017), which was clearly 

observed in DBP material during the static single impact test using the low velocity tower. This 

feature is not clearly shown in DRH or DRP, however, the amount of load produced by the MTS 

machine may be beyond the mechanical abilities of DRH, the rifle harness, and DRP, the recoil 

pad.  

 Preliminary vibration and EMG data obtained from a local aircraft manufacturing 

company have contributed to the development of a larger study for riveting and bucking using 

D3O® materials. DBP and DRH transmitted less vibration magnitude during riveting and 

bucking tasks at the hand and elbow. The results suggest utilizing DBP and DRH at the hand of 

the riveter wrapped around the handle of the rivet gun and at the bucker wrapped around the 

bucking bar. This suggestion was made because of the softness and easy deformability which 

may be needed when gripping the rivet gun’s handle, especially when workers seek the tactile 

feeling feedback. DRP may be used at the bucking bar as an insulated layer inserted between the 

striker and the handle due to the stiffness characteristics that was observed combined with more 

energy absorption level when compared to a stiff conventional silicone pad, SSP and SSF. 

Finally, EMG flexor and extensor muscles activity did not increase when DBP was used, 

however, DRH showed an elevated extensor muscle electrical activity during riveting using the 

rivet gun.  

 Initial vibration and EMG results suggest utilizing D3O® materials during riveting and 

bucking tasks performed by experienced sheet metal mechanics in which to investigate the 

potential dampening characteristic indicated in the provided preliminary data to reduce the 

cumulative magnitude of transmitted vibration to workers’ hands and elbows, which may reduce 
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the vibration related WMSDs.  

7.3  Conclusion 

D3O® materials are superior to some conventional silicone materials absorbing the 

energy of impact by displacing the load. D3O® materials provided higher dampening ratio when 

compared to some silicone materials. Also, the initial vibration and EMG data concluded that 

these materials may have a higher chance of reducing the weighted-frequency acceleration 

vibration which may reduce the vibration related health risks.  

D3O® materials can recover from an impact, more than 90% of material’s property 

recovers to its original state within two seconds after an impact, which may be sufficient for 

riveting use since riveting often results in at least two seconds between driving and bucking 

successive rivets.  

This material can resist high energy impact and its layers will thicken when exposed to 

high force impact. At the same time, D3O® materials may be used to reduce low frequency 

vibration transmission to the upper extremities. Additionally, this material will allow imprinting 

when squeezed using a normal handgrip.  

7.4  Future work recommendations 

According to the results obtained in this dissertation’s studies, the following suggestions 

may be necessary for future research: 

1- Determining the life expectancy of the D3O® materials was beyond the scope of this 

dissertation and has not been reported by the manufacturer of D3O®. Life expectancy 

estimation may require a longitudinal study to follow up with the behavior of the 

material over time. 
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2- The recovery time estimated from the dynamic loading test using the MTS machine. 

The recovery time may possible be evaluated objectively during the ergonomic 

intervention using D3O® materials and perform ten rivets to evaluate if there is a 

pattern or a trend in vibration and EMG results by looking at consecutive driven 

rivets data. Results may contribute to a large materials recovery estimation study. 

3- DBP material has grooves on one side and not on the other, which may provide an 

area of investigation if wrapped around the rivet gun handle and performed the 

experiment both ways to compare vibration and EMG as well as a questionnaire 

feedback on the level of grip comfort. 

4- Testing material in an ergonomic intervention to evaluate low frequency, high 

vibration impact could also lead to testing the same materials for high frequency, low 

impact power tools such as grinders, sanders, drills, etc. 

5- Workers avoid wearing PPE primarily due to the lack of the tactile sensation. This 

material may provide enough tactile feedback, thus designing this material to be as an 

enclosed wrap that a worker can slide into the rivet gun or bucking bar handle will not 

create the heat and sweat and may provide more haptic feedback during use. 
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APPENDIX A 

Screening Questionaire 

Hand Strength: 

Preferred Hand ……….. Non-Preferred Hand ……….. 

Grip_______/_______                   Grip_______/_______ 

 

I have been performing riveting and bucking tasks for _____year(s) and _____month(s) 
 

 

Check if applicable 
 

 Have you ever been diagnosed with carpal tunnel syndrome, tendonitis, nerve damage, or 

any upper extremity musculoskeletal disorder? 

