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Unwanted Energy – Vibration
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This article is mainly about mechanical vibrations and their effects on human performance and health. It also presents an opportunity to study Hooke's law (1676), Young’s modulus, and McPherson struts.

Quality and Health Outcomes


When the first author was very young, his uncle took him on a tractor to plow the stubble in the previous year’s cornfields. The ground was rough, and they bounced around a lot on the seat. which consisted of a shaped steel platform mounted on a U-shaped steel spring. The rough field also caused the front wheels to transmit the bumps to the steering wheels. When the boy was allowed to drive, it soon became clear that the immaculately straight furrows were turning into a zigzagging mess; he was certainly not in line to win the plowing championship at the village gymkhana [what is this word? Please define]. The boy's performance was degraded by his inability to manage the mechanical vibrations inherent in the task and equipment. 


Some years later, he returned to work on the farm and was given the much less precise task of towing a set of harrows behind the tractor to further break up the soil before planting the corn. The technology had not improved much – he still sat, day in day out, on a sprung seat, albeit with an old cushion to provide a modicum of damping, and the steering wheel still harmonized with the dancing front wheels. He was a skinny little teenager, which made him more responsive to the bouncing seat (Hibbeler, 1983). Work on the farm helped him a little on the strength front, as he had to grasp the steering wheel tightly all day to ensure that he followed a straight path up and down the previously plowed field. The short-term costs of these efforts were very tired and sore hands and arms.


After finishing his undergraduate education in ergonomics, he had a choice between going to graduate school and working for the British aircraft industry, who at that time was very concerned about pilot performance and health as affected by vibrating fixed wing airplanes and helicopters. I chose the former path, but not before I had the opportunity to learn about the substantial fatigue and performance decrements encountered by pilots, who sometimes had difficulty in reading their instruments correctly and in performing target-aiming tasks. To this day pilots of small aircraft and helicopters are still hampered by a hostile mechanical vibration environment.

Whole-Body Vibration


My next formal encounter with vibration came when I was asked to offer my input on ride quality evaluation for public transport drivers and passengers (Peacock, 1978.) I was particularly concerned with the old buses that wound their ways noisily around the city streets of Southeast Asia. Back in the 1970's, the drivers still had primitive seats and spent long hours navigating the extremely busy streets.


At that time, researchers in England (Sandover, 1998) and the United States (Richards & Jacobsen, 1978) were developing methods to measure the mechanical aspects of ride quality and applying their findings to road vehicles, trains, and airplanes (including the Concord). It became immediately clear that only part of the problem lay with the vehicle – a lot had to do with the vehicle environment. Contemporary vehicle manufacturers have come a long way in addressing the transmission pathway for induced vibrations by providing sophisticated suspensions that can absorb or even actively counter the vibration. Nowadays it is possible to drive high-end automobiles that are smoother than a flying carpet.

Hand-Arm Vibration

[Comment from the reviewer: I think this paragraph strays from the main focus of the article, touching on noise and boredom and fatigue. It seems the real point is to introduce the problem of “white finger,” but that is only mentioned at the end. Even then, “white finger” isn’t defined. I would suggest leading in with the definition and then filling in the examples. ]


The roads are still a problem, however, especially in northern climates with their frost, salt, and heavy traffic that play havoc with the surfaces. The obvious solution is to repair the roads, but this brings with it another vibration problem in the shape of jackhammers and concrete breakers. With these tools, the vibration is passed through workers' hands and arms, and the whole operation is compounded by very high noise levels, a common side effect of construction tools. 


Similar percussion tools (e.g., chipping hammers) are used to clean flashings [what are flashings?] from castings in the foundry. Foundry workers stand by the moving belt with these heavy tools and chip away all day in this hot and dusty environment. I once saw an operator who was doing this casting cleaning job almost fall over; such was the excitement of this repetitive job that he fell asleep. You may be skeptical, but I came across a similar situation in the forestry industry in New Zealand, where workers use chainsaws to trim branches off the pine tree trunks, often in either very cold and wet conditions or very hot conditions.