 

 

 Have you previously or recently experienced numbness in your fingers? 

 Have you ever experienced a pinched nerve in your hand or wrist? 

 Have you previously or recently experienced joint pain in hands, wrists, elbows, and/or 

shoulders? 

 

 

 Are you in restricted or light duty due to any reason? 
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APPENDIX B 

Rating Riveter Sheet 

Please circle the type of intervention performed that will reflect to what intervention material 

utilized  

 

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 overall quality of rivets 

             Extremely                                                                                                                          Extremely 

             Low                                                                                                                                   High 

             Quality                                                                                                                              Quality 

 

          1                  2                  3                 4                 5                 6                 7 

 

Please circle your perceived level of tactile feedback while performing this task 

             Extremely                                                                                                                          Extremely 

             Low                                                                                                                                   High 

             Feeling                                                                                                                              Feeling 

 

          1                  2                  3                 4                 5                 6                 7 

 

Please circle how likely you would be to use this material while performing this task 

            Definitely                                                                                                                           Definitely 

            Would NOT                                                                                                                       Would 

            Recommend                                                                                                                       Recommend 

 

          1                  2                  3                 4                 5                 6                 7 
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APPENDIX B (continued) 

Rating Bucker Sheet 

Please circle the type of intervention performed that will reflect to what intervention material 

utilized  

 

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 overall quality of rivets 

             Extremely                                                                                                                          Extremely 

             Low                                                                                                                                   High 

             Quality                                                                                                                              Quality 

 

          1                  2                  3                 4                 5                 6                 7 

 

Please circle your perceived level of tactile feedback while performing this task 

             Extremely                                                                                                                          Extremely 

             Low                                                                                                                                   High 

             Feeling                                                                                                                              Feeling 

 

          1                  2                  3                 4                 5                 6                 7 

 

Please circle how likely you would be to use this material while performing this task 

            Definitely                                                                                                                           Definitely 

            Would NOT                                                                                                                       Would 

            Recommend                                                                                                                       Recommend 

 

          1                  2                  3                 4                 5                 6                 7 
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APPENDIX C 

Ranking Riveter Sheet 

Please rank the following treatments in order of preference (1= I prefer this intervention 

the most, 4 = I prefer this intervention the least). 

____ DBP ON  

____ DRH ON   

____ Gloves ON 

____ Bare Hand 

Please check each intervention you would use to perform a riveting task in the future. 

____ DBP ON 

____ DRH ON 

____ Gloves ON 

____ Bare Hand 

 Please check each intervention you would not use in the future. 

____ DBP ON 

____ DRH ON 

____ Gloves ON 

____ Bare Hand 
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APPENDIX C (continued) 

Ranking Bucker Sheet 

Please rank the following treatments in order of preference (1= I prefer this intervention 

the most, 4 = I prefer this intervention the least). 

____ DRP IN (material inserted inside bucking bar) + DRH ON (smooth material) 

____ DRP IN (material inserted inside bucking bar) + DBP ON (textured material) 

____ DRP IN (material inserted in bucking bar only) 

____ Standard bucking bar bare hand (no material) 

 

Please check each intervention you would use to perform a bucking task in the future. 

____ DRP IN (material inserted inside bucking bar) + DRH ON (smooth material) 

____ DRP IN (material inserted inside bucking bar) + DBP ON (textured material) 

____ DRP IN (material inserted in bucking bar only) 

____ Standard bucking bar bare hand (no material) 

 

Please check each intervention you would not use in the future. 

____ DRP IN (material inserted inside bucking bar) + DRH ON (smooth material) 

____ DRP IN (material inserted inside bucking bar) + DBP ON (textured material) 

____ DRP IN (material inserted in bucking bar only) 

____ Standard bucking bar bare hand (no material) 
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APPENDIX D 

Institutional Review Board (IRB) Form 
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APPENDIX E 

 

Participants Consent Form    

   

 
 

EVALUATION OF ERGONOMIC INTERVENTION FOR VIBRATION 

TRANSMISSION REDUCTION USING D3O® MATERIAL IN RIVETING AND 

BUCKING TASKS AIRCRAFT MANUFACTURING 

 

Purpose: You are invited to participate in a research study of using a low frequency high impact 

percussive rivet gun (steel and/or tungsten piston). We hope to learn about the vibration 

transmission during the use of the gun and/or the bucking bar during a riveting task utilizing 

D3O® materials compared to conventional personal protective equipment such as gloves and/or 

bare hand as sheet metal common practice. 