Fatigue and boredom result in inattention, and workers cut their feet with the chainsaw – usually the left foot. Steel toecaps, cut-resistant boots and legwear, job rotation, and mechanization are being used to address this problem. Researchers are looking at high-speed sensor technologies that may keep the chainsaw user safe by shutting it off if it comes too close. Even the worker's ability to sharpen the chainsaw chain is being investigated, as an unevenly sharpened chain results in much greater vibration when the teeth chatter against the wood (Brammer & Taylor, 1982). The insidious problem of vibration and cold-induced "white finger" is still widespread in the forests and foundries (Wasserman, 1987).

Exposure 


Contemporary just-in-time manufacturing operations give rise to another vibration problem. Large trucks with shock-absorbing seats deliver components to the docks of assembly plants, where floor space is usually very costly. Stand-up fork trucks are used to move the boxes of components from the docks to temporary staging places (supermarkets), from which sit-down fork trucks and "tuggers" carry the materials to the assembly line. 


Fork trucks usually have solid tires and primitive suspensions because of their weight and the very heavy loads that they have to carry. Consequently, the vibration from the often uneven factory floor or warped dock plates is transmitted to the driver, who stands directly above the rear axel. Because of the intrinsic design of these stand-up devices, which need to have a small turning circle for their maneuvers, it is difficult to interpose an adequate damping mechanism between the operator and the vehicle and still offer good access to the vehicle controls.


Observation of such operations highlights the most important element of the vibration jigsaw: exposure. The traditional work day is eight or more hours, and for many reasons, job enlargement and rotation to reduce exposure duration are not feasible or acceptable, especially in organizations in which job choice is based on seniority and riding a fork truck is more attractive than working on the assembly line. Also, it is a common observation that self-paced drivers with quotas to fill or who have piece-based incentives will hurry to finish a task. This leads them to drive fork trucks too quickly over bumps, which increases the size of the shock, or to put more linear force on the hand tool to finish the job more quickly, both of which lead to an increase in vibration stress.

Measurement and Standards


Measurement and analysis of mechanical vibrations has progressed enormously over the past few decades. Triple-axis accelerometers can be mounted at strategic sites in the transmission pathways from vehicles and tools to the operator in order to measure the amplitude and frequency spectrum of the vibrations. There are also dosimeters or clocks that integrate the mechanical and temporal components of operations involving exposure to vibrations. But this leads to the biggest challenge of all: how to set and enforce standards that will protect workers from the harmful effects of vibration while attaining an acceptable level of productivity.


The International Standards Organization (ISO 13160) contains some 50 pertinent standards, including these:

· http://www.techstreet.com/cgi-bin/detail?product_id=22795

· the US Navy identifies many pertinent references (http://www.safetycenter.navy.mil/acquisition/vibration/resources.htm)
· the American National Standards Institute (http://webstore.ansi.org/ansidocstore/find.asp – search on "vibration" for a list of more than 100 standards) 

· the American Conference of Governmental Industrial Hygienists (http://www.acgih.org/TLV/ describes the organization's latest standards postings with references)

· the National Institute of Occupational Safety and Health (http://www.cdc.gov/niosh/handvibra.html describes current efforts in occupational vibration research and development)


The Occupational Health and Safety Administration (OSHA) as yet has no specific vibration standards, although it does cite vibration as an important cause of work-related musculoskeletal disorders and addresses the issue through its general duty clause and offers guidelines and standards that limit the exposure of workers to whole-body and upper limb vibration.


The University of Tennessee has an Institute for the Study of Human Vibration, under the leadership of Donald and Jack Wasserman (http://www.engr.utk.edu/ishv/). 

Standards Enforcement


Although these standards are based on sound physical measurement principles and epidemiological evidence, they face the challenge of most health and safety standards that are developed for application in a context in which speed and productivity, either imposed by the company or self-imposed, are of importance. They also have to address the ever-present problem of individual differences in operational methods, adaptation, and sensitivity to mechanical stresses. Even though applicable and reliable protective standards do exist, there is an enormous challenge of monitoring and enforcing them. For a start, measurement and analysis of exposure to vibration (as also is the case with noise and radiation) requires sophisticated equipment, is technically difficult, requires highly trained engineers and technicians for interpretation, and relies on sampling repeatedly over time and similar operations and operators to be reliable. Also, the adverse health effects of exposure to mechanical vibrations, as with noise and radiation, may take a long time to surface. 


The ISO and most national standards are subject to regular and periodic review and update, although disagreements among experts persist in what may require change (Griffen, 1998; Mansfield, 2005). The user is cautioned to review applicable national and international standards carefully and note their differences. Some standards provide information more relevant to the design of products and comparison of alternative designs, whereas others (e.g., ISO 2631-1, 1997, ACGIH TLVs(, and BEIs() are more appropriate for the assessment of vibration in existing conditions. 

How Do We Prevent Vibrations?


Instructors in mechanics tell us that vibrations might be initiated when we do a bungee jump, sit on a tractor seat, or hold a hand tool (Hibbeler, 1963). Now it is quite important to check our weight before doing a bungee jump because Hooke's law tells us that the elastic strap will stretch further for heavier than for lighter people until it reaches its limits of elasticity and we find out about Young’s modulus [define], or we hit a large mass in the form of the Earth and rediscover Newton. 


Inertia is a funny thing; little things going fast will continue to do so until they come across very big things going the other way. Similarly, if we sit a very heavy person on a simple sprung tractor seat, he or she will bottom out uncomfortably, again because of the mass of the underlying tractor. In both the bungee and tractor cases, if, because of the mass attached, the static stretched length of the spring in question is too long, all ability to isolate vibration at one end of the spring will be lost. Perhaps we should take up fishing in order to study how we can blame Hook(e)'s law and elastic limits to explain how the big one got away. [funny, but in the interests of length, suggest we cut that sentence]

If we balance the stiffness of the spring with the mass of whatever is attached to it and start the coupled system moving, it will continue to oscillate for potentially a very long time. Springs alone don't prevent vibration; rather, they offer a greater pull or push the further they are extended or compressed. However, they can simply isolate the oscillation of the mass at one end of the spring while the other is fixed. The down side is, theoretically, that the tractor driver oscillates forever as punishment for his choice of an occupation with obsolete technology. The good news is that the contemporary heavy equipment manufacturers are now making driver accommodations comparable to a Cadillac. 


If we add a shock absorber or damper in parallel with the spring to settle the motion by removing energy, then the faster we move, the greater will be the resistance to movement. The end result is no movement. But if we continue to abuse the shock absorber, the law of conservation of energy will result in it getting hot. The up side is that the tractor driver can rest a bit now, but the down side is that some vibrations and large forces will now come through the damper whenever the tractor hits a bump. The greater the amount of input energy you wish to remove, the bigger the damper capacity must be and the greater the reduction in isolation.

So to prevent vibration being transmitted to the trunk of a seated operator or to the hand and arm of an operator using a hand tool, we must adjust the combinations of mass, elasticity, and damping of the various system components. Passive shock-absorbing systems are created by combining springs and damping materials or fixtures between the user and the offending system. However, because the damper must move to absorb the forces, it is necessary to have sufficient space between the tractor seat and the chassis or between the hand tool motor and the handle. In the car business, the introduction of McPherson struts addressed some of the challenges of compactness of suspension systems.

There are also active vibration and shock-absorbing systems that use sensors and computers to recognize an incoming force and add opposing forces from some other energy source. Such advanced control technology can be used on hand tools, vehicles, vehicle seats, and even skyscrapers. They are most commonly seen in high-performance sports cars most of us can't afford; I once drove a Corvette round the racetrack with active suspension – it took away all the feel and excitement of cornering. Active systems also add significant complexity, for not always, a great improvement in performance. So, the decision to "go active" should be made with caution.