 

Participant Selection: You were selected as a possible participant in this study because you are 

a student enrolled in the sheet metal laboratory during 2019/2020 school year training at WSU 

TECH sheet metal aviation assembly, and also sheet metal mechanics from a local aircraft 

manufacturing company will participate in this study. 48 participants (24 riveters and 24 

buckers) will be recruited to join the study. Exclusion criteria: you will be asked to complete a 

background questionnaire and a brief medical history form, consisting of information such as 

age, height, weight, previous injuries, and any breathing problems, current medications for 

conditions such as glaucoma and diabetes, or recent pain in joints. Any sort of previous or 

current movement disability or musculoskeletal disorders that affect a participant's hands, arms, 

and shoulder (upper extremities) normal activities. Consumption of medications that can cause 

drowsiness or tiredness will lead to exclusion from the experiment. Participants will perform a 

riveting practice prior enrolling in the study. Any noticeable sign of fatigue, pain, discomfort, or 

difficulties in moving both hands during the practice will result in exclusion form this study. 

 

 

Explanation of Procedures: If you decide to participate, after you arrive to the sheet metal 

laboratory, you will be given a written informed consent form which includes the study purpose, 

procedures, the data to be collected, the potential risks and how to reduce those risks, their right 

to refuse or stop participation at any time, as well as the opportunity to ask questions. 

Additionally, the Co-investigator will verbally explain the components of the consent form and 

answer any questions the potential participants may have. After signing the consent form, 

participants will be asked about their medical history, work-related musculoskeletal issues in the 

past if any, treatment received or therapy, if any. Date of birth and identity initials will be 

recorded in an excel sheet. Introduction to riveting and the tools used in the task (rivet gun, 

bucking bars, rivets, etc.) Safety introduction about riveting/bucking, precautions, warnings, and 

injuries risk involved will be presented and discussed. Participants (riveters/buckers) will set 

some rivets using both rivet gun, bucking bar, intervention's elastomer of choice (bare hand, 

DBP and DRH elastomer, or conventional gloves) as a practice before starting the experiment. 

The experiment will have four conditions: 1) Bare hands for the gun and bucking bar, 2) DBP 
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material on the gun and DRP material in the bucking bar, 3) DRH on the gun and DRP in and 

DBP material on the bucking bar, 4) glove on the hands for the gun and DRP material in the 

bucking bar with DRH material on the bucking bar. 48 participants (24 riveters and 24 buckers) 

will be selected from WSU TECH sheet metal laboratory. It is recommended that participants 

will use a size 2X-rivet gun since it is the most commonly used in aircraft manufacturing and 

size 4 rivet will be used. Participants will be divided into two groups, riveters and buckers. 

Riveters will drive ten rivets in a column for each condition over an aluminum sheet using each 

of the independent variables of the study (material type). Buckers will buck ten set of rivets in a 

column for each condition over an aluminum sheet using each of the independent variable 

(intervention conditions). Riveters and buckers will perform the riveting task simultaneously 

(i.e., the riveter will drive the rivet and at the same time the bucker will buck the back of the 

same rivet driven by the riveter both under each condition). The same riveter will perform all the 

riveting for all bucking condition and the same bucker will perform all the bucking for all the 

riveting conditions. The order will be selected randomly for both riveters and buckers with 

randomly selected intervention condition. Each riveter will participate in each of the four riveting 

conditions, and each bucker will participate in each of the four bucking conditions. Each 

participant will be given a break time as necessary and a counterbalance will be considered for 

the order of the trials. Participants will fill out a self-reported questionnaire (usability qualitative 

measure) upon completion of the study to rate and rank the intervention conditions. The 

following equipment will be used for the study: 

 

Accelerometers 

Two accelerometers will be used to measure the amplitude of vibration in three orthogonal axes 

(x, y, and z) by using a 1,000 G and a 10 G tri-axial accelerometer. One accelerometer will be 

placed near the third metacarpal on the top of the dominant hand as per the ISO 5349 (1986). A 

second accelerometer will be placed near the elbow joint at the ulna bone. Vibration signals will 

be recorded by a BiometricsDataLOG II datalogger. The accelerometer voltages will be collected 

at 5,000 Hz at the elbow and 10,000 Hz at the hand. 

 

Electromyography 

The dominant forearm flexor digitorum superficialis and extensor digitorum muscle groups will 

be examined by using an electromyography (EMG) sensor to assess the electrical activity. As 

recommended by Zip (1982), electrodes will be placed on the dominant arm flexor and extensor 

muscle groups and a ground electrode will be positioned close to the lateral epicondyle of the 

humerus bone by using a double-face tape. The same Biometrics data logger that will be used to 

collect vibration data will be used to collect EMG voltages at 1,000 Hz. First step before 

collecting the data while riveting, a baseline will be estimated for each condition of the 

experiment. EMG data will be collected while a participant is holding the rivet gun and/or the 

bucking bar for each condition. This is because the flexor and extensor muscles are highly 

dependent on the amount of hand force grip. At the time, each participant will hold the rivet gun 

bare hand, with a glove, and with the intervention non-Newtonian D3O® elastomer material 

wrapped around the handle. In addition, each participant will hold the bucking bar bare hand, 

with a glove, and with the intervention non-Newtonian D3O® elastomer material wrapped 

around the bucking bar. Participants will be asked to grip comfortably, according to their typical 

grip that they are used to. Participants also will perform two, five second pinch grips and another 

two, five second power grip to obtain maximum voluntary contraction (MVC) of the extensor 
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and flexor muscle groups during a pinch grip using the pinch grip dynamometer and during a 

power grip using the power grip dynamometer. 

Non-Newtonian D3O® Elastomer DBP, DRH, and DRP Intervention DBP and DRH will be 

used for the intervention and will be cut to fit around the rivet gun handle attached with a double-

faced tape. DRP material will be inserted and secured in the bucking bar using two screws. 

Note: Photo/film and/or recording via photographs/digital recording during the experiment for 

each participant who signed the consent form and photo release form is expected while the 

participants are performing the riveting/bucking task. The photos will be taken shortly after the 

participants start their riveting procedure. Photos/digital recording will be taken via co-

investigator’s smart phone. 

 

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 forearm, elbow and hand that will be used to 

secure the accelerometers and electromyography electrodes as these areas will not be shaved 

prior to attaching the electrodes and accelerometers. 

 

Benefits: The benefits to scientific knowledge will be the level of vibration transmission 

reduction attenuated by using the ergonomic intervention D3O® materials. The human 

participants who participate in this study will benefit directly of knowing which proper personal 

protective equipment to be used and they will assess directly the comfort level during the use of 

more than one intervention material.   

  

Confidentiality: Every effort will be made to keep your study-related information confidential.  

However, in order to make sure the study is done properly and safely there may be circumstances 

where this information must be released. By signing this form, you are giving the research team 

permission to share information about you with the following groups:   

 

 Office for Human Research Protections or other federal, state, or international regulatory 

agencies; 

 The Wichita State University Institutional Review Board; 

 

The researchers may publish the results of the study. If they do, they will only discuss group 

results. Your name will not be used in any publication or presentation about the study.   

 

Deleting the study data from main folder and from the recycling bin as well as deleting all the 

photos or videos from the smart phone that was used during the experiment.  

Note: nor I cloud, or other cloud storage alternatives are used to store any sort of data/photos. 

Photos will be kept for minimum of 5 years. 

 

Compensation or Treatment for Research Related Injury: 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 and 

Technology Transfer, Wichita State University, Wichita, KS 67260-0007. 
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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: Dr. Michael 

Jorgensen. You can also contact Anas Shargawi. If you have questions pertaining to your rights 

as a research subject, or about research-related injury, you can contact the Office of Research 

and Technology Transfer at Wichita State University, 1845 Fairmount Street, Wichita, KS 

67260-0007. 

 

You are under no obligation to participate in this study. Your signature below indicates that: 

 You have read (or someone has read to you) the information provided above,  

 You are aware that this is a research study,  

 You have had the opportunity to ask questions and have had them answered to your satisfaction, 

and 

 You have voluntarily decided to participate. 

 

You are not giving up any legal rights by signing this form. You will be given a copy of this 

consent form to keep. 

 

   

Printed Name of Subject   

   

   

Signature of Subject  Date 

   

   

Printed Name of Witness   

   

   

Witness Signature  Date 

 

 

 