Other Unwanted Energy Sources


In other areas, we use active and semiactive (variable orifice dampers and lead-rubber isolation bearings mostly) to control skyscrapers and bridges under earthquake and wind load and, one hopes, given current events, blast load. In these cases it is almost exactly like the vocational vibration absorption problem. Specifically, we need to manage the energy absorbed by the building. The only main difference is that in these cases damage occurs over far fewer cycles, even for wind loading. An additional similarity, to vibrating hand tools and tractor seats, is that there is no exact solution but a series of design trade-offs between improved isolation and energy dissipated.

(Comment from reviewer: consider deleting this paragraph. I thought it distracted from the major point of this section, which seems to be that the same tradeoffs we must deal with in reducing vibration problems in hand tools must be dealt with in large-scale systems. I’m not sure that making a general comparison to the regulation of biological system dynamics is really needed.) Finally, the same effects occur inside the human body where we internally, or perhaps externally, regulate a variety of system dynamics. The most familiar is blood sugar regulation with insulin, where the body seeks to somewhat optimally manage the "sugar energy" (i.e. high levels) by producing more insulin. For most of us it's easy, for a diabetic, of which there are massively growing numbers, it is not so simple to beat the human body's own reactions, despite a big brain and years of experience with the disease.



In all these cases, the goal is to manage energy by moving it from the "subject," where it causes damage to systems and devices that can absorb it without damage, and do so repeatedly in a "nice" fashion that is readily known and constant. In each case, there is the trade-off of improved energy absorption with a loss of isolation from the destructive or vibratory input, which can cause its own issues. For example, we can create the highest damping shock absorber in the world, but it would be almost impossible for any reasonable input to deflect it, so it would still have little effect.

In essence, no matter the system or application, there are few "free lunches" and even fewer perfect solutions without some possibly nasty side effect. However, careful design based on good knowledge of the systems involved can lead to innovative solutions that come closest to that free meal. That is where the real business end of these problems lies!


Conclusions


The best solution to many of these vibration problems is automation; great strides have been made in industry, construction, and forestry to remove the human operator from the direct pathway of the mechanical vibrations that are inherent in the tasks of disassembly. A less satisfactory solution is to absorb the vibration in the transmission pathway; so-called suspension seats in heavy equipment are becoming more common. Some contemporary hand-held chipping hammers, chainsaws, and concrete breakers are designed with damping material to reduce the transmission of vibration to the user.


Ironically, some operators have been known to be resistant to such innovations because they interfere with the "feel" for the job and slow operations. An example of this phenomenon involves workers operating pneumatic chisels to cut stone or check weld strength. They insist on holding onto the vibrating chisel with one hand to guide the tool and finesse the job. 


The next step in the mitigation hierarchy is the use of personal protective equipment in the form of shock-absorbing gloves that both dissipate the forces and channel them away from sensitive structures such as the median nerve as it exits the carpal tunnel.


The solution of weeding out the weak to lead to a robust survivor population will always be attractive to some employers, and many employees may be happy to leave jobs for which they are not suited, provided there is not too great an incentive (usually economic and social or political and philosophical) to stay too long in the offending job. However, this is a risky philosophy for all concerned. As mentioned earlier, engineering innovation is the most attractive solution, and appropriate technology already exists in many cases. Trees can be stripped automatically, although the operator must sit all day in a very large, expensive, not very nimble machine. Some castings can be cleaned automatically, and some casting processes can reduce the amount of flashing, thus obviating the need for the use of human operators to perform this unpleasant job. Drivers' seats in trains, buses, planes, and trucks can benefit from vehicle and seat suspensions that make driving a dream, but at a significant cost. Chainsaws and hand-held construction and destruction equipment can be fitted with shock-absorbing devices.


Where these engineering interventions are deemed to be infeasible, administrative controls, such as job rotation and enlargement, must be used to reduce temporal exposure, and operators who are required to interact with vibrating equipment should be monitored regularly for sensitivity to vibration-induced illness. Where fine motor skills are required, the performance and quality payoff for reducing mechanical vibration will more than outweigh the costs of engineering changes.
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